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Abstract: The climate data used for dynamic energy simulation of buildings located in urban regions
are usually collected in meteorological stations situated in rural areas, which do not accurately
represent the urban microclimate (e.g., urban heat island effect), and this might affect the simula-
tion accuracy. This paper aims at quantitatively evaluating the effects of heat island on a high-rise
building’s energy performance based on the microclimate simulation tool ENVI-met and the building
energy simulation tool COMFIE. However, the computation of microclimate models is time con-
suming; it is not possible to simulate every day of a year in a reasonable time. This paper proposes
a method that generates hourly “site-specific climate data” to avoid long microclimate simulation
times. A coupling method of ENVI-met and COMFIE was developed for more precise building
energy simulation, accounting for the heat island effect. It was applied to a high-rise building in
Wuhan, China. The results showed that the yearly average urban heat island effect intensity at the
height of 3 m was estimated to be 0.55 °C and decreased with height. Compared to the simulation
considering the outdoor temperature variation with the height and orientation, using the original
climate data collected in rural areas led to an overestimation of the heating load by around 5.8% and
an underestimation of the cooling load by around 8.7%. Compared to the weather file at the height of
3 m near the north facade neglecting the temperature variation along the height, the heating load was
overestimated by 8.2% and the cooling load was underestimated by 10.8%. The methods proposed in
this paper can be used for the more precise application of urban building energy simulation.

Keywords: heat island effect; high-rise building; building energy simulation; microclimate simulation

1. Introduction

Building energy consumption is one of the three main energy consumption domains
including industry and transportation, accounting for approximately 36% of the global final
energy in 2018 [1]. One potential way to reduce building energy consumption corresponds
to decisions made during the design phase, which can be aided by dynamic building energy
simulation (DBES) tools. The simulation results of a building’s energy consumption are
closely related to the accuracy of the weather file comprising 8760 h of various climatic
parameters such as air temperature and solar radiation [2]. In present DBES tools, one
mostly used weather file format is the Typical Meteorological Year (TMY) format [3], which
consists of twelve Typical Meteorological Months (TMM) from the past decades [2]. These
data usually come from meteorological stations located in the rural zones (e.g., an airport),
which have a very different morphological form compared to the urban areas composed of
urban settlements.

China is moving towards urbanisation and this will last for decades [4]. During this
process, urban settlements are formed by replacing natural or agricultural land with urban
environments. For example, the ground surface is covered with impermeable materials
such as concrete and asphalt, and the vegetation area is sharply reduced [5]. This leads to
specific microclimates in the urban areas. Urban microclimate can be defined as the local
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climate observed in urban areas, which can be significantly different from the climate of
surrounding rural areas [6]. The urban microclimate involves the local climate characteristics
between the near-ground atmosphere and the topsoil in a relatively small space, including
temperature, solar radiation, wind, humidity, etc. [7]. The difference between an urban
microclimate and a rural climate might bring potential simulation errors if the TMY weather
file is directly used in an urban building’s energy performance evaluation. To avoid this, it is
essential to take the microclimate’s effects into account in DBES.

The urban heat island (UHI) effect is a well-known phenomenon among the microcli-
mate features. It describes the phenomenon that air temperature in urban areas is higher
than the surrounding rural areas. It is reported in many urban areas regardless of the size
and location [8-14]. It could be observed by the application of infrared thermography at
different scales such as the city scale using satellites and the neighbourhood scale using
aerial vehicles and rooftop observatories [15,16]. Drones are used more and more to detect
the UHI effect or analyse urban heat fluxes [17-19]. The UHI effect can be quantitatively
described by the urban heat island intensity (UHII) which is the urban air temperature
minus the rural air temperature [14]. Occasionally, the urban air temperature can be lower
than the rural air temperature, which is called the urban cool island (UCI) effect, and the
temperature difference is the urban cool island intensity (UCII). Air temperature is one of
the most important factors as it directly drives the operation of a cooling/heating system
and influences the corresponding building cooling and heating energy consumption [20].
Many studies reported that the UHI effect increases the cooling energy consumption and
decreases the heating energy consumption [20-23]. A weather input file considering the
UHI effects can yield a more accurate evaluation of buildings’ energy consumption.

Li et al. [20] summarised the procedure in evaluating UHI impacts on building energy
consumption, which includes three steps: (1) preparing two temperature datasets with
and without the UHI effect; (2) simulating/estimating building energy consumption re-
spectively using these two temperature datasets; and (3) evaluating the impacts of UHI on
building energy consumption by comparing the two results. The urban temperatures are
mainly obtained by measurements or simulation. This paper focuses on the simulation of
UHI, because as abovementioned the weather files in DBES are normally in TMY format,
reflecting representative climates during a long period. On the contrary, measurements can
only record the climate in a short time which might not be representative. This problem
can be avoided using simulation.

Microclimate simulation tools (e.g., ENVI-met) can be used to model UHI effects.
However, the calculation time is quite long for a standard PC (e.g., nearly 24 h to simulate
one day in our case), such that it is not possible to obtain the hourly microclimate data for
the whole year in a timely manner, especially if the energy performance optimisation of a
building or a block is needed in the design phase. A method for the generation of hourly
microclimate parameters could be beneficial. In addition to this, the new buildings are
usually high-rise and dense in China. Contrary to low-rise buildings, little research has
focused on the effect of UHI on a high-rise building in a densely built region. Normally,
one measure of air temperature is used for the whole building in DBES, neglecting the
temperature variation in terms of height and orientation. This might bring simulation
errors for a high-rise building, especially where the UHI effect occurs.

This paper aims to investigate these two questions: what error is induced by using
regional instead of microclimate data in DBES? How can DBES and microclimate simulation
tools be chained? Firstly, a site-specific weather file generation method is proposed to
account for the hourly UHI effect for a TMY weather file, avoiding long simulation time.
Secondly, the coupling methodology of a microclimate simulation tool and a DBES tool
is presented to perform a more accurate simulation of the building energy performance
under the UHI effect. Finally, the methods are applied to a high-rise residential building in
Wuhan (China) to quantitatively evaluate the effects of UHI on its energy performance.
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2. Methodology
2.1. Site-Specific Weather File Generation Method

In this paper, the microclimate simulation tool used is ENVI-met v4.4.6, which is a
three-dimensional (3D) numerical model initially developed by Bruse and Fleer [24] to
analyse microclimates through the fundamental laws of fluids and thermodynamics. The
interactions between buildings, soil, vegetation and atmosphere can be simulated with a
typical spatial resolution between 0.5 m and 10 m and a timestep of 1-10 s. Every single
plant and every urban structure can explicitly be simulated, making ENVI-met the perfect
tool for urban planners, architects and urban climatologists who want to simulate the
meteorological components of the urban environment [25]. This model has been validated
by several studies [2,26-30] for different cities with different microclimate conditions. The
DBES tool is COMFIE [31], which is a multizone model based on the finite volume method
and modal reduction. