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Abstract

In accordance with the developing economy and growing population, an increasing number
of tall buildings have been constructed over the last 20 years. In 2017, there were 144 new
buildings worldwide that were 200 m or greater in height; 50% of these buildings were in
China. Due to the vertical gradient impact of meteorological parameters, the energy
performance of tall buildings differs from that of general buildings. Few studies exist on
vertical meteorological changes using measured data at different heights. Most studies on
dynamic energy simulation simulate meteorological parameters using models. This study
explores vertical meteorological patterns using hourly dry-bulb temperature, relative
humidity, and wind speed data from 2007 to 2017 for a 325 m meteorological tower in Beijing.
The temperature decreased significantly with increasing altitude (~0.9 °C per 100 m), while
the daily temperature difference decreased with increasing altitude. The absolute humidity
did not change significantly with height. The wind speed increased with altitude at
approximately 2 m/s per 100 m. The building simulation showed that the annual heating load
at a height of 320 m increased by 85% from that at 8 m; the annual cooling load decreased
by 20%. Such significant differences in thermal loads for 300-m-tall buildings confirm the need
to consider vertical meteorological differences in building performance simulations for tall
buildings. A greater number of measurement points at different heights improve the
simulation accuracy. Guidance on selecting the heights for vertical metrological
measurements is provided based on the influences of building thermal loads.

Keywords: meteorological towers; building energy demands; microclimates; vertical
meteorological patterns; weather parameters, tall buildings

1 Introduction

Rapid economic development and population growth have caused an increase in the



number of tall buildings constructed over the last 20 years. The number of newly constructed
buildings is shown in Figure 1. The Council on Tall Buildings and Urban Habitat (CTBUH)
defines tall buildings as those with a height greater than 50 m or consist of more than 14
storeys [1]. The national standard in China, GB 50352-2005 Uniform Standard for Design of
Civil Buildings, classifies buildings according to their number of floors or height above the
ground. The standard considers buildings greater than 100 m in height “super-tall buildings”
[2].

According to the CTBUH [3], in 2017, there were 144 newly constructed buildings
worldwide reaching 200 m or greater in height; 72 of these buildings were in China,
accounting for 50% of the global total. As of January 2020, China had 2155 buildings over 150
m, 750 buildings over 200 m, and 84 buildings over 300 m. Based on these numbers, China
ranks first in the world, as shown in Figure 2. Of the ten cities worldwide with the largest
number of buildings over 150 m in height, cities in China account for approximately 60%. In
Beijing, the number of tall buildings has grown rapidly. As of January 2020, there were 67
buildings greater than 100 m in height, approximately 97% of which were less than 300 m,
and two new buildings that were over 300 m.
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Figure 1 Number of newly constructed buildings in the world (1990-2019).
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Figure 2 Countries ranked by number of completed tall buildings (as of March 2020).

With an increasing number of tall buildings, numerous simulation studies have been
conducted to support tall-building design or evaluate energy performance. Building energy
performance is affected by a variety of factors, including meteorological conditions, building
envelope, indoor environmental parameters, occupant behavior, equipment and system type,
and operational management [4]. Of these inputs, meteorological conditions need to be
reconsidered for tall building simulations. Typically, only one set of meteorological
parameters is inputted (e.g., typical-meteorological-year weather data) when the energy
performance of a single building is simulated. These parameters are used to simulate the
performance of all floors of a building without adjusting the meteorological parameters [5].
Wang et al. [6] discussed the effect of vertical variations in meteorological parameters. They
calculated outdoor weather parameters used for building design at different heights and
compared them to values of low-rise buildings, finding a difference of less than 0.5 °C. As
such, it was concluded that outdoor weather parameters can be treated the same as the
ground-level values for high-rise buildings less than 200 m in height. However, in tall
buildings with height of 300 m or above, the meteorological parameters change at different
heights, and these differences cannot be ignored.

There are previous studies on the vertical variations of meteorological parameters and
their influences on simulated building performance results. Tong et al. [7] analyzed the natural
ventilation potential at different heights for high-rise buildings in major cities across six
climate zones in the United States (US), considering the diurnal cycle of the atmospheric
boundary layer. They found that building height greatly influenced the vertical pattern of
natural ventilation. The potential for utilizing NV strategies significantly depends on the local
climate [8]. Jung et al. [9] considered the vertical weather profile to obtain a weather-delay
simulation model and quantify how this influences building construction delay. Saroglou et
al. [10] simulated two building models with different envelopes and heights in Tel Aviv, Israel.
They considered the changing microclimate generated by the data measured by a
meteorological station at different heights and equations representing vertical variations.
Their results showed that the heating energy use of the residential tower increased by three



times for floors from 7.75 to 390.6 m. Sinha et al. [11] developed a theoretical model
considering temperature and humidity affected by solar energy, atmospheric turbidity, and
pollutants, and calculated the heating, ventilation, and air conditioning (HVAC) loads in Delhi,
India. Their results showed a difference of 20% for an office building 200 m in height when
compared to the results calculated from the data measured by the meteorological station.
Segal et al. [12] analyzed the weather patterns of some US cities using radiosonde measured
data to better calculate building loads. Song et al. [13, 14] used radiosonde measured data
to calculate the heating and cooling loads of super-tall buildings in Osan, Korea. The
observed parameters included outdoor air temperature, humidity, and wind speed. This study
showed that the cooling load decreased by 27% and the heating load increased by 290% when
vertical weather variations were considered for a 200-storey building. Cao [15] and Zhang
[16] studied the vertical changes in outdoor environments in Dalian and Beijing based on the
mesoscale meteorological model, Weather Research Forecast (WRF) [17]. They also explored
the impact of heating and cooling loads at each vertical section of the building. Cao [15]
found that the height and orientation of the rooms had a large effect on thermal loads. Ellis
et al. [18] used EnergyPlus to simulate two tower models considering changes in outdoor air
temperature and wind speed along the vertical direction. EnergyPlus [19] considers variations
in meteorological parameters such as air temperature and wind speed with altitude, and users
can input meteorological profiles for simulation. By changing these parameters, they found a
significant effect on building energy use.

In general, most studies on the load characteristics of tall buildings are based on
theoretical formulas or meteorological models to obtain meteorological data at different
heights. With the development of meteorological observation methods and computing
technology in recent years, the quantity and quality of meteorological data have greatly
improved. Such data better reflect vertical meteorological variations under actual conditions.
As such, if this data is used in building simulations, it has the capacity to improve the accuracy
of simulated thermal loads for tall buildings.

In this study, we used an 11-year dataset of measurements from a 320 m meteorological
tower in Beijing to investigate the following: (1) the vertical meteorological profile in Beijing,
revealing the vertical patterns of meteorological parameters such as variations in dry-bulb
temperature, absolute humidity, and wind speed at different heights and times under actual
conditions; and (2) the influence of the vertical meteorological profile on building cooling and
heating loads in Beijing.

2 Method

2.1 Data source

This study used 11 years of measured data (2007 to 2017) from a meteorological tower (herein
referred as “the Tower”) in Beijing. The data included the outdoor dry-bulb temperature,
absolute humidity, and wind speed measured at various heights. The Tower was built in 1979
and is located between the Third Ring Road and the Fourth Ring Road in Beijing. It is 325 m
high and the base is 49 m above sea level [20]. The tower is located in an open space with
minimal wind shielding from its surroundings. It has 15 observation platforms. A sketch of the



tower is shown in Figure 3. The figure illustrates that the tower is comprised of 15 observation
platforms at various heights, all of which measure outdoor dry-bulb temperature, absolute
humidity, and wind speed. There are some instances of data loss in the measured hourly
meteorological data. The missing data includes dry-bulb temperature, relative humidity, and
wind speed data, which have been calculated separately, as shown in Figure 4. In this figure,
“Data missing rate” refers to the percentage of missing points in 8 760 h in each year. The
missing data were lower between 2013 and 2016. There were several measurement gaps for
relative humidity measured in some platforms from 2007 to 2012. The analysis of vertical
meteorological patterns in this study was conducted based on a group of data for statistical
analysis—for example, the study of vertical meteorological patterns based on data from
multiple platforms at the same measured hour, or the study of daily range based on data
from several measured hours on the same platform. Therefore, if there was data loss at a
certain time or height in the dataset used for analysis, this set of data was removed from the
basic data. This procedure was undertaken for relative humidity and dry-bulb temperature
data. In addition, two other derived meteorological indices were calculated to reflect
differences between weather data at various heights: heating degree-day (HDD) and cooling
degree-day (CDD). In this study, an HDD18 (with 18 °C as the base temperature) and CDD26
(with 26 °C as the base temperature) were used based on the national standard in China: the
JGJ26 — 2010 Design Standard for Energy Efficiency of Residential Buildings in Severe Cold
and Cold Zones [21].

Other meteorological parameters used in the simulation were derived from the fifth-
generation reanalysis meteorological data dataset (ERAS), including atmospheric pressure,
solar radiation, ground temperature, and effective sky temperature. ERA5 is a reanalysis
dataset of the European Center for Medium-Term Weather Forecasting (ECMWF) [22]. We
downloaded hourly instantaneous weather variables at 39°54'N, 116°23'E from 2007 to 2017.
This included surface pressure, total cloud cover, skin temperature, and the hourly
accumulated data of surface solar radiation downward and the total sky direct solar radiation
at the surface. The total cloud cover and skin temperature were used to generate the hourly
effective sky temperature [23].

As the building load simulation required continuous time-series weather data as input
parameters, the missing data were filled in via interpolation to generate continuous time-
series data. In terms of data reliability, this part of the simulation study was mainly based on
data from 2013 to 2016, when the rate of data loss was lower.
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Figure 3 Sketch of the 325 m meteorological tower in Beijing, and the height of each
observation platform at which meteorological parameters were measured.
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Figure 4 Missing rates of measured data from 2007 to 2018 (temperature, relative



humidity, wind speed).
2.2 Taller-building energy model

We used the Designer's Simulation Toolkit (DeST) software [24] to develop an energy
model of tall buildings and run simulations to investigate the influence of the vertical
variations of weather parameters on cooling and heating loads. DeST is a computational tool
used for building environments and energy performance simulations. The residential building
simulation module (DeST-h) and commercial building simulation module (DeST-c) are widely
used in engineering and research in China to solve practical problems at different building
life-cycle stages [25]. Users may modify meteorological parameter input files independently
in DeST, which is the basis for implementing the simulation in this study.

The simulation model was developed based on a tall office building with a height of
approximately 250 m in Beijing. The total building floor area is 106 000 m®, and the area of a
typical floor is 2200 m®, with approximately 80% of this area (1790 m?) being air-conditioned.
A three-dimensional (3D) sketch and a typical floor plan are shown in Figure 5. The detailed
input parameters were determined according to the actual building conditions, as shown in
Table 1. The schedule of air-conditioning was determined based on working hours; this was
from 7:00 to 21:00. The thermal parameters of the envelope were established in accordance
with the latest national standard in China, the GB50189-2015 Design Standards for Energy
Efficiency of Public Buildings [26], as shown in Table 2.

(a) 3D sketch of the model (b) Plan of a standard floor
Figure 5 Sketch of the tall-building simulation model developed in this study.

Table 1 Indoor environmental parameters of the tall-building simulation model.

Summer Winter Fresh-air volume

- . . - (m3/h-person)
Setpoint Relative Setpoint Relative

temperature = humidity | temperature | humidity
C) (%) & (%)
Lobby | 25 55 16 — 16




Office | 25 ‘ 55 ‘ 20 ‘ 40 ‘ 40

Table 2 Thermal parameters of building envelope.

Roof U-factor 0.453 W/m?2-K
Non-transparent wall U- | 0.498 W/m?2-K
factor

Transparent curtain wall U- | 1.9 W/m?K
factor and solar shading | SC: 0.402 (non-North)/0.69 (North)
coefficient (SC)

Because DeST employs a user-defined constant convective heat transfer coefficient to
calculate the exterior-surface heat balance, we selected the annual average wind speed (V)
at the height of the standard floor to calculate the convective coefficient (hc) using equation
(1) and (2) [27]. Because the wind speed in Beijing in winter is greater than in summer, this
simplification will make the calculated cooling load larger and the heating load smaller.
However, compared with the difference in wind speed at different heights, the difference in
wind speed in different seasons is smaller, therefore, this simplification is reasonable overall.
he =5.82+ 395V if V<5m/s (D
h, = 7.14V0978 if V>5m/s (2)
Because DeST does not currently consider changes to weather variables along height, only
one set of meteorological parameters at a certain height (usually at ground level) may be
used as weather data input in each simulation. Therefore, to simulate and compare the
cooling and heating loads of floors at different heights, we separately simulated building loads
at different heights using the corresponding set of meteorological conditions. We used the
results of the standard floor from each simulation for further analysis.

3 Vertical profiles of meteorological parameters.

3.1 Dry-bulb temperature

The hourly outdoor air dry-bulb temperature varies significantly with height. The
frequency distribution of the dry-bulb temperature at various heights showed two peaks. For
the 8-m-high observatory platform, the peaks were within 2 and 3 °C and 24 and 25 °C. For
the 140 m platform, the peaks were within 0 and 1 °C and 23 and 24 °C. For the 320 m
platform, the peaks were within =1 and 0 °C and 22 and 23 °C. As the height increases, the
peak temperature decreases. Figure 6 shows the 24 h dry-bulb temperature curves on two
typical summer days at different heights, and Figure 7 illustrates these curves on two typical
winter days. The daily curves at different heights were observed to be similar. The difference
between the dry-bulb temperature measured at the 8-m-high platform and the 320-m-high
platform was approximately 4 °C at 16:00. The daily range of the 8 m platform was higher
than that of the 320 m platform.
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Figure 6 Dry-bulb temperature curves from 24 h observations on two typical summer days.
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Figure 7 Dry-bulb temperature curves from 24 h observations on two typical winter days.

The average value and standard deviation of the measured dry-bulb temperature at
different platforms on summer days is shown in Figure 8, and the same data is shown in Figure
9 for winter days. For winter and summer days, the dry-bulb temperature tends to decrease
as the vertical height increases, with changes exhibiting a near-linear pattern, consistent with
previous research findings [28, 29]. Changes were clearer at 12:00 and 18:00 than at 6:00 and
24:00. Quantitative analysis of the vertical temperature drop was performed by piecewise
fitting using the data of two adjacent observatory platforms. Based on the statistics of 96 260
h of temperature data between 2007 and 2017, the temperature gradient was found to be
0.9 °C per 100 m.
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Figure 8 Average (+standard deviation) of dry-bulb temperature measured in June,
July, and August from 2007 to 2017 at 6:00, 12:00, 18:00, and 24:00.
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Figure 9 Average (+standard deviation) of dry-bulb temperature measured in January,
February, and December from 2007 to 2017 at 6:00, 12:00, 18:00, and 24:00.

Temperature inversion, defined as the temperature increase with height, is a common
phenomenon in the atmospheric boundary layer [30-33]. This phenomenon has also been
observed in Beijing on some days. The probability of the temperature inversion phenomenon
at each height segment was calculated, as shown in Figure 10. Each sub-figure is a frequency
distribution of the temperature change per 100 m calculated between two platforms. The
number of hours used to carry out the statistics and the probability of temperature inversion
phenomenon are noted as ">0". This means that the temperature increases as the height
increases. The probability of a temperature drop between a height of 8 and 32 m was high,
at 35.31%.
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Figure 10 Frequency distribution of the vertical temperature gradient (represented as
temperature change per 100 m) calculated between two adjacent platforms.

At different heights, there was a variance in the daily temperature range (i.e., maximum
to minimum temperature). Figure 11 shows the average daily ranges at various heights,
illustrating that with an increase in vertical height, the daily temperature range decreases. The
average daily range of temperature at 320 m was approximately 2.50 °C less than at 8 m. The
daily maximum and minimum temperatures at each altitude were also calculated, as listed in
Table 3. The daily maximum temperature at each altitude occurs most frequently at 15:00 and
16:00, and the daily minimum temperature occurs most frequently at 6:00 and 7:00.



350

300

280 1

100

50 r

G 6.5 7 7.5 B 8.5 9
Daily Temperature Range/”

Figure 11 Variation of the daily temperature range with altitude.

Table 3 Most frequent times for the daily highest and lowest temperatures (statistics from
3416 d of data).

Height 8m | 32m | 65m | 80m 120 160 200 240 280 320
m m m m m m
Peak Time 15:00 | 15:00 | 16:00 | 16:00 | 16:00 | 16:00 | 16:00 | 16:00 | 16:00 | 16:00
Proportion | 33% 28% 29% | 29% 29% 26% 27% | 26% 23% | 23%
Valley Time 6:00 | 6:00 | 6:00 | 6:00 | 7:00 | 6:00 | 7:00 | 7:00 | 7:00 | 7:00
Proportion | 28% 27% 26% | 26% 24% 23% 20% | 20% 18% 16%

3.2 Absolute humidity

Relative humidity is the ratio of the partial pressure of water vapor to the equilibrium
vapor pressure of water at a given temperature, depending on the air dry-bulb temperature.
Therefore, to study the vertical gradient of humidity independently, we chose to analyze
absolute humidity, which is not influenced by dry-bulb temperature. The absolute humidity
was calculated based on the measured relative humidity and dry-bulb temperature. Figure
12 shows the frequency distribution of hourly absolute humidity at different heights, where
the unit is g/kg of dry air and the ordinate is the frequency. The absolute humidity frequency
distribution curves at different heights were similar, where the most frequent values were
between 0.7 and 0.9 g/kg of dry air, with no obvious change in the absolute humidity at
different heights. The average and standard deviation of absolute humidity at different
platforms on summer and winter days are shown in Figure 13 and Figure 14, respectively. The
average did not vary considerably with height, with the main trend being humid in summer
and dry in winter, which is a typical climate of Beijing. The average absolute humidity was
approximately 1.5, and 15 g/kg of dry air in winter and summer, respectively.
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December from 2007 to 2017 at 6:00, 12:00, 18:00, and 24:00.

3.3 Wind speed

The hourly measured wind speed at each altitude, from 8 m (ground) to 300 m, showed
that the wind speed increases significantly with height. The distribution frequency statistics of
hourly wind speed at each platform were calculated and are shown in Figure 15. As the height
increases, the peak wind speed increases. The peak at the 8 m platform was between 1.2-1.4
m/s, while at the 240 m platform the range was 3.2-3.4 m/s. The average and standard
deviation of the wind speed at different platforms on summer and winter days are shown in
Figure 16 and Figure 17, respectively. The average wind speed as well as the standard
deviation tends to increase with vertical height. As the height increases, the changing rate of
wind speed also decreases, which is consistent with some previous research findings [34, 35].
Using the piecewise fitting from the data of two adjacent platforms based on the statistics of
96 360 h of wind-speed data, the wind speed was found to increase by 2 m/s per 100 m in
most cases.
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To further analyze the change at each height segment, Figure 18 shows the statistical
results of changes in wind speed at each height. As height increases, the rate of change in
wind speed decreases. At heights between 0 and 50 m, the wind speed increases by 3.71 m/s
per 100 m. In contrast, at heights between 250 and 300 m, the wind speed increases by 0.59
m/s per 100 m, which is much less than the gradient under 50 m. No significant difference
was found across months.
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Figure 18 Average wind speed change in m/s per 100 m in each month.

3.4 Heating degree-day (HDD18) and cooling degree-day (CDD26)

The HDD and CDD at various heights were also calculated and analyzed. HDD is an
indicator of heating demand during the heating season. HDD based on 18 °C (HDD18) and



CDD based on 26 °C (CDD26) were used in this study based on the national standard in China,
*JGJ26 — 2010 Design Standard for Energy Efficiency of Residential Buildings in Severe Cold
and Cold Zones.” Equations (3) and (4) were used to calculate HDD18 and CDD26:

HDD18 = Zdep, Td<18(18 —Ta) 3)

CDD26 = Zdep, Td>26(Td — 26) 4)
where Ty is the average dry-bulb temperature of day d, and p is the period in which HDD
and CDD were calculated. In this study, each year was a statistical period.

