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Abstract 

High-rise buildings typically have a much higher energy 

demand than low-rise buildings. With the increasing 

number of high-rise buildings, more research should be 

carried out to minimise their consumption. High-rise 

buildings affect the solar conditions and wind 

environment of the surrounding areas, positively and 

negatively affecting the site-specific circumstances. 

Previous works focused on the urban morphology effect, 

not many works assessed the influence on high-rise 

building energy performance or the influence of 

neighbouring structures on high-rise building energy 

performance. To address this gap, the present work will 

analyse the impact of building locations and neighbouring 

buildings on a 12-storey residential building’s 

performance undertaking parametric modelling by using 

Building Energy Simulation (BES) – IESVE. Multiple 

high-rise buildings with narrow spacing were observed to 

have the largest impact on the central building’s energy 

performance. Overall, the results indicate that the design 

and layout are important issues to consider for high-rise 

buildings as they can influence the energy use up to 

14.35% when eight double-height buildings surrounded 

the central building with 15m spacing. The correlation 

between heating load and solar was 80%.  

Key innovations 

• Influence of neighbouring buildings on the 

energy performance of a high rise building. 

• Energy demands and thermal comfort 

performance of the building in Copenhagen, 

Beijing and Singapore were compared.  

• The impact of surrounding building number, 

height and position on the target building’s 

energy performance were evaluated. 

Practical implications 

The approach presented in this work can be used to inform 

early-stage design choices, the surroundings’ impact 

needs to be taken into consideration when doing building 

design and urban planning.  

Introduction 

More high-rise buildings are built to accommodate the 

increasing urban population as a result of the rapidly 

increased urbanisation in recent years, which has caused 

urban areas having higher temperatures than rural areas, 

this phenomenon called the urban heat island (UHI) effect 

(Wong et al., 2011). According to Lima et al. (2019), 

buildings' energy consumption is growing rapidly, with 

the energy used by buildings in the urban area accounts 

for over one-third of the total energy demand. Mardookhy 

et al. (2014) stated that 61% of residential buildings' 

energy consumption is related to space heating or cooling. 

It is verified that climate conditions affect building energy 

demands, indoor thermal conditions and comfort levels 

(Haase and Amato, 2009, Qi et al., 2014, Lam et al., 

2008).  

High-rise buildings are defined as buildings with a height 

of 18m or over (BREEAM, 2016), which are typically 

surrounded by other high-rise buildings or structures, they 

can impose additional environmental factors such as 

reflections and shading from neighbouring buildings. 

These reflections and shading can create different 

microclimates from floor to floor and lead to different 

energy performance and thermal comfort. It is suggested 

by Wong et al. (2011) that buildings surrounded by higher 

structures will have a lower temperature than other cases. 

It is suggested by Bourbia and Boucheriba (2010) that, for 

the street canyons with high aspect ratios (height-to-width 

ratio), when the solar altitude angle is low in winter, the 

tall and narrow canyons restrict the solar radiation, which 

results in lower air temperature than in the canyons with 

low aspect ratios at daytime. At night, less radiative heat 

transfers to the sky in the deep canyons, which cause 

higher air temperature than open spaces. However, the 

solar radiation can access the deep street canyons easier 

in summer than in winter because of the high solar altitude 

angle, which means the deep street canyons are less 

effective in blocking the direct solar radiation in summer 

(Emmanuel and Johansson, 2006). Estimating the heat 

gain from solar radiation is one of the most important 

parameters for researchers to analyse building envelopes 

and cooling load (Dutta et al., 2017).  

A study (Cheung et al., 2005) on high-rise apartment 

shows that the peak cooling load and energy consumption 

can be reduced by more than 15% by self-shading, which 

indicated that the effect of shading could not be ignored. 

In high-rise building areas, shadings may cause by the 

other neighbouring high-rise buildings. Samuelson et al. 

(2016) investigated a case study residential high-rise 

building and found that the shading cast by neighbouring 

buildings can play an important part in the adjacent high-

rise building energy performance. Under the high-density 

generic urban context condition, the cooling energy 

demand decreased by 31% and heating energy increased 
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by 8% (Samuelson et al., 2016). The effect of urban street 

morphology, especially the street canyons on cities' 

microclimates, has been investigated by many studies 

(Hondula et al., 2017, Erell, 2011). 

