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Abstract: In this work, we focus on investigating the relationship between urban morphology
parameters and residential building space heating energy performance, comparing microclimate
conditions of existing residential blocks with central heating supply. Firstly, a dataset composed of
district morphological parameters that measured heat energy consumption was established. Then,
effects of morphological indicators including cover ratio, average building height, and floor area ratio
on building space heating energy efficiency were assessed specifically. Analysis results show that
a larger floor area ratio induced a reduction in heating energy consumption density, the observed
effect is notable at an initial increase of floor area ratio. Thirdly, the case study shows that the heating
load of residential districts with a high built density is more sensitive to solar radiation. To further
assess how and to what extent urban forms alter microclimates, on-site measurement investigated
detailed changes in the thermal environment of selected residential districts before and after the
operational stage of central heating supply. Analysis results demonstrate that heat energy delivered
by a central heating supply could dampen the variations of local outdoor air temperatures, more
notable for residential districts with a higher floor area ratio during the night period. Findings from
this work would be useful for urban planners considering energy-efficient design practices.

Keywords: urban morphology; district heating demand; microclimate; on-site measurement

1. Introduction

The mitigation of greenhouse gas emissions is a key issue in reversing the trend of
global climate change, with growing energy consumption and energy-related CO, emis-
sions being the main contributors to the challenge. The building sector is responsible for a
large proportion of global energy consumption, so improving building energy efficiency
is increasingly viewed as having an important role in sustainable development [1,2]. For
instance, driven by rapid urbanization over recent decades, the amount of energy used
for building space heating in North China shows a sustained annual rising share of final
energy consumption—it was responsible for approximately 21% of total building energy
consumption in 2018 [3]. As illustrated in Figure 1, in comparison with the developed
world, the residential sector of developing countries is in an important position to tackle
rising energy consumption due to rapid urban expansion. Therefore, it is important to pay
attention to urban community or district design practices from an energy-efficiency and
long-term sustainability perspective.

Different energy-saving measures have been implemented in the building sector in
a bid to mitigate energy consumption, which can be mainly classified into passive and
active energy-saving measures. A number of previous publications draw attention to
retrofitting strategies and the exploitation of on-site renewable resources at the building
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level [4-6]. Due to limited measurements of urban form and district building energy use,
the link between the non-physical mechanism of urban morphology and district energy
efficiency has still not been explored sufficiently. A better understanding of how or to what
extent morphological factors influence building energy consumption and microclimate
conditions would provide further insights into energy efficiency practices at the early urban
planning stage.
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Figure 1. Comparison of energy consumption in residential sectors in China, USA, Japan, and the
European Union, datasource: IEA World Energy Balances 2020 [7].

This research is structured as follows: Section 2 presents an overview of related
research, and Section 3 introduces the objective and data source. Then, the relationships
between urban morphological factors and space heating energy use are investigated, and
the validation case is presented in Section 4. Finally, conclusions are drawn.

2. Literature Review

Rapid urbanization and the consequences of a rise in building energy use have raised
interest in exploring the link between urban morphology, built local environments and
energy efficiency [8-10]. Urban morphology can alter the surrounding environment,
and it is commonly known that the urban heat island phenomenon is a consequence
of air temperature rises caused by solar energy gain and heat energy emitted into the
atmosphere leading to the non-uniform spatial distribution of surface air temperatures.
One of the main contributors to this is heat stored by the huge urban thermal mass
infrastructures, such as buildings [11,12]. Building thermal load is mainly decided by
the net amount of solar energy gain, and conductive and convective energy loss from
indoor to the outdoor environment. Urban block typology has been verified to have
significant effects on solar heat energy harvesting and operational heating or cooling
load intensity [6,13]. Therefore, despite the fact that different building typologies can
be implemented under urban planning to achieve the same built urban density, their
energy use efficiency may vary significantly [10,14]. This can be explained by the fact that
building layout, height, and built density could alter the local thermal environment [15],
and building indoor-outdoor heat exchange might modify the amplitude or shift the phase
of the surrounding air temperature, in turn, influencing the energy consumption for space
heating and cooling. Previous studies indicated that morphological characteristics had a
strong modification effect on microclimate, which was highlighted in low-energy urban
planning and design [15-17].

