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ABSTRACT  24 

A novel building design — the lift-up design — has shown promise in removing obstacles and 25 

facilitating wind circulation at lower heights in built-up areas, yet little is understood about how 26 

their design parameters can influence the surrounding wind environment. This study develops 27 

a framework to study these parameters, and, using the knowledge, to modify the lift-up design 28 

to improve both the wind and thermal environments for pedestrians. The framework combines 29 

an Artificial Neural Network (ANN)-based surrogate model, an optimization algorithm 30 

(Genetic Algorithm), and Computational Fluid Dynamics (CFD) simulation to find the best lift-31 

up design that simultaneously maximizes both pedestrian wind and thermal comfort. The 32 

optimization is done for two diametrically different climates: a hot climate with calm wind 33 

conditions (‘hot-calm’), and a cold climate with windy conditions (‘cold-windy’). By adjusting 34 

eight parameters, the proposed framework enlarges, by more than 46% and 37% for ‘hot-calm’ 35 

and ‘cold-windy’ climates respectively, the area near a lift-up building where there is pedestrian 36 

wind comfort, and by 18% and 10% respectively for the two climates, the area where there is 37 

thermal comfort. These results indicate that optimum lift-up designs strongly depend on how 38 

the objective function of the optimization is set:  e.g., whether to maximize area with pedestrian 39 

wind comfort, or with thermal comfort, or both.  40 

Keywords: Lift-up building; Pedestrian-level wind environment; Genetic Algorithm, Artificial 41 

Neural Network; Computational Fluid Dynamics simulation  42 

  43 



 

3 

 

1. INTRODUCTION 44 

Steadily growing urban populations result in ever-increasing demand for housing and 45 

infrastructural facilities. To meet this demand, modern cities have come to have high densities: 46 

buildings are tall and closely spaced to fully utilize limited land. Hong Kong, for instance, is 47 

archetypically a high-density, compact city — about 12.2% out of 24.9% of its habitable land 48 

is covered with buildings, with a high plot ratio (i.e., total gross floor area (GFA) of a building 49 

on a site divided by the total site area) of 10 to 8 [1]. Although high-density, compact cities are 50 

a highly efficient way of using land and managing public transport, their congested building 51 

arrangements cause serious environmental issues and compromise the urban quality of life.  52 

One such environmental issue is weak wind circulation near the ground level, which is a 53 

combined result of adverse meteorological conditions and overly dense urban planning ([2], 54 

[3], [4]). Weak wind circulation raises many environmental issues; for instance, in Hong Kong, 55 

it has worsened outdoor thermal comfort [5], allowed air pollutants to accumulate at the street 56 

level [6], amplified the urban heat island effect [7], and created favorable conditions for 57 

airborne pathogens to spread [8]. Studies ([3], [9], [10], [11], [12], [13]) have indicated that 58 

modifications to urban transformation can improve air movement at the ground level, so many 59 

municipal authorities have revised guidelines on building designs in high-density compact 60 

cities to resolve urban weak wind circulation and mitigate any negative impact. The Sustainable 61 

Building Design (SBD) Guidelines (APP-152) in Hong Kong, for example, have introduced 62 

three-building design parameters: building separation, building set back, and site coverage of 63 

greenery [14]. Under “building separation”, APP-152 recommends a minimum 20% 64 

permeability on two projection planes of a building in built-up areas to facilitate wind 65 

circulation. One way to provide this level of permeability is to design ‘lift-up’  buildings (i.e., 66 

buildings with a lift-up design).   67 
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In the lift-up design, the main structure is elevated from the ground and is supported either by 68 

columns, shear walls, center core(s) or a combination of them ([15], [16], [17], [18], [19]). In 69 

addition to complying with the permeability guidelines, the lift-up design also maximizes space 70 

— by minimizing obstructions — for wind to circulate at lower heights. Moreover, the area 71 

underneath the elevated structure, hereafter referred to as “lift-up area”, provides space for 72 

leisure and recreational activities or access routes. Figure 1 shows two lift-up areas in Hong 73 

Kong: the headquarters of the Hongkong and Shanghai Banking Corporation in Central, and a 74 

building at the Polytechnic University campus in Hung Hom.   75 

 76 

Figure 1. The lift-up area of (a) the headquarters building of Hong Kong and Shanghai Bank 77 

(source. http://danielyngblog.com/1931-2/), (b) a campus building in the Polytechnic 78 

University of Hong Kong (Photos by Xuelin Zhang).  79 

Lift-up buildings have been shown, using data from the wind tunnel and computational fluid 80 

dynamics (CFD) simulations, to be effective in improving wind circulation in their vicinity. 81 

Tse et al. [16] and Zhang et al. ([17], [18]) modeled and tested the pedestrian-level wind 82 

environment (PLWE) near 29 lift-up building designs (of various dimensions and center core 83 

designs) in a boundary layer wind tunnel (BLWT). A series of wind tunnel tests conducted by 84 

Xia et al. [15] have indicated that the PLWEs near a single building and near a row of lift-up 85 

buildings have better wind circulation than non-lift-up counterparts. By combining data from 86 

the wind tunnel and field measurements from a university campus in Hong Kong, Du et al. 87 

([20], [21]) have demonstrated that lift-up designs are effective in creating wind and thermal 88 