The use of multi-parameter optimisation approach for the 

building design can achieve considerable energy savings 

and cost reduction while improving thermal comfort. To 

realise such potential, it is vital to examine the energy 

performance using building energy simulations (BES) 

tools. High-rise buildings' structure is highly complex, 

and the buildings have higher performance requirements 

(Soebarto, 2011). These pose unique challenges to the 

energy simulation and optimisation of high-rise buildings. 

Based on the review, most previous studies focused on 

how the UHI phenomenon affects buildings' heating and 

cooling performance. There is little study on the 

association between building neighbouring structures and 

energy consumption. There is no parametric analysis of 

how the overall form of neighbouring buildings has an 

impact on high-rise building performance. The present 

work will address the gaps by evaluating the performance 

of a high-rise residential building which is surrounded by 

structures with different number and height. This paper 

aims to assess the energy and thermal performance of a 

12-storey residential building by using Building Energy 

Simulation (BES). The building was located in three 

cities: Copenhagen – Denmark, Beijing – China and 

Singapore. Copenhagen was selected for comparing the 

impact of surrounding conditions, which included the 

surrounding buildings’ height and density, and 

surroundings’ position. In total, over 180 scenarios were 

modelled to understand the influence of the variation of 

different parameters. 

Methods 

Building and Location 

A 12-storey residential building with an irregular shape 

was modelled in this study, as shown in Figure 1.  

 

Figure 1: The layout of the high-rise building. 

The height of each storey is 2.8m, and the total height of 

this building is 33.6m. Each floor has four flats, which 

contains bedrooms, living room, washroom and kitchen, 

while balconies are considered as outdoor. Public space 

contains corridors, stairs and lift, where no heating and 

cooling is provided. The glazing ratio of the building was 

17.14%. According to Murphy (2011), the road's total 

width should be wider than 12.80m. The distance between 

the target building and the surroundings was 15.00m in 

this research. The material properties and interior settings 

are shown in Table 1 and 2. 

Table 1. Material specifications and U-values 

Component Materials and 
thickness 

U-value 
[𝐖/𝐦𝟐𝐊] 

External walls 
Cast concrete 150mm, 

Insulation 50mm 
0.51 

Roof 
Cast concrete 130mm, 

Insulation 70mm 
0.39 

Floor slabs/ 

Ceiling 

Cast concrete 140mm, 

Insulation 60mm 
0.43 

Ground floor 
Cast concrete 200mm, 

Insulation 50mm 
0.49 

Internal partition 
Plasterboard 60mm, 

Insulation 40mm 
0.53 

Windows 
Clear float 8mm, 

Cavity 12mm 
2.88 

Doors Cork board 50mm 0.70 

 

Table 2. Setpoint temperatures and infiltration rate 

(CIBSE, 2015)  

 Heating 
setpoint 

Cooling 
setpoint 

Infiltration 

Bedrooms 18℃ 24℃ 0.5 ACH 

Living 

rooms 
22℃ 24℃ 0.5 ACH 

Kitchen and 

washroom 
20℃ 24℃ 0.5 ACH 

Public space Off Off 0.5 ACH 

 

The selected locations are Singapore, China-Beijing and 

Denmark-Copenhagen. These three locations were 

selected to investigate the influence of three climatic 

conditions: tropical climate, humid continental and 

oceanic on the building's performance under the same set 

conditions (Table 3). 

Table 3. Location and climate of the three cities 

 China Denmark Singapore 

Climate type Temperate Cold Hot-humid 

Simulation 

weather 

location 

Beijing 

International 

Airport 

Copenhagen 

Changi 

International 

Airport 

Longitude, 

latitude 

40.08°N, 

116.59°E 

55.62°N, 

12.66°E 

1.35°N, 

103.99°E 

 

Parametric analysis 

This research analysed and compared the building 

performance differences by basing on the following 

configurations: 

The isolated residential building was located in 

Copenhagen, Beijing and Singapore, both thermal and 

energy performance were compared. One location 
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(Copenhagen) was selected for further energy 

performance comparison; 

Eight surrounding buildings with the same height (33.6m) 

were added around the based building (Figure 2 (a)); 

To analyse how the surrounding buildings influenced the 

target building performance, the number of surrounding 

buildings was reduced to four, two and one. Surroundings 

were divided into different sets, the named positions are 

shown in Figure 2 (b), (c) and (d); 

To find out the effect by surrounding buildings’ height, 

the surroundings’ height was changed to 16.8m (half-

height) and 67.2m (double-height), while the location 

kept the same as step 2 (Figure 2 (e) and (f)); 

Finally, the solar gain of each floor was compared to show 

the difference between the twelve floors. Then the flat 2 

(including living room 2, kitchen 2, washroom 2, and 

bedroom 3 and 4) and flat 3 (including living room 3, 

kitchen 3, washroom 3 and 4, and bedroom 5 and 6) were 

selected in order to analyse the correlation between 

energy demand and solar gain. 

(a)  (b)  

(c) (d)

(e)  (f)  

Figure 2 (a) Surrounding layout (b) 4 surroundings’ 

position (c) 2 surroundings’ position (d) 1 surrounding’s 

position (e) half-height surroundings and (f) double 

height surroundings 

BES tool and Theory 

This research will use the Building energy simulation 

(BES) tool IESVE to assess the office building's energy 

performance with passive cooling strategies. The BES is 

based on the commercial tool IESVE, which is a dynamic 

thermal simulation based on the modelling of heat transfer 

processes between a building and its microclimate. The 

modelling of a commercial building using the IESVE tool 

was validated in our previous work (Shahzad et. al, 2020). 

The results are simulated by a dynamic thermal 

simulation program based on first-principles 

mathematical modelling of the heat transfer processes 

occurring within and around the building within the tool. 

The theory and equations are defined in the IESVE theory 

guide.  

Results and Discussions 

Impact of Building Location 

 

Figure 3: Monthly heating and cooling energy demand 

of Denmark (DK), Singapore (SG) and China (CN). 

The monthly heating and cooling energy demand of the 

three locations from IES VE simulation results are plotted 

in Figure 3. The unit of energy in this study is MWh 

(megawatt hour). The results show that although no 

heating was needed in Singapore throughout the year, the 

cooling system operated from January to December, the 

annual cooling energy demand was 358.14MWh. In 

Copenhagen, the heating demand was the largest 

compared to the other two locations, and each month the 

heating load was higher than 26.4MWh. Heating was 

needed for the whole year, and the peak heating load 

happened in January, which was 60.8MWh. The cooling 

demand in Copenhagen was much smaller than in Beijing. 

In Beijing, the heating load was 59.0MWh in January, and 

the cooling load was 26.4MWh in July. The heating 

period was longer than the cooling period.  

Figure 4 and 5 show the solar gain of three locations and 

total energy demands. Although a large amount of solar 

gains could reduce heating load and increase the cooling 

load, there is minimal correlation between solar gain and 

total energy demand. Figure 3 shows that in Copenhagen, 

the solar gain in winter was much less than in summer, 

while in Beijing and Singapore, the difference was not 

that significant. In Beijing, the total loads were relatively 

low in spring and autumn. The reason for this result is that 

both heating and cooling set temperatures were close to 

the minimum and maximum average temperatures of 

Beijing, especially in spring and autumn. Smaller 

temperature difference caused the lower temperature 

demand. The heating setpoint could be lower in 

Copenhagen to reduce heating energy demand. In 

Singapore, the cooling setpoint could be higher than 24℃ 

to reduce cooling energy demand. As cooling is needed 

during the whole year under the set conditions in 

Singapore. Kumar et al. (2020) suggested that the 

materials with high thermal mass can minimise and delay 

the indoor peak temperature by anti-phasing with outdoor 

temperature, which can further reduce the summer 

overheating problem. High thermal mass insulations can 

be used to reduce the cooling energy demand in 

Singapore. Similarly, these materials can also be applied 

to cold climate areas to keep a warm indoor environment. 

Additionally, Fantucci et al. (2019) and Huang et al. 
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(2020) stated that the walls with low thermal conductivity 

insulations are compared to commonly used construction 

materials thinner, which can save more floor space. To 

reduce the total energy load, well-insulated walls with low 

thermal conductivity should be selected. 