Statistics on HDD18 and CDD26 from the observation data at each platform are shown

in Figure 19. The HDD18 and CDD26 both change significantly with height; the HDD18 at a
height of 320 m increased from that at 8 m by approximately 400 °C/ d, while the CDD26 at
320 m decreased from that at 8 m by approximately 400 °C/ d. This shows that the
differences in CDD26 and HDD18 were similar. Among the different years, 2011 had the
highest HDD18 with the coldest winter, while 2014 had the lowest HDD18 with the warmest
winter. In terms of CDD26, the results of 2007, 2008, and 2012 were lower with a cooler
summer, while 2014 and 2017 had higher results with a hotter summer.
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4 Heating and cooling loads at various heights

4.1 Loads at various heights

The hourly dry-bulb temperature, hourly absolute humidity, and annual average wind

speed at each height were used as input meteorological parameters for the building

performance simulation. The annual and peak loads at each height are shown in Figure 20.

Variations in the heating load at different heights were clearer than the cooling load, and the

variation in the annual load at different heights was clearer than the peak load.
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Peak heating demand(based on data measured during 2007-2017)
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Figure 20 Heating and cooling demand at each height (based on data from 2007 to
2017).

The hourly load curve shows that under actual weather conditions, the hourly load
significantly changes with increasing height, where the change in heating load with height is
more distinctive. Figure 21 shows that the hourly load difference between the 8 and 320 m
heights at 9:00 was approximately 30 W/m’.
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Fig. 21 Load curves and the corresponding dry-bulb temperature and absolute
humidity curves.

To compare loads at different heights, the annual heating and cooling loads based on
the 2013-2016 meteorological data are shown in Figure 22. The ordinates in Figure 22 are
the ratio of the annual cooling and heating loads at the corresponding height to the annual
cooling and heating loads at 8 m. For each year, it was observed that the annual cooling
load decreases with increasing height, while the annual heating load increases significantly
with height; the change for the latter is more significant than the annual cooling load. The
annual heating load at 320 m was approximately 85% more than the load at 8 m, and the
annual cooling load at 320 m was approximately 20% less than the load at 8 m.



230% 130%

210%
120%

190%

150%
o '__;__,_4—:\\:

110%

,_
N
5]
=

The cooling load ratio
©
8
R

The Heating load ratio

=
80%
110% ./"/.‘\-.
90% 70%
70% 60%
2013 2014 2015 2016 2013 2014 2015 2016
Year Year
=15 =@=3) =@=l] =@=(5 =@=80 =@=100=0=120 —0—15 —@—32 —@—47 —@—6(5 —8—30 —8—100—8—120
—8—140 160 180 200 240 280 320 —e—140 160 180 200 240 280 320
(a) Annual heating demand at X m / value at 8 m (b) Annual cooling demand at X m / value at 8 m

Fig. 22 Annual cooling and heating loads at different heights.

The peak load simulation results are shown in Figure 23, which illustrates that the peak
load also changes with increasing height. The peak heating load increases with height, and
the peak cooling load decreases with height, with the change in the former being more
distinctive. The peak heating load at 320 m was approximately 20% more than the load at 8
m, and the peak cooling load at 320 m was approximately 10% less than the load at 8 m.
Further comparison and analysis of the hourly heating loads show that the peak loads at
different heights in each year often appeared at the same time. As the outdoor temperature
tends to decrease with increasing height, the hourly heat load at this moment increases with
height. It follows that the change in peak heating load with increasing height is mainly caused
by the difference in the hourly temperature and the difference in wind speed.
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4.2 Overall building thermal loads