(a) (b) 
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comfort both inside and near lift-up areas. Moreover, Du et al. [19] and Liu et al. ([22], [23]) 89 

employed steady Reynolds Averaged Navier-Stokes (SRANS), Delayed Detached Eddy 90 

Simulation (DDES), and Large Eddy Simulation (LES) techniques in CFD simulation to model 91 

the pedestrian-level mean and instantaneous wind fields near lift-up buildings. In addition to 92 

understanding the PLWE near lift-up buildings, these studies have shed light on important 93 

design parameters of the lift-up design. For example, Tse et al. [16] have identified the height 94 

of the center core as the most influential parameter and recommend that lift-up designs should 95 

start with that parameter, followed by planning the plan area of the center core. Zhang et al. 96 

[18] recommend modifying the corners of a center core, as such modification maximizes the 97 

area where there are acceptable wind conditions for pedestrians. Du et al. [24] suggest the 98 

number of center cores as another important design parameter, perhaps only second to center 99 

core aspect ratio (i.e., the ratio between the width and depth of the core).   100 

Although these studies have shed light on the governing lift-up design parameters, they have 101 

not guided designers to selecting the best lift-up design — one that creates the best possible 102 

wind conditions for pedestrians near the building. In fact, selecting such “best lift-up design” 103 

is arduous, as it involves many additional design parameters such as height, width, depth, 104 

orientation and shape of both building and core. Zhang et al. [18], using second-order nonlinear 105 

regression analysis, have found complex, interdependent, nonlinear relationships between the 106 

design parameters and the area with pedestrian wind comfort. Despite this, however, Du et al. 107 

[24] have made an attempt — the only one found in the literature — to determine parameters 108 

that are most suitable for the lift-up design to create acceptable wind and thermal environments 109 

for pedestrians. They have proposed a framework for optimizing the lift-up design by 110 

combining DDES simulation, Response Surface Method (RSM), and Genetic Algorithm (GA). 111 

In general, their study has indicated the possibility of improving the lift-up design via an 112 

optimization process, but, both accuracy and effectiveness of their proposed framework have 113 
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nevertheless been undermined by several shortcomings: One, only a limited number of design 114 

parameters — lift-up height, lift-up core aspect ratio, and lift-up core number — were employed 115 

for optimization; others, including dimensions and orientation of the elevated structure, were 116 

completely ignored. Two, there were limitations with the RSM method; the RSM method is 117 

based on a second-order linear relationship between the three design parameters and the area 118 

with wind comfort, therefore cannot precisely stipulate complex, interdependent relationships 119 

between the design parameters and wind speeds at the pedestrian level. 120 

The current study aims to eliminate these shortcomings by proposing for the optimization 121 

process a framework that has a broad range of design parameters and uses an Artificial Neural 122 

Network (ANN)-based surrogate model. The ANN-based surrogate model is more robust than 123 

the RSM method, and can establish complex, nonlinear relationships between the design 124 

parameters and the surrounding wind environment. As a result, the framework can 125 

accommodate more design parameters, including dimensions and orientation of the elevated 126 

building and corner modifications of the center core. The framework considers two 127 

diametrically different wind and thermal climat ‘hot-calm’ and ‘cold-windy’, as opposed to 128 

only the single wind and thermal climate considered by Du et al. [24]. Selecting the ‘cold-129 

windy’ climate is motivated by the fact that lift-up designs are often deemed unfit for cold and 130 

windy conditions, as high-speed wind jets often found in lift-up areas can cause wind 131 

discomfort and wind chill for pedestrians ([25], [26], [27], [28], [29]).  132 

The framework for optimizing the lift-up design in the two climates is introduced in Section 2, 133 

which also describes its major tasks and components including selecting design variables and 134 

objective functions, the ANN-based surrogate model, the optimization algorithm and CFD 135 

simulation. Section 3 presents various lift-up designs proposed by the optimization, with 136 

various wind and thermal conditions considered, and the appropriateness of these lift-up 137 
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designs assessed via using CFD simulation to model the surrounding PLWE. Section 4 explains 138 

some limitations of this study, and Section 5 contains some concluding remarks.   139 

2. FRAMEWORK FOR OPTIMIZING THE LIFT-UP DESIGN  140 

 141 

Figure 2. The framework for optimizing the lift-up design  142 

The proposed framework, shown in Figure 2, starts by establishing its objective function as to 143 

maximize the area with acceptable pedestrian-level wind and thermal conditions near a lift-up 144 

building by searching for the best combination of design variables. Values of the design 145 

variables are selected with appropriate upper and lower bounds (constraints) to ensure that the 146 

lift-up design is not only realistic but satisfies other architectural and structural considerations. 147 

Searching for the best design parameters starts next using a well-known optimization algorithm 148 
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— Genetic Algorithm (GA). In a typical searching process, the GA evaluates the objective 149 

function corresponding to multiple combinations of the design variables (i.e., candidates) many 150 

times (i.e., many generations of candidates). Considering that if such evaluation is based on 151 

simulation results (e.g. RANS simulation of PLWE near lift-up buildings) the optimization may 152 

be computationally expensive [30], the current study employs an ANN-based surrogate model 153 

to evaluate the objective function instead.       154 

A database of the design variables of, as well as the pedestrian-level wind and thermal 155 

conditions near 150 lift-up buildings is used to develop the ANN-based surrogate model. The 156 

surrogate model is advantageous to the framework because it significantly reduces overall 157 

computational costs, speeds up the optimization process as it excludes time-consuming CFD 158 

simulations, simplifies the framework by eliminating the direct integration of CFD simulation 159 

with the GA, and allows data to be imported from BLWT or CFD simulation to the existing 160 

CFD-based database [31]. Owing to their ability to establish complex, nonlinear relationships 161 

between inputs and outputs, ANN-based surrogate models are often employed in engineering 162 

applications. In wind engineering, ANN-based surrogate models are used to aerodynamically 163 

optimize the shapes of tall buildings ([31], [32]), model bridge aerodynamics ([33], [34]), 164 

estimate wind pressure on buildings [35], predict building interference effect ([36], [37]), and 165 

estimate the wind speed-up effect of topography features [38]. The authors of this paper have 166 

previously employed an ANN-based surrogate model to predict the magnitude and direction of 167 

wind speeds at the pedestrian level near lift-up buildings [39]; that work has paved the way for 168 

the present detailed work. The final step of the framework in this study is to evaluate which 169 

combination of design variables gives the optimum lift-up design through comparing, using 170 

steady, 3-D RANS simulations, how much the areas where there is pedestrian wind and thermal 171 

comfort are enhanced by different optimum and near-optimum designs. The following 172 
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subsections detail the objective functions, design variables, GA, the 3-D RANS simulation, and 173 

the ANN model. 174 

2.1.Objective functions  175 

2.1.1. Climate conditions  176 

The objective functions of this study are set as: to maximize the areas with wind and thermal 177 

comfort of pedestrians in two different climates – ‘hot-calm’, and ‘cold-windy’. Wind and 178 

thermal comfort are estimated using a set of climate conditions: hourly mean wind speed (U), 179 

air temperature (Ta), mean radiant temperature (Tmrt), and relative humidity (RH). This study 180 

uses the average conditions of summer in Hong Kong to represent ‘hot-calm’, and winter in the 181 

Netherlands and Sweden for ‘cold-windy’ climates, as shown in Table 1.    182 

Table 1. Climate conditions in ‘hot-calm’ and ‘cold-windy’ climates 183 

Parameter  Magnitude  Reference  

‘hot-calm’ climate 

Wind Speed at 10 m height (U)  3.5 ms-1 [40] 

Air temperature (Ta) 28oC  [5]  

Mean radiant temperature (Tmrt) 35oC [41] 

Relative Humidity (RH) 80% [5] 

‘cold-windy’ climate 

Wind Speed at 10 m height (U)  5 ms-1  [42] 

Air temperature 2oC [43] 

Mean radiant temperature  -0.3oC [43] 

Relative Humidity 89% [43] 

 184 

2.1.2. Wind comfort criteria  185 

The two wind comfort criteria that this study uses to evaluate PLWE are ‘calm’ and ‘windy’ 186 

(Table 2). The low ambient wind criterion was proposed by Zhang et al. [18], and the high 187 
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ambient wind criterion by Lawson [44]. Note that these criteria do not include the maximum 188 

allowed probability of exceedance of wind speeds for activity classes, as Zhang et al. [18] have 189 

not explicitly defined any threshold probability for their criterion, and a 2% probability for all 190 

activity classes has been assumed for Lawson’s criterion. Furthermore, this study assumes 1.6-191 

3.5 ms-1 and 0-3.6 ms-1 mean wind speeds as acceptable wind speeds in the calm and windy 192 

climates, respectively. 193 

Table 2: Two wind comfort criteria for clam and windy conditions 194 

Wind Speed (ms-1) Definition /activity  Remarks  

Wind comfort criteria for the clam wind climate [18] 

< 1.6  Low wind speed  Cause outdoor thermal discomfort 

1.6-3.5 Acceptable wind speeds Create outdoor thermal comfort 

3.5-5 High wind speed  Cause slightly wind discomfort 

> 5 Unacceptable wind speeds  Exceed the recommended mean wind 

speeds in towns [45] 

Wind comfort criteria for the windy wind climate [44] 

< 1.8  Pedestrian sitting  Suiable for covered areas 

1.8-3.6 Pedestrian standing Suitable for pedestrian stand around 

3.6-5.3  Pedestrian walking Suitable for pedestrian walk-thru 

5.3-7.6  Brisk or fast walking Acceptable for roads, car parks 

>7.6 Unacceptable  Should be avoided from built-up areas 

 195 

2.1.3. Thermal comfort  196 

Among many popular outdoor thermal comfort indices such as Predicted Mean Vote (PMV) 197 

[46], Physiological Equivalent Temperature (PET) [47], and Standard Effective Temperature 198 
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(SET*) [48], this study has chosen the recently developed Universal Thermal Climate Index 199 