 

Figure 4: Monthly solar gain of the three locations. 

 

Figure 5: Monthly total energy demands of the three 

locations. 

In Denmark, the total energy demand was mainly 

determined by the heating load, the heating system is 

mostly on during the whole year. However, Figure 3 

demonstrates that the cooling system was on from June to 

September, which is inconsistent with expected results as 

the average ambient temperature was lower than the 

cooling setpoint temperature. The relationship among 

outdoor dry-bulb temperature, room air temperature, 

heating load and cooling load of January and July are 

shown in Figure 6.  

 

Figure 6: Heating and cooling loads of Denmark from 

May to September. 

In Copenhagen, there was a great temperature difference 

(daytime about 26℃ and night-time about 16℃) between 

daytime and night in summer; the heating system was 

needed during the night to maintain room temperature 

above the heating set temperature. 

The target building in three locations had the same indoor 

set conditions. Thermal comfort is evaluated by the 

predicted mean vote (PMV), which is developed by 

Fanger (1970). Predicted Percentage of Dissatisfied 

(PPD) is also used to show thermal comfort performance. 

Figure 7 shows that the PMV in Singapore was about 0.82 

to 1.2, which means people would always feel slightly 

warm during the whole year.  

 

Figure 7: Predicted Mean Vote of the three locations. 

In Beijing and Copenhagen, the tendencies of the PMV 

scale were similar to the outside temperature. People 

would feel slightly warm in summer and slightly cool in 

winter. Copenhagen's overall PMV scale was the closest 

to 0, indicating that under the set condition, Copenhagen's 

building indoor environment was better than that in 

Beijing and Singapore. 

Figure 8 also shows that about 25% of occupants would 

feel uncomfortable in Singapore during the whole year, 

optimisations should be applied to improve the building 

thermal comfort performance. The key idea is to decrease 

indoor air temperature and humidity. In Beijing, people 

could be satisfied with the indoor environment in spring 

and autumn, the percentage of satisfaction in summer was 

higher than in winter. Therefore, it is better to vary the 

heating and cooling set temperatures to provide a suitable 

indoor thermal environment. The above figure also shows 

that people would be more satisfied with the indoor 

environment in Copenhagen than in the other two places 

under these set conditions. However, according to Figure 

6 and 7, the occupants would feel slightly cold in winter. 

Therefore, the heating set temperature could be higher in 

both Beijing and Copenhagen. 

 

Figure 8: Predicted Percentage of Dissatisfied of the 

three locations. 

Thermal comfort plays a pivotal part in occupants' 

behaviours and perceptions; it also has an impact on the 

energy use in buildings (Wang et al., 2011). It is necessary 

to have a suitable control system to adjust the set 
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condition according to the outside environment. In 

general, residential buildings' indoor environment is not 

as constant as that of office buildings, because the 

interactions of occupants with the building components 

are difficult to estimate (BREEAM, 2016). 

According to the above analysis, the set condition in 

Copenhagen, Denmark can provide better thermal 

comfort performance than other the two locations. 

Copenhagen has varying monthly solar gains, both 

heating and cooling demands are needed. Therefore, 

Denmark was selected for the following discussion. 

Impact of surrounding number and position 

 

Figure 9: Comparison of monthly energy consumption 

between no surrounding and eight surroundings. 

Monthly energy loads of the target building in 

Copenhagen are shown in Figure 8. A significant increase 

in heating energy demand was observed when similar 

height buildings shaded the central building. Without 

surrounding buildings, the annual solar gain was 

153.05MWh, while with the eight surrounding buildings, 

the annual solar gain reduced to 91.62MWh. July and 

August's results showed that cooling demand decreased 

when other buildings surrounded the target building. On 

average, the annual total energy demand increased by 

10.47%. However, in July, the total load slightly 

decreased by 0.047MWh due to the surrounding 

buildings. 

 

Figure 10: Influence of four surrounding buildings in 

different positions on the annual total energy load. 