Overall building thermal loads were calculated based on the simulation results of each
floor using weather data at the corresponding height. Weather data at each height were not
always available; therefore, we compared several scenarios of measurement heights and
analyzed how they influenced the overall building heating and cooling loads, as shown in
Table 4. The first scenario has only one measurement height at the ground level; therefore,
the simulation results with the weather input at the ground level are representative of all floors
of the building. The second scenario includes weather measurements at two heights: the
ground and the top floor (roof) levels. The simulation results with the weather input at each
measurement height represent half of the floors of the building. In general, for a building with
weather measurements at n heights in addition to the ground and the top/roof (n >1), the
building load is calculated using Equation (3):

1

1
Z(n—_'_l)Loadground + mz;cl:ll‘oadk (3)

1
Load,; = mLoadtop +

where Load,, is the simulated load using the weather data at the top floor/roof,
Load groyna 1s the simulated load using the weather data at the ground level, and Loady is
the simulated load using the weather data measured at the k™ height. The simulation results
of a 320 m building are shown in Table 4. The load ratio was defined as the ratio of the
simulated loads of each scenario to the simulation loads of the 9-point measurement scenario
shown in the last column of Table 4.

It is clear that a greater number of measurement heights improves the accuracy of the
results. If only weather data at the ground level is used, the heating load ratio is 61.90%, which
means an underestimation of 38.1%. Two height measurements can improve the heating load
ratio to 94.52%. Therefore, it is crucial to obtain weather measurements at a minimum of two
heights, if it is not possible to acquire more.

For the cooling load simulation, the weather measurements at the ground and top floor
levels were adequate. However, using only ground-level weather data in the simulation will
lead to an overestimation of 12.44% for the annual cooling load. To design and simulate high-
rise buildings at different locations, measuring larger meteorological data points along the
height is necessary. For the simulation of a high-rise building, if there is only one height level
of meteorological data, it will lead to a relatively large error in the results, and if there are two
measuring points at the ground and top-floor level, the accuracy of the results will be
significantly improved.

Table 4 The simulated loads at different weather measurement scenarios.

Weather

measurement

.
¢ b 8 o

scenarios




Number of 1 (Ground | 2 (Ground 3 4 5 7 9

measurement level) and top—
heights floor
levels)

Annual cooling 229290.0 204623. 4 207084. 2 203425.7 202183. 4 204140. 6 203929. 2
load (kW-h/m’)

Cooling load 112. 4% 100. 3% 101. 6% 99. 8% 99. 3% 100. 1% 100. 0%
ratio
Annual heating 14594. 4 22284. 1 22034. 1 23301. 8 23399. 8 23330. 3 23575.5
load (kW+h/m’)
Heating load 61.9% 94. 5% 93. 5% 98. 8% 99. 6% 99. 0% 100. 0%
ratio

5 Discussion

There are limited studies on the vertical profile of outdoor air temperature, humidity, and
wind speed. Monin and Obukhov [36-39] first proposed their similarity theory in 1946, and
several studies used related concepts for experiments and the derivation of the profile formula.
These profiles were based on atmospheric stability in the atmospheric boundary layer.
However, parameters of atmospheric stability are not easy to obtain in most cases, leading to
difficulties in generating meteorological profiles. The current study demonstrates more
general vertical meteorological patterns.

As this study is based on data measured for the 325 m Tower in Beijing, the results and
findings may be applied to the Beijing area. The surface characteristics of tall buildings differ
between locations, which affect the vertical pattern; therefore, the applicability of these results
to other geographic areas requires more measured data for verification. There are some
studies on vertical meteorological patterns based on measured data from other regions. Cao
[40] analyzed the measured temperature data of the 255-m-high Tianjin Meteorological
Tower and found that the temperature decreased by 1.1 °C every 100 m along the vertical
direction. Leung [41] monitored the temperature and humidity of an approximately 300-m-
high building in downtown Chicago for a week and calculated the averages for each height.
The temperature decreased by 0.56 °C every 100 m, similar to the commonly used standard
lapse rate of —0.65 °C per 100 m. The absolute humidity showed no obvious changes across
various heights. Song et al. [13, 14] presented the monthly averages of temperature, humidity,
and wind speed for different altitude groups. Between the lower two groups, the temperature
drop is between 0.4 °C and 1.4 °C in different months, whereas the wind speed increases in
the range of 0.7 m/s and 1.9 m/s. Most of the temperature drops in their measurement data
were greater than the standard value of 0.65 °C, however, there was no significant difference
in absolute humidity at different heights. In the case of limited vertical meteorological
measured data, the pattern of the current study can be used as a reference for simulations in
other regions, but vertical meteorological data from different regions would in improving the
accuracy of the pattern.