(UTCI) [49]. The UTCI characterizes outdoor thermal comfort by calculating the thermal 200 

effects of air temperature; wind speed; direct, diffused and reflected solar radiation; infrared 201 

long-wave radiation; and humidity on an average person, then compares it with the air 202 

temperature in a reference, uniform environment where the same person would experience the 203 

same physiological strain as in the actual environment [50]. As shown in Table 3, the UTCI 204 

expresses a number of hot and cold thermal stresses using UTCI equivalent temperature. An 205 

online UTCI calculator (http://www.utci.org/utcineu/utcineu.php) is integrated into the 206 

framework established in this work and calculates UTCI temperatures in the surrounding of the 207 

lift-up buildings. The lowest UTCI ranges found near the 150 lift-up buildings in the two 208 

climates were +26 to +32 oC and 0 to +9 oC and to maximize areas with these UTCI ranges 209 

were selected as the objective functions in ‘hot-calm’and ‘cold-windy’ climates, respectively.  210 

Table 3. UTCI equivalent temperatures categorised in terms of thermal stress [51] 211 

UTCI range (°C) Stress category 

Above +46  Extreme heat stress 

+38 to +46  Very strong heat stress 

+32 to +38  Strong heat stress 

+26 to +32  Moderate heat stress 

+9 to +26  No thermal stress 

+9 to 0  Slight cold stress 

0 to −13  Moderate cold stress 

−13 to −27  Strong cold stress 

−27 to −40  Very strong cold stress 

Below −40  Extreme cold stress 
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2.2. Design variables 212 

The lift-up design selected for this study is similar to the one previously tested in a BLWT by 213 

Tse et al. [16], and Zhang et al. ([17], [18]). The lift-up design has a center core that supports 214 

the main structure elevated from the ground as shown in Figure 3. Since the current study aims 215 

to determine the best lift-up design for a given building, the dimensions of both main structure 216 

and center core are considered as design variables. There are eight design variables: height (H), 217 

width (W) of the main structure, height (h), width (w), depth (d), shape (parameters v1 and v2) 218 

of the central core, and orientation of the building (θ). v1 and v2 are defined as v1 = t/d and v2 = 219 

a/t, and by varying them, different aerodynamic modifications are applied to the center core. 220 

Note that the depth of the building (D) is considered constant and is 20 m for all lift-up 221 

buildings. The selected design variables and their upper and lower bounds are shown in Table 222 

4.  223 

 224 

Figure 3. Schematics of a ‘lift-up ’building (a) 3-D view, (b) front view, and (c) plan view of 225 
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Table 4. Design parameters and their upper and lower bounds  229 

 Design parameter  Upper and lower bounds 

Building  Height (H)  45m < H < 120m 

Width (W) 30m < W < 90m 

Central core  Height (h) 3m < h < 9m  

Width (w) 9m < w < W 

Depth (d)  6m < d < min (20m, w) 

v1 = t/d 0 < v1 < 1/3 

v2 = t/a -1 < v2 < 0 

Orientation  θ 0o < θ < 45o 

2.3.Genetic Algorithm (GA) 230 

As shown in Figure 4, the GA starts with defining objective functions, design variables and 231 

their upper and lower bounds, population size and number of generations, and methods of 232 

operators. The GA first generates the initial population with 300 candidates whose design 233 

variables are expressed as binary codes. Then the GA initiates the search for the best candidates 234 

by evaluating the areas with wind and thermal comfort of multiple candidates in the initial 235 

population and sorts them according to fitness, i.e., in descending sizes of wind and thermal 236 

comfort areas at the PLWE. Two operators, crossover and mutation, are applied to the 237 

candidates to generate offspring for the next generation. The crossover operator generates 238 

offspring from the candidates (parents) with higher fitness, whereas the mutation operator 239 

selects parents with lower fitness to generate offspring. This process ensures that the GA 240 

searches a large design space without stagnating into local extreme values, and that it results in 241 

local maxima of the objective functions rather than reaching the global maxima. The process 242 

continues until no significant improvements in the areas with wind and thermal comfort are 243 
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observed over generations, or the number of generations has reached the predefined value of 244 

500. The fittest candidate in the last generation is selected as the optimal solution and its design 245 

variables represent the best lift-up design, i.e., the one with the largest areas of wind and thermal 246 

comfort near the lift-up building.  247 

 248 

Figure 4. The genetic algorithm (GA) process  249 
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2.4.ANN model 250 

The current study used a forward feed, back-propagation ANN model as the surrogate model 251 

and it was trained, validated, and tested using a CFD-generated data set that consisted of the 252 

design variables and areas with wind and thermal comfort in both‘ hot-calm ’and ‘cold-wind ’253 

climates. The design variables of the 150 lift-up buildings were randomly selected from a 254 

database of 1000 lift-up buildings, whose design variables were randomly generated. This 255 

procedure ensured that the magnitudes of the design variables were randomly distributed over 256 

the entire range of design space, as shown in Figure 5.  257 

 258 

Figure 5. Distribution of (a) building height (H) and width (W), (b) central core height (h) and 259 

width (w), and (c) center core depth (d) and width (w) 260 

The ANN model used for this study was a three-layer model: it had an input layer, a hidden 261 

layer, and an output layer. The input and output layers had, respectively, eight and two nodes 262 

for the eight design variables and the two outputs — the areas of wind comfort and thermal 263 

comfort. The areas were expressed as a percentage of the interrogated area of 240 m (width) × 264 

150 m (depth) around the lift-up building (Eq. (1) and (2)), referring to the percentage areas of 265 

pedestrian wind comfort (Pcom) and of thermal comfort (Tcom).    266 
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2