Figure 10 compares the results of configuration a and b 

with four surrounding buildings. It shows that both 

configurations could have a significant influence on the 

building’s energy performance. The building was located 

in the northern hemisphere, so the sun should always be 

in the south direction. With the sun moving along the sun 

path from east to west, the direction of shadings would 

also change from northwest to northeast, so the 

surroundings located in position b could also increase the 

total energy load. The surroundings in position a had a 

larger impact on the target building’s solar gain than 

position b. Therefore, surroundings in position a could 

increase 7.19% of the total energy demand, and 

surroundings in position b could increase by 3.01%.  

 

Figure 11: Influence of two surrounding buildings in 

different positions on the annual total energy load. 

Figure 11 compares the results of configuration a-d with 

two surrounding buildings. It is shown that the 

surrounding buildings in the north and south direction 

increased the building total energy demand much 

significantly than the other three combinations, which 

increased the heating load by 28.79MWh and decreased 

the cooling energy loads by 2.8MWh. West and east 

surroundings had the smallest impact on the target 

building’s total energy demand. Because Copenhagen is 

in a high latitude area, the daytime is short in winter, so 

the west and east surroundings cannot provide much 

shading on the target building during that period. After the 

sunrise, the shading by the east surrounding was already 

in the northwest direction. Furthermore, before the sunset, 

the shading by the east surrounding was still in the 

northeast direction, which had not reached the target 

building. Therefore, the west and east surroundings 

provided the smallest impact on the target building energy 

loads, which was about 0.19% increment. 

 

Figure 12: Influence of one surrounding building in 

different positions on the annual total energy load. 

For the net analysis, one surrounding building was located 

near the target building; the annual energy loads and solar 

gain are shown in Figure 12. 
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The two figures show that the larger solar gain, the 

smaller heating and total energy demand. Figure 11 shows 

that when the surrounding was located to the south of the 

building, it had the largest impact, which increased the 

energy consumption by 20.11MWh (5.39%). The west 

and east surroundings had the smallest impact on the 

target building. The surroundings in different positions 

provided a notable impact on the target building heating 

energy demand because shading areas are larger in winter 

than in summer as the solar elevation angle is smaller in 

winter. In summer, there was direct sunlight coming into 

the rooms in the morning and late afternoon, so the north 

surrounding's impact was also significant. 

Impact of surrounding height 

The height of surrounding buildings was varied to 16.8m, 

and 67.2m and the results for the monthly heating and 

cooling loads of the target building are shown in Figure 

13. Heating energy demand increased as the surrounding 

buildings' height increased, and cooling energy demand 

decreased as the surrounding buildings' height decreased. 

The cooling load results show that the impact of half-

height surroundings was much smaller than the same 

height and double-height surroundings. The increment of 

total energy demand for the 67.2m height surroundings 

was 14.35%, with 60.22% of the annual solar gain was 

reduced by the shadings of surrounding buildings.  

(a)  

(b)  

Figure 13: Monthly (a) heating and (b) cooling loads of 

target building with different height surroundings. 

It is also shown that the percentage increment of heating 

load in summer was more significant than in winter. In 

summer, the sunlight intensity is stronger, and daytime 

duration is longer, which means the shading would have 

a larger impact than other seasons. The figure shows that 

the impact of half-height surroundings on cooling energy 

demand was not significant. The reason is in summer, the 

length of shadings was short, so the wall areas of target 

building covered by the shadings from low buildings were 

relatively small, which means the low surroundings had 

little impact on the target building’s solar gain. 

Energy performance and solar gain of different flats 

and floors  

The solar gain of each floor may vary depending on the 

height. In this section, several floors and flats were 

selected for solar gain and energy demand comparison.  

 

Figure 14: Energy demand and solar gain of each floor 

– no surrounding buildings. 

According to Figure 14, when there were no structures 

around the residential building, higher level floors had 

larger amounts of solar gain than lower-level floors, the 

heating and cooling energy demand also varied with the 

varying solar gain. Higher level floors can obtain more 

solar radiation than low floors and therefore, less heating 

will be required for the rooms on higher floors. 