In addition, the measured data used in this study were collected from an unobstructed
meteorological tower, therefore the influence of the obstruction of the surrounding buildings




was not considered. In actual situations, high-rise buildings are often situated in a group of
buildings that may in turn be affected by other surroundings. The surroundings of a high-rise
have a greater impact on the lower floors than on the higher floors. Owing to the shading of
the building, the outdoor wind speed and solar radiation on the lower floors will change,
which may cause the vertical meteorological patterns to change. Lu et al. [42] and Tong et al.
[43] analyzed the influence of the surroundings on the microclimate outside the building. The
complexity of the surroundings reduces the wind speed. Occlusion of surrounding buildings
will reduce solar radiation at several moments. The decrease in wind speed will result in a
decrease in the cooling and heating loads of the lower floors, and the decrease in solar
radiation will lead to a decrease in the cooling load of the lower floors and an increase in the
heating load. In general, the influence of the surroundings will lead to a reduction in the
cooling load of the lower floors, weakening the difference in cooling load of different floors.
However, to determine the influence of the surroundings on heating load, it is necessary to
comprehensively investigate the influence of wind speed and solar radiation.

6 Conclusions

This study analyzed the vertical meteorological gradients in Beijing based on 11 years of
hourly outdoor air dry-bulb temperature, relative humidity, and wind speed measured at 15
observation platforms at a 325 m meteorological tower in Beijing. The results show that the
hourly dry-bulb temperature decreases significantly with increasing altitude by approximately
0.9 °C per 100 m. The daily temperature difference decreases with increasing altitude, and
temperature inversion has also been observed in Beijing on some days. The probability of a
temperature drop between 8 and 32 m heights was high, at 35.31%. However, the absolute
humidity remains almost the same at every level. As altitude increases, the wind speed
increases significantly by approximately 2 m/s per 100 m; however, the rate of change in wind
speed decreases. On an annual basis, the HDD18 at 320 m increases by 400 °C/ d from that
at 8 m. The CDD26 at 320 m decreases by approximately the same magnitude from 8 m.

To investigate the impact of vertical weather gradients on the building cooling and
heating loads, we conducted a building performance simulation of a tall building using DeST.
The simulation results show that the annual cooling and heating loads vary with height. The
influence of height on the heating load was more significant than the cooling load. The annual
heating load increases with height, while the annual cooling load decreases with increasing
height. The annual heating load at 320 m height was approximately 85% more than that at 8
m. In contrast, the annual cooling load was approximately 20% less than that at 8 m. At 320
m, the peak heating and cooling loads were approximately 120% and 90% of the value at 8 m,
respectively. This demonstrates that the impact of vertical meteorological gradients should
be considered for a 300-m tall building. The difference in the building cooling and heating
loads across different heights was mainly due to vertical temperature differences. Although
the effect of wind speed differences on thermal loads was lower than that of dry-bulb
temperature, it cannot be negated. The peak heating load also increases significantly with
height, mainly due to differences in hourly temperature and wind speed.

We recommended that weather measurements be taken for at least the ground and top



floor levels to ensure the accuracy of simulation results for tall buildings. Findings of vertical
meteorological gradients and requirements of weather data for tall buildings can inform the
design and operation of tall buildings.

It would be beneficial in future research to investigate similar meteorological tower data
in different climatic regions to identify change in patterns and the extent of these changes.
There is also a need to develop a methodology to generate weather data at various heights
from measurements taken at the ground level, as most cities may not have weather data from
meteorological towers; however, this does not negate the need to support the design of tall
buildings in these cities.
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