Rising building energy use motivates interest in exploring energy-efficient urban
design practices. In the early stages of urban or community design, the building energy
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modeling tool has been widely used to explore the effects of variables, including a build-
ing’s physical parameters, orientation, and occupancy patterns on energy demand. An
energy simulation tool is generally used in a single building based on typical regional
historical weather data, such as the Typical Meteorological Year (TMY), and uses a shading
factor to simplify the effect of adjacent buildings on the heat exchange balance. Different
urban morphologies could create different situations in their microclimates, in turn, in-
fluencing the building’s energy consumption performance [18]. Therefore, the building
energy simulation model may lead to inaccuracies in a building’s energy use simulation
without capturing the impact of urban morphology [19,20]. Neglect of the urban micro-
climate effect may lead to an overestimation of a building’s annual heating by 20% and
underestimation of cooling load by 30% by EnergyPlus [21]. For instance, Pisello et al. [22]
highlighted the inter-building effect on annual energy consumption prediction, with an
underestimation of the energy requirement by up to 22% in winter months. Trepci et al.
found that inter-building shading effects can lead to a 26% reduction of total building
cooling load, highlighting the role of the urban built form in energy conservation [23]. The
link between BIM (Building Information Modeling) databases and numerical simulation
models could improve the accuracy of urban-scale energy estimations for urban planners
at the early design stage [24,25]. One way to capture the impacts of local meteorological
conditions on a building’s energy consumption is to couple energy load modeling and a
modified weather file to increase the accuracy of a building’s heating and cooling load
simulation [26,27]. Some studies tried to couple the surrounding land model and numerical
simulation to improve the accuracy of a building’s thermal load modeling [28,29]. Against
such a background, the detailed impacts of urban morphology on building energy effi-
ciency and microclimate conditions are essential to reveal, especially for large-scale district
central heating supply scenarios.

To date, some studies have investigated the influences of urban morphological at-
tributes on the built environment, and energy efficiency has also been explored based on
parametric computer simulation from different perspectives. For example, the research
by Shi et al. [30] provided evidence for the interdependencies between street grids and
the efficiency of the district cooling system in the high building density city of Singapore,
results indicated that block area variable had the largest impacts on capital and operational
costs of cooling system. Additionally, correlation analysis in Guangzhou showed that both
the sky view factor and pervious surface fraction have significant positive effects on the
local-scale urban heat island intensity, whereas only the pervious surface fraction has a
positive effect on the local-scale urban wet island intensity [31]. Building typology-induced
space heating or cooling energy efficiency is significant [21]. Chen et al. investigated the
influence of block building density and height on the heat energy loss rate and found
that there is synergistic potential between building density and height, with the effect
of building density becoming obvious at relatively low building height conditions [32].
Vartholomaios studied parametric energy on an urban scale, and the results found that a
compact perimeter urban block is a more efficient urban form than pavilions and slabs [33].
Simulation results from Kikegawa et al. [34] confirmed that a decreased sky view factor
can be an effective measure in reducing building cooling load. According to the simulation
results of high-rise building thermal loads, a denser urban context could lower the cooling
load by 16-18% [35]. The effect of neighborhoods on COP (coefficient of performance)
degradation of the cooling system was verified as significant due to the increase in the local
air temperatures [36]. It was suggested that high built density and compact residential
building types reduce heat energy demand at the neighborhood scale [15], and similar
results in [37] showed that there is a reduction in building heating demand with high built
density of up to 40% compared with the low-density neighborhood. The space heating
load of a single-family home rises approximately 25% more than a high-rise apartment
block constructed with the same insulation level [38]. The study by Leng et al. [24] took
73 office buildings in Harbin as the study objects, using regression analysis to evaluate the
influences of different urban morphological factors on heating energy consumption, with
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the floor area ratio determined to be the most critical factor in heating energy consumption.
The comprehensive effects of urban morphology on the energy consumption and solar
radiation access of blocks were evaluated based on Grasshopper simulation, and the opti-
mization approach considering morphological index control and guidance was highlighted
in sustainable urban design [39]. Shi et al. concluded that the impact of floor area ratio on
exploring solar energy use is dominant [40]. Mangan et al. identified that optimization of
building height plays an important role in building energy and economic efficiency [41].

To date, extensive studies have focused on examining the effects of a building’s physi-
cal parameters, such as construction materials and window—-wall ratio, on building energy
use. There is still room for further investigation on urban form as an influencing factor
on energy efficiency performance [42]. The developments of GIS (geographical informa-
tion system) and energy use metering provide a solid foundation for the availability of
urban morphological factors and district energy use profiles. The data-driven statistical
approach enables a quantitative analysis investigating building energy efficiency relating to
urban morphological factors, such as building height, built density, and surface-to-volume
ratio [17,43]. Due to the general lack of in-depth analysis of the measured energy use,
microclimate conditions, and controlled energy supply technologies, such as centralized
and decentralized, questions remain regarding the influencing power of urban built form
measures on building energy demand [17]. There is a need to help urban planners and en-
ergy utilities acquire a better understanding of how and to what extent urban morphology
influences energy efficiency.

This study takes Qingdao city as an example and aims at investigating the relationship
between urban morphological parameters and measured building heating energy use. The
outdoor air temperature variations of selected districts are analyzed before and after the
beginning of the central heating supply through on-site measurement. Results are expected
to facilitate energy-efficient decision-making in the urban planning field.

3. Material and Methodology
3.1. Study Area

The district central heating supply system is a common heating system in the urban
areas of North China. As shown in Figure 2, hot water extracted from a central thermal
power plant is delivered through the primary distribution network to a secondary heating
station that directly serves individual buildings at a community level. This study was
conducted in Qingdao city, located on the east coast of Shandong Peninsula, North China
(36° N, 120° E). Its heating season lasts from mid-November to the end of March. Figure 3
presents the daily average outdoor air temperature and solar radiance profiles during the
heating period from 2015 to 2016.

Figure 2. Typical district central heating supply system.
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Figure 3. Ambient temperature and daily solar irradiance over the heating season.

3.2. Data Source

Building space heating energy consumption data of more than 200 residential dis-
tricts were collected, obtained from the district heating company, with most of those
building groups built between 2004 and 2008 according to Qingdao residential building
energy-efficiency design standards and Qingdao urban planning standards, which can
help minimize the effects of other characteristics such as the thermal insulation level. This
study focuses on investigating the effect of urban morphology on building heating energy
use. In order to minimize the effects of other variables and reveal the role of urban mor-
phology on energy efficiency, residential districts with a total floor area over 40,000 m?
were preferred. The spatial distribution of 53 selected residential districts (red block) and
the typical building typology in the Qingdao urban area are shown in Figure 4. Detached
houses featured with lower building density and high-rise residential apartments present
high floor area ratio values. Meanwhile, we obtained the physical parameters of selected
residential districts based on the available GIS database, including the block area, average
building height, and gross building floor area, as described in Appendix A.
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Figure 4. Distribution of selected residential districts, and typical building topology in Qingdao City.

4. Results and Discussion
4.1. Effects of Urban Morphology

Firstly, we calculated building cover ratio, average building height, and floor area
ratio as quantitative characteristics to assess the relationship between urban morphology
and district building space heat energy use, as those three variables are common design
parameters used in the urban master plan. As shown in Figure 5a, there is a wide range of
heat energy use density among the residential districts, and the cover ratio exhibited an
insignificant correlation with heat energy use per unit of floor area.

The relationship between building heat energy use and average building height is
illustrated in Figure 5b. It does not follow a simple pattern that varies with height range.
We observed that the decreasing tendency in heat energy consumption became less (from
20 m to 60 m), and the heat energy use intensity even showed a rising trend when the
height is over 60 m, which might be explained by the ratio of building surface exposed
to sunlight that reduces the solar radiation absorption. Overall, it presents a negative
relationship until a certain threshold, then becomes a positive relationship. Existing studies
also indicate that an optimal rise in building height can enhance solar heat reflection and
absorption between building surfaces, achieving better exploitation of sun heat [44,45].
Detached houses with a low height featured higher energy loss. A similar pattern could be
found in LSE Cities’ report [46].