However, because of less solar gain and the conductive 

heat transfer between the ground floor and outside the 

ground, the ground floor's energy demand was higher than 

other floors. The top floor received higher solar gain than 

the lower floors. However, at the same time, the 

convective heat transfer through the roof to the ambient 

air led to a large amount of heat loss; therefore, more 

heating energy was needed for the 11th floor. 

In order to avoid the impact of solar radiation through roof 

and heat transfer between ground and floor, the flats on 

2nd and 10th floors were selected for energy performance 

comparison. The monthly solar gain of each flat on 2nd 

and 10th floors are shown in Table 5, in this analysis, eight 

surrounding buildings were added around the residential 

building.  

In general, the monthly solar gain of 2nd floor was lower 

than 10th floor. However, when the residential building 

was surrounded by the double-height buildings, both 2nd 

and 10th floors were affected by the shadings, and the solar 

gains of the two floors were almost the same. The half-

height surroundings cannot provide any shadings on 10th 

floor of the residential building, so the solar gain of 2nd 

floor was much smaller than 10th floor when there were 

low height surroundings around the building. 

According to the building layout, the building west and 

east sides are symmetry, the results from above table 

show that the solar gains of flat 1 and 4 were the same, 

and flat 2 and 3 were the same, which also confirmed that 

the model follows the expected building physical 

behaviour. Flat 2 was in the northeast of the building, and 

flat 3 was in the southeast, these two flats were selected 

to compare if the solar gain could have the same influence 
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on the room heating and cooling energy demands when 

the rooms were facing to different directions.   

 

Figure 15: Radiation flux and solar gain of four flats on 

19th June – with eight same-height surroundings. 

Figure 15 shows the radiation flux (direct radiation and 

diffuse radiation) and solar gain of flat 2 and 3 on 2nd and 

10th floors on 19th June, when the residential building was 

surrounded by eight same-height buildings. The amount 

of solar radiation is related to building solar gain directly. 

Previous sections show that the residential building's 

cooling demand was low during summer, and the solar 

radiation mainly affected the heating energy demand. The 

relationships between heating load and solar gain of flat 2 

and flat 3 on 2nd and 10th floors are shown in Figure 15. In 

Figure 16, there is a linear relationship between heating 

load and solar gain. There was a significant difference 

between the slopes of different flats; the different slopes 

indicate the impact of surroundings’ height on the flats’ 

solar gain. 

 

 

 

 

Figure 16: Heating load and solar gain of four flats. 

When there were higher structures around the residential 

building, the flats would get less solar gain and have 

higher heating energy demand. However, for all flats, the 

R2 were between 0.73 to 0.83. R-squared represents the 

proportion of the variance for a dependent variable, which 

is explained by an independent variable in a regression 

model. It is shown in Figure 16 that the values of R2 of the 

four flats were around 0.8, which means the correlation 

between heating load and solar gain was almost 80%. The 

results show that there was a high correlation between 

energy demand and solar gain for any flats of this 

residential building. 

Conclusion and Future Work 

In this research, BES was used to analyse the performance 

of the 12-storey residential building under different 

surrounding conditions. The energy demands and thermal 

comfort performance of the building in Copenhagen, 

Beijing and Singapore were compared. The impact of 

surrounding building number, height and position on the 

target building’s energy performance were also discussed. 

In Copenhagen, heating energy took up 97.58% of the 

total energy demand, while in Singapore, the energy was 

all used for cooling. Eight surroundings could increase the 

total energy demand by 10.47%. The surrounding 

building in south direction had the largest impact (5.39%), 

while the west and east surroundings had the smallest 

impact which was about 0.10%. The length of the daytime 

is one of the factors that influence the amount of solar 

gain. In high latitude area, surrounding in north direction 

could have a larger impact on building performance than 

those in west and east. 

In Copenhagen, the high surroundings reduced 60.22% 

annual solar gain and added 14.35% total energy demand. 
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The higher floors had a larger amount of solar gain, less 

heating energy was needed for heating. By comparing the 

solar gains of four flats on 2nd and 10th floors, when 

different height buildings surrounded the residential 

building, it showed that the correlation between heating 

load and solar gain was around 80% for all flats.  

The impact of the surrounding buildings can be both 

positive and negative. The surroundings’ impact should 

be taken into consideration when doing building design 

and urban planning.  
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