2

Area with thermal comfort (m )
Percentage area of thermal comfort ( ) 100%

The interogated area (m )
comT                (2) 268 

 269 

Figure 6. The comparison between ANN prediction of Pcom and CFD results (a) 25 samples, 270 

(b) 50 samples, (c) 100 samples and (d) 149 samples 271 
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seen in the error distribution in Figure 7(a), where more than 84% of the predictions had 4% or 277 

less discrepancy and a high correlation coefficient (R) = 0.982 between the ANN predictions 278 

and CFD results (Figure 7(b)).  279 

 280 

Figure 7. (a) Error distribution of ANN predictions and (b) the comparison between ANN 281 

prediction and CFD results for 150 buildings 282 
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 294 

Figure 8. (a) The dimensions of the computational domain, and (b) the grid arrangement in the 295 

computation domain and around the lift-up building. 296 

The CFD simulations were conducted as steady 3-D RANS simulations using the realizable k-297 

ε turbulence model. The inlet boundary conditions were provided as the profiles of mean wind 298 

speed (U), turbulent kinetic energy (k), and turbulent kinetic energy dissipation rate (ε) (Figure 299 

9), as derived with Eqs. (3) – (5) using data from the wind tunnel tests conducted by Tse et al. 300 

[16] and Zhang et al. ([17], [18]). The ground was modelled as a rough wall with the sand-301 

equivalent roughness height Ks = 0.00027 m and roughness coefficient Cs = 0.5, while building 302 

walls were modelled as smooth walls. The standard wall function by Launder and Spalding [53] 303 

was used at the walls. The symmetry boundary condition, where  , , , , 0and u v w k
y z


 


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was assigned to the lateral and top boundaries of the computational domain and the outflow 305 

boundary condition (  , , , , 0and u v w k
x y


 


 

) was applied to the outlet.  306 

( ) ref

ref

z
U z U

z


 

   
 

                                                                                                                  (3) 307 

where Uref is the reference wind speed 7.5 ms-1 at the reference height, zref = 0.6 m and α is the 308 

power-law exponent equal to 0.12.  309 

 2
( ) ( ) ( )k z I z U z                                                                                                                   (4) 310 

where I(z) is the vertical profile of turbulence intensity measured in the wind tunnel test.  311 

 1
1 2( ) ( )

ref

ref ref

U z
z C k z

z z



 


 
   

 
                                                                                                (5) 312 

where Cμ is a constant with a value of 0.09 313 

  314 

Figure 12. Inflow boundary conditions of CFD simulations (a) mean wind speed profile (U), 315 

(b) turbulent kinetic energy (k) profile, (c) turbulent kinetic energy dissipation (ε) profile.  316 

The SIMPLE algorithm was employed for pressure-velocity coupling and pressure 317 

interpolation was second order. All the convective and viscous terms were solved using the 318 

second-order discretisation scheme. The convergence of the CFD results was assumed when 319 
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the residual of x-, y-, z-momentum, k, ε, and continuity reached to 10-5. After the CFD 320 

simulations were converged, the wind speed at the pedestrian level was extracted and processed 321 

to calculate Pcom and Tcom values. The entire CFD simulation procedure was automated using a 322 

MATLAB code that generated building geometry, constructed the computational domain, 323 

created the computational grid, applied boundary conditions and solver settings, run the 324 

simulation and extracted mean wind speed at the pedestrian level.   325 

 326 

Figure 13. (a) Measurement locations around the lift-up building, (b) comparison of K values 327 

in CFD simulation and the wind tunnel test, and the distribution of K value near the lift-up 328 

building in (c) the wind tunnel test, (d) the CFD simulation.  329 

Accuracy of CFD simulations in this study was estimated by comparing the mean wind speed 330 

extracted from a CFD simulation with data from a wind tunnel test conducted by Tse et al. [16]. 331 

The mean wind speed at the pedestrian level near a lift-up building (H=120 m, W= 30 m, D=20 332 
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m, h=6 m, w=15 m, d=10 m in full scale) was measured at 169 points as shown in Figure 10(a). 333 

The measurement points covered an area of 240 m × 150 m similar to the interrogated area used 334 

in the optimization procedure. Figure 10(b) shows the comparison of K value calculated using 335 

the wind speed data from the CFD simulation and the wind tunnel tests. The two sets of data 336 

agree well with each other in high wind speed areas (K > 1.2) while the data from CFD 337 

simulation have larger discrepancies (larger than 20%) with respect to those of the wind tunnel 338 

test in the areas with low wind speeds (K<1). Such discrepancies may be attributed to a well-339 

known shortcoming of RANS simulation in under-predicting low wind speeds near buildings. 340 

Nevertheless, CFD simulation still capture important flow features near buildings (Figure 10 341 

(d)) as accurately as the wind tunnel (Figure 10(c)) 342 

3. RESULTS AND DISCUSSION  343 

The optimization process was conducted as two single-objective optimizations: to maximize 344 

the areas with pedestrian (1) wind comfort and (2) thermal comfort; and as a multi-objective 345 

optimization to simultaneously maximize the area with pedestrian wind and thermal comfort 346 

near lift-up buildings in ‘hot-calm ’and ‘cold-windy ’climates. The results of these 347 

optimizations in terms of the evolution of the lift-up design, the best lift-up design for the 348 

selected objective function(s), the corresponding building dimensions and orientation, and the 349 

areas with pedestrian wind and thermal comfort are, separately, as follows: 350 

3.1.Optimization of the lift-up design for pedestrian wind comfort.  351 

Optimization was conducted over 200 generations to obtain the optimum lift-up design to 352 

generate the largest area with pedestrian wind comfort near the lift-up building. Figure 14 353 

shows how the area with pedestrian comfort (Pcom) grows over generations in four separate 354 

optimization runs. Here the optimization was run four times to ensure that the framework 355 

methodically selected the best lift-up design rather than something arbitrary. For instance, 356 

despite different initial Pcom values: 54.2%, 48.6%, 57.8%, and 59.5% in the four runs, Pcom 357 
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reached its maximum value of 91.8% in the ‘hot-calm ’climate in each run (Figure 14(a)). The 358 

optimization in cold-wind climate showed a similar trend of increased Pcom, but the maximum 359 

Pcom value of 55.4% was smaller than that in‘ hot-calm ’climate (Figure 14(b)). In addition, the 360 

optimization process proposed noticeably different lift-up designs in the two climates, as shown 361 

in Figures 15 and 16.  362 

 363 

 364 

 365 

 366 

  367 

 368 

 369 

 370 

Figure 14. The growth of the area with pedestrian wind comfort (Pcom) over generations in (a) 371 

‘hot-calm’ and (b) ‘cold-windy’ climates.  372 

Figures 15 and 16 show four optimized lift-up designs per each of the two climates, and Figure 373 

17 shows the percentage area of wind speed classes near these buildings calculated according 374 

to the relevant wind comfort criteria. From Figures 15 and 17(a), it can be identified that tall 375 

intermediate lift-up buildings (1.25>H/W>0.33) such as HCAD1 are not suitable for the ‘hot-376 

calm’ climate as these buildings create large areas with low wind speeds, while short, 377 

intermediate buildings such as HCAD4 emerge as an advantageous lift-up design as it creates 378 

large areas with acceptable wind speeds. In fact, the percentage area with comfortable wind 379 

speed more than doubled from 42.48% to 88.48% as the lift-up design transformed from 380 

HCAD1 to HCAD4. Moreover, the importance of the center core design and building 381 

orientation can be identified from comparing a near-optimum design, HCAD3, and optimum 382 
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design, HCAD4, where the two buildings have comparable dimensions but significantly 383 

different center cores and orientations. Zhang et al. ([17], [18]) have tested different center core 384 

designs and have concluded that a wide center core creates large areas of low wind speeds in 385 

the lift-up area. Those areas can be effectively alleviated by adopting recessed corners to the 386 

center core. The effectiveness of recessed corners in creating acceptable wind conditions near 387 

lift-up buildings can be identified from Figure 18(b), which shows a smaller area with low wind 388 

speed downstream of HCAD4 and a larger area with acceptable wind speed in the lift-up area 389 

compared to those of HCAD3 (Figure 18(a)). In addition, the orientation of HCAD4, 27o 390 

clockwise from the incident wind direction, influences generating smaller areas with low and 391 

high wind speeds upstream and lateral sides of the building, respectively.  392 

In contrast, wide lift-up cores at 0o orientation enhance pedestrian wind comfort near lift-up 393 

buildings in ‘cold-windy’ climate (Figures 16 and 17(b)). In ‘cold-windy’ climates, lift-up 394 

buildings should not only adopt wide center cores but should also have a wide elevated structure 395 

such as CWAD4. It is well-known that wide buildings create large areas with wind speed 396 

retardation downstream of the buildings ([17], [54], [55]), which in turn provide much 397 

necessary wind shelter for pedestrians in windy environments. As can be seen from Figure 398 

19(b), with a wider elevated structure and a center core, CWAD4 creates a large area of 399 

acceptable wind speed downstream of the building, while the narrow center core of CWAD3 400 

generates high-speed wind flows in the lift-up area and its narrow elevated structure creates a 401 

smaller area with acceptable wind speeds downstream of the building (Figure 19(a)).  402 
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 403 

Figure 15. Four selected designs optimized for pedestrian wind comfort in ‘hot-calm’ climate 404 

(dimensions in meters).  405 

 406 

Figure 16. Four designs optimized for pedestrian wind comfort in ‘cold-windy’ climate 407 

(dimensions in meters). 408 
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 409 

Figure 17.  Percentage area of wind speed classes near the selected lift-up buildings in (a) ‘hot-410 

calm’, and (b) ‘cold-windy’ climates. 411 

 412 

Figure 18. Distribution of pedestrian-level wind speed near (a) a near-optimum lift-up building 413 

(HCAD3) and (b) the optimum lift-up building (HCAD4) 414 
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 420 

Figure 19. Distribution of pedestrian-level wind speed near (a) a near-optimum lift-up building 421 

(CWAD3) and (b) the optimum lift-up building (CWAD4). 422 

3.2.Optimization of the lift-up design for pedestrian thermal comfort. 423 

 424 

Figure 20. Four designs optimized for pedestrian thermal comfort in ‘hot-calm’ climate 425 

(dimensions in meters). 426 
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 427 

Figure 21. Four designs optimized for pedestrian thermal comfort in ‘cold-windy’ climate 428 

(dimensions in meters)..  429 

Figures 20 and 21 show four lift-up designs including the optimum design for the maximum 430 

pedestrian thermal comfort in the two climates obtained from one of the four runs of the 431 

optimization process. In contrast to the optimum design HCAD4 to maximize wind comfort, 432 

the lift-up design has evolved into a slender building (H/W>1.25), HCTD4, as the optimum 433 

design to maximize the pedestrian thermal comfort in the ‘hot-calm’ climate. The evolution of 434 

the lift-up building causes an increase of Tcom from 77.98% near HCTD1 to 96.04% near 435 

HCTD4 (Figure 22(a)). Although two intermediate lift-up designs; HCTD2 and HCTD3 have 436 

comparable Tcom values to that of the optimum design HCTD4, there is an obvious decreasing 437 

trend in area with strong heat stress (UTCI – [32-38 oC]) as the lift-up design evolved from 438 

HCTD1 to HCTD4. The reduction of area with strong heat stress near HCTD4 is likely 439 

attributed to smaller areas with low wind speeds at the pedestrian level compared with other 440 

near optimum designs (Figure 23).  441 
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 443 

Figure 22.  Percentage area of UTCI classes near the selected lift-up buildings in (a) ‘hot-calm’, 444 

and (b) ‘cold-windy’ climates.  445 

 446 

 447 

 448 
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 451 

 452 

Figure 23. Distribution of pedestrian-level wind speed near (a) a near-optimum lift-up building 453 

(HCTD3) and (b) the optimum lift-up building (HCTD4) 454 

Figure 21 illustrates the importance of adopting a wide elevated structure and center core to 455 

create pedestrian thermal comfort in ‘cold-windy’ climates where three out of four designs 456 

(CWTD2, CWTD3, and CWTD4) have either one or both aforementioned features. With a wide 457 

elevated structure and a center core, the optimum lift-up design CWTD4 has a larger area with 458 

slight cold stress (UTCI – [+9-0 oC]) of 11.76% (Figure 22(b)) than CWTD1 (1.03%), which 459 

only has a wide center core. It is noteworthy that CWTD4 does not only generate a large area 460 
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with slight cold stress but also simultaneously decreases the size of the area with strong cold 461 

stress (UTCI – [(-13)-(-27) oC]) (area = 41.05%) compared to that found near other three lift-462 

up designs ( CWTD1-51.8%; CWTD2-57.19%; CWTD3-50.25%). As can be seen from Figure 463 

24, two factors — a large area with low wind speed and a smaller area with high wind speed in 464 

the separation layers — may cause the reduction of area with strong cold stress near CWTD4, 465 

as compared with the near-optimum solution CWTD3.       466 

 467 

Figure 24. Distribution of pedestrian-level wind speed near (a) a near-optimum lift-up building 468 

(CWTD3) and (b) the optimum lift-up building (CWTD4). 469 

3.3.Multi-objective optimization  470 

Sections 3.1 and 3.2 show that if each optimization uses only one objective function — e.g., 471 

either to maximize wind comfort or thermal comfort — their optimum designs can diverge 472 

substantially. For ‘hot-calm’ climate, for example, the optimum design for wind comfort was 473 

an intermediate building with small center core; for thermal comfort it was a slender building 474 

with wide center. This discrepancy is attributed to the differential contribution of wind to 475 

pedestrian wind and thermal comfort: high wind, for example, enhances thermal comfort in 476 

‘hot-calm’ climate, but may cause wind discomfort for pedestrians. This makes it difficult to 477 

select the best ‘lift-up’ design if the requirement is to maximize area with pedestrian wind and 478 

(a) (b) 



 

30 

 

thermal comfort simultaneously. With two objective functions, the optimization process 479 

becomes a multi-objective optimization and it can have more than one optimum lift-up design, 480 

which creates different sizes of area with pedestrian wind and thermal comfort in the 481 

surrounding. The set of optimal solutions in a multi-objective optimization is known as the 482 

Pareto frontier and two Pareto frontiers found from the multi-objective optimization of the lift-483 

up design in ‘hot-calm’ and ‘cold-wind’ climates are shown in Figure 25.  484 

 485 

Figure 25. The Pareto frontier of lift-up design in (a) ‘hot-calm’ and (b) ‘cold-windy’ climates. 486 

The Pareto frontiers shown in Figure 25 were constructed using non-dominated sorting genetic 487 

algorithm II (NSGA II) and a crowd-distance calculation [56]. Since every data point on the 488 

Pareto frontier represents an optimal ‘lift-up ’design, it is necessary to select one design as the 489 

final design. The selection can be made using a decision-making technique such as the linear 490 

programming technique for multidimensional analysis of preference (LINMAP) [57], the 491 

technique for order preference by similarity to ideal solution (TOPSIS) [58], or Shannon’s 492 

entropy method [59]. In this study, two optimal lift-up designs, as shown in Figure 26, were 493 

selected from the Pareto frontiers using the LINMAP technique. LINMAP first calculates the 494 
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select the point on Pareto frontier with minimum distance from the ideal solution (i.e., ifinal = i 497 

ϵ min(Di+)). The value Di+ is calculated as in Eq. (6).  498 

 2

1

n ideal

i ij jj
D F F 

                                                                                                         (6) 499 

In Eq. (6), n is the number of objective functions, i is each route on the Pareto frontier i.e., i=1, 500 

2, 3, ..., m, Fj
ideal

 is the ideal value for the jth objective function obtained by a single objective 501 

optimization.  502 

 503 

Figure 26. Two selected lift-up designs from the multi-objective optimization process in the 504 

‘hot-calm’ (HCOD) and ‘cold-windy’(CWOD) climates (dimensions in meters).  505 

The dimensions of the two selected lift-up designs for ‘hot-calmand’ and ‘cold-wind’ climates 506 

are shown in Figure 26. The optimal lift-up designs have Pcom and Tcom values 90.80% and 507 

97.46% of HCOD and 44.32% and 8.97% of CWOD and they are different from those of the 508 

single-objective optimization. Moreover, though not completely similar, the optimal designs in 509 

multi-objective and single-objective optimization still show some similarities: for instance, the 510 

multi-objective optimization in ‘hot-calm’ climate selects a short, intermediate elevated 511 
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the single objective optimization of pedestrian thermal conditions (Figure 16). In addition, the 514 

45o orientation of HCOD is advantageous in creating a narrow area with low wind speeds and 515 

fairly intense separation layers to achieve both pedestrian wind and thermal comfort (Figure 516 

27(a)). Conversely, the lift-up design for ‘cold-windy’ climate shown in Figure 26 and the 517 

distribution of wind speed at the pedestrian level (Figure 27(b)) closely resemble those of the 518 

optimum design found for pedestrian thermal comfort in these conditions. Therefore, it is 519 

prudent to assume that pedestrian thermal comfort may be the governing factor in designing 520 

lift-up buildings in ‘cold-windy’ climate. 521 

 522 

Figure 27. Distribution of pedestrian-level wind speed near the optimum lift-up designs 523 

obtained from multi-objective optimization for (a) ‘hot-calm’ (HCOD) and (b) ‘cold-windy’ 524 

(CWOD) climates 525 

4. LIMITATIONS OF THE STUDY 526 

Although the proposed framework shows promise in achieving and maintaining acceptable 527 

wind and thermal environments near lift-up buildings, it has some inherent shortcomings:  528 

1. 3-D SRANS CFD simulation has been used to develop the ANN-based surrogate model: 529 

the two-equation turbulence closure model such as the realizable k-ε model used in this 530 

study has been known to under-predict low wind speeds near buildings ([60], [61]). This 531 
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shortcoming would lead to the wind and thermal comfort in the ‘hot-calm’ and ‘cold-532 

windy’ climates getting under- and over-predicted respectively. It is prudent to use 533 

better turbulence modeling such as large eddy simulation (LES) for developing the 534 

surrogate model and evaluating the PLWE, but the required computation power would 535 

be excessive for this type of studies.  536 

2. The GA and LINMAP were used in this study to optimize the ‘lift-up’ design and select 537 

an optimal design from the Pareto frontier; they are only two among various evolutional 538 

optimization algorithms and decision-making techniques. These other techniques 539 

should also be considered and compared.   540 

3. This study followed the unconstrained optimization, in which all eight design 541 

parameters can be modified within their upper and lower bounds to obtain the optimum 542 

lift-up design. In reality, some or all of these design parameters are restricted at certain 543 

values (e.g. H=100 m), leading to the constrained optimization of the lift-up design. 544 

Consequently, Pcom and Tcom can be substantially different between constrained and 545 

unconstrained optimization. Constrained optimization can also indicate which are the 546 

governing design parameters by analyzing how they influence Pcom and Tcom.  547 

5. CONCLUDING REMARKS 548 

This study has proposed a framework that combines CFD simulation, ANN-based surrogate 549 

model, and optimization algorithm to modify the lift-up design to maximize pedestrian wind 550 

and thermal comfort near lift-up buildings in ‘hot-calm’ and ‘cold-windy’ climates. The 551 

framework can propose the most suitable values for eight parameters for a ‘lift-up’ design based 552 

on the requirement of maximizing the area with pedestrian wind comfort or thermal comfort or 553 

both in the two climates. The proposed framework can improve the lift-up design to increase 554 

the area with pedestrian wind comfort by more than 46% and 37% and the area with pedestrian 555 
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thermal comfort by 18% and 10% near the lift-up buildings in ‘hot-calm’ and ‘cold-windy’ 556 

climates, respectively. Furthermore, the optimal lift-up designs found for different objective 557 

functions suggest that a short, intermediate elevated building with a smaller center core with 558 

recessed corners is advantageous for creating pedestrian wind comfort near lift-up buildings in 559 

‘hot-calm’ climates and in these conditions wide, tall intermediate lift-up buildings with a wide 560 

center core are necessary to maintain acceptable outdoor thermal environment for pedestrians. 561 

Slender elevated buildings with wide center cores are suitable for maintaining acceptable 562 

pedestrian-level wind conditions in ‘cold-windy’ climates, but the elevated building should be 563 

short and wide to alleviate pedestrians from strong cold stress. Indeed, pedestrian thermal 564 

comfort could be the governing factor in designing lift-up buildings in ‘cold-windy’ climates. 565 
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