The floor area ratio presents the percentage of the gross building floor area in relation
to the size of the block. The variation of the space heating energy use intensity in regards
to the floor area ratio is described in Figure 5c. The scatter distribution trend confirms
the significant effect of FAR on measured seasonal heating demand. A regression line is
presented, and we can observe the clear negative relationship between heat use intensity
and FAR value, the induced heat density reduction is notable with rising FAR then the
effect becomes less at a large FAR value. For instance, heat energy use density varies from
43.3 W/m? to 20.6 W/m? when FAR rises from 0.07 to 1.55.
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4.2. Case Study Validation
4.2.1. Variation of Heating Demand

This part further explores the effects of urban morphology on building heat energy
use and the microclimate conditions. This section focuses on analyzing the characteristics
of measured district seasonal heating load profiles of selected residential districts as shown
in Figure 6. Detailed characteristic parameters of the selected objectives are summarized in
Table 1.
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Figure 6. Location and exterior view of monitored residential districts, yellow circle points present the positions of

temperature sensor.

Table 1. Characteristic parameters of the selected residential districts.

S District Heating . Average
Districts Area, 10°m?  Area, 10* m? FAR Built Year Height, m

JYSZ 21 3.6 1.2 2004 12

HG 8.7 15.7 1.8 2006 60.9
GJCMY 3.9 7.7 2.0 2008 17

Measured daily heat demand profiles of selected districts are shown in Figure 7.
The observed variations show the significant dependency on the ambient temperature
during the heating seasonal period. As shown in Figure 8, the central heating supply
network is adjusted merely based on the supply temperature control approach to avoid
fluctuation of hydraulic balance. The measured heating supply temperature shows a
linear rising trend with decreasing outdoor air temperature, and the maximum constraints
were compensated on the required supply temperature when the ambient temperature
decreased further. The amount of heat transported could be calculated by water mass
and the temperature difference between water supply and return. The distribution of the
temperature difference reveals the variations of operational heating demand over the whole
heating period. To ensure that the results are comparable, we normalized the measured



Sustainability 2021, 13, 2070

9o0f17

temperature differences between supply and return water over the heating season as shown
in Figure 9. Generally, 9 November to 15 November is the heating trial operation period,

and the sub-station serves the district space heating with ultra-low water temperature,
approximately 35 °C.
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Figure 7. Measured district heat load profiles over the heating period.
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Figure 9. Distributions of normalized temperature difference between supply and return hot water.

As illustrated in Figure 10a—c, scatter shows the color-scale distributions of historical
heat energy use density over 129 days in JYSZ (Figure 10a), HG (Figure 10b), and GJCMY
(Figure 10c). There are considerable variations in daily district heating loads, and it can
be confirmed that heating demand is a function of daily average ambient temperature
and total solar radiance. Overall, space heating demand presents a decreasing trend with
increasing ambient temperature and solar radiance values.

We used the multi-factor line regression approach to examine the effects of ambient
temperature and solar radiance on district space heating demand. In order to deal with the
values that lie in different ranges, we normalized variables to 0 to 1 range respectively. The
regression model can be expressed as:

y =004 b1 X x1 + b2 X x3 1)

where, x1 presents daily average ambient temperature, x; is daily total solar radiance.
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Figure 10. Color-scale distributions of heating energy demand (W/m?) of selected districts under different weather
conditions: JYSZ (a), HG (b), GJCMY (c).

Table 2 shows the regression results, with outdoor air temperature presenting the
most significant impact on the building space heating energy consumption. The heating
load of GJCMY was more sensitive to the solar radiance, and a high FAR value enabled the
building to gain more solar heat energy in reducing building heating demand.

Table 2. Results of the regression analysis for heating load.

Variables JYSZ HG GJCMY
b0 0.63 0.60 0.77
bl —0.41 —0.38 —0.44
b2 —0.01 —0.07 —0.15
R-square statistic 0.62 0.59 0.58
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4.2.2. Scenarios of Outdoor Air Temperature Profile

Surface temperatures at heights of 2.0 m above the ground in selected districts were
measured with a Thermo Recorder TR-72wf with measurement accuracy £0.5 °C and
a 0.1°C resolution. The measurement scenario is shown in Figure 6. In order to avoid
disturbance from direct solar radiation, positions were placed 2.0 m near the building.
Outdoor temperature measurements data with 10-min intervals were taken during three
different periods before and after the operational stage of central heating supply in Novem-
ber, 2020. The three periods were categorized as follows: non-heating period, heating trial
operation stage (low-temperature hot water supply) and heating period. This enabled
the exploration and comparison of the effects of different heat emitters on local ambient
temperature profiles.

The outdoor temperature variations with time on 2 November 2020 (non-heating day)
were illustrated in Figure 11, the measured temperature of mid-rise residential areas was
generally higher than the high-rise residential district. Open high-rise residential district
HG featured with a larger temperature drop rate during the night period. The measured
temperature difference between the high-rise and mid-rise districts were more obvious at
night, it was about 1.2 °C at 3:30 a.m. in 2 November. The maximum measured temperature
of the HG district during the daytime was about 1 °C lower than the two mid-rise districts.

18
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P S
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Time

Figure 11. Variations of outdoor temperature profiles during non-heating time.

Comparisons of measured time series temperature profiles on heating trial days with
low heating temperature operation are shown in Figure 12. The temperature differences
between high-rise and mid-rise districts became less in comparison with non-heating
supply time. The high-rise district still presented the lowest daily measured outdoor
temperature, its temperature drop rate was decreased at night due to energy release from
the surrounding buildings.

The profiles of outdoor temperature during heating days are shown in Figure 13. In
comparison with the scenarios described in Figures 11 and 12, the increasing heat energy
supply density altered the microclimates of selected residential districts further. It is
clear that the surrounding temperature of high-rise district HG had increased obviously,
outdoor temperature points of HG were almost consistent with mid-rise JYSZ district on an
average level, and their maximum daily temperature was almost the same. Meanwhile, the
measured temperature points of compact GJCMY with larger FAR were obviously higher
than HG and JYSZ districts at night times without the effects of solar radiation. From
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the identified temperature difference, it can be concluded that the operation of district
space heating reshaped the local air temperature. FAR became an important contributor in
reshaping the outdoor temperature, especially during the night period.

18
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Temperature,°C

10

2020/11/12 12:00 2020/11/12 18:00 2020/11/13 0:00 2020/11/13 6:00 2020/11/13 12:00 2020/11/13 18:00
Time

Figure 12. Variations of outdoor temperature profiles during heating trial operational stage.
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Figure 13. Variations of outdoor temperature profiles during central heating time.

We presented the daily maximum temperature, minimum temperature, and their
differences to compare the effects of urban morphology on local climate conditions as
shown in Figure 14. High-rise district (HG) showed the lowest minimum temperature
under non or low-temperature heating supply days, and its level could be raised to the same
level with JYSZ under heating supply days. On a cold day (23 November), the damping effect
on the measured district temperature difference is more obvious with rising FAR.
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selected districts.

5. Conclusions

The building sector accounts for a significant proportion of social energy consumption.
This study presents a quantitative and comparative analysis to reveal the effects of mor-
phological factors on the residential district space heating performance in Qingdao City,
and outdoor meteorological situations were also compared through on-site measurement.
Some conclusions can be drawn as follows:

First, this study provides an investigation of the relationship between urban form
parameters with building space heating energy performance based on the measured heat
energy consumption of selected residential districts. Results indicate that an initial rise in
building height could decrease the heat energy use significantly. FAR shows the greatest
impact on heat energy use density, and it is worth noticing that districts with a larger FAR
value achieve higher space heating efficiency.

Results of the validation case further investigated the characteristics of the heat
demand profiles of selected residential districts, and regression analysis indicates that the
heat energy use density of residential districts with a higher built density is influenced
more by solar radiation.

A comparison of the external thermal environment of selected districts was carried
out through on-site measurement before and after the operational stage of district central
heating supply. Changes in minimum, maximum and average outdoor air temperature
profiles of residential districts were identified. Accordingly, the heat energy loss of the
buildings during the heating period can increase the surrounding ambient temperature,
and the increase in outdoor temperature is more obvious in a residential district with a
high FAR value during the night period.

The findings help bridge the knowledge gap between urban morphology and heat-
energy efficiency, and they are expected to help facilitate decision-making at the initial
stage of urban planning. With more multidisciplinary collaboration, further measurement
of more recent building energy use and microclimate conditions are recommended to
enhance the understanding of the extent to which the central heating supply alters the
district microclimate under different urban morphologies.
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Table Al. Information on selected residential districts.

No. of District District Area, m? Building Area, m? Cover Ratio HAYerage FAR Heating %oad,

eight, m W/m
D1 64,293 76,971 0.25 19.50 1.20 23.76
D2 224,976 127,477 0.22 17.00 0.57 27.52
D3 209,035 74,551 0.21 17.00 0.36 24.85
D4 175,462 52,867 0.20 12.50 0.30 24.96
D5 172,724 146,294 0.25 17.50 0.85 25.33
D6 171,510 80,021 0.32 15.00 0.47 28.31
D7 167,319 153,855 0.27 16.70 0.92 21.79
D8 142,519 121,911 0.21 17.10 0.86 23.53
D9 138,615 53,714 0.23 20.00 0.39 24.19
D10 129,935 123,963 0.30 17.00 0.95 23.38
D11 129,446 67,751 0.23 16.30 0.52 27.10
D12 128,204 100,702 0.20 17.00 0.79 22.36
D13 120,764 111,097 0.27 17.00 0.92 24.25
D14 120,242 62,953 0.29 15.00 0.52 28.91
D15 111,170 94,048 0.17 45.00 0.85 25.86
D16 107,379 124,526 0.25 15.00 1.16 27.60
D17 107,281 56,538 0.28 12.50 0.53 32.92
D18 106,998 74,771 0.18 19.50 0.70 21.24
D19 103,530 127,287 0.16 40.40 1.23 20.71
D20 100,344 51,517 0.26 15.00 0.51 28.18
D21 93,417 92,126 0.23 15.00 0.99 27.80
D22 87,320 58,426 0.29 15.00 0.67 20.53
D23 83,078 45,070 0.16 72.50 0.54 31.10
D24 82,843 140,084 0.30 17.00 1.69 25.52
D25 79,627 123,577 0.16 57.80 1.55 20.62
D26 79,450 96,406 0.11 75.00 1.21 25.82
D27 77,992 54,152 0.26 17.00 0.69 24.84
D28 74,068 53,724 0.21 19.00 0.73 25.02
D29 73,636 5245 0.15 6.00 0.07 43.16
D30 72,133 41,016 0.48 16.30 0.57 24.38
D31 70,805 64,816 0.26 17.00 0.92 21.97
D32 65,429 47,985 0.24 17.00 0.73 25.38
D33 61,665 65,057 0.23 72.50 1.06 13.61
D34 57,977 34,465 0.16 27.50 0.59 27.72
D35 57,922 49,434 0.24 25.70 0.85 20.53
D36 55,775 48,907 0.24 15.00 0.88 29.09
D37 54,307 49,050 0.33 17.00 0.90 27.88
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Table A1. Cont.

No. of District District Area, m? Building Area, m? Cover Ratio HA‘.rerage FAR Heating Iioad,
eight, m W/m
D38 50,667 37,374 0.28 17.50 0.74 23.86
D39 49,196 31,652 0.20 72.50 0.64 29.39
D40 48,795 37,037 0.09 38.30 0.76 23.22
D41 48,683 88,004 0.29 14.50 1.81 26.43
D42 48,503 57,192 0.30 25.00 1.18 22.49
D43 46,267 27,957 0.27 17.00 0.60 24.25
D44 46,264 39,835 0.22 28.10 0.86 22.57
D45 45,162 41,795 0.24 18.80 0.93 22.45
D46 43,932 57,055 0.33 27.10 1.30 26.28
D47 43,347 41,969 0.27 18.00 0.97 20.12
D48 43,207 88,777 0.30 17.00 2.05 22.92
D49 42,718 91,603 0.25 17.00 2.14 22.33
D50 42,716 52,005 047 65.00 1.22 19.64
D51 42,411 28,062 0.17 32.50 0.66 26.18
D52 40,526 24,677 0.27 15.00 0.61 28.95
D53 40,099 39,285 0.29 30.00 0.98 21.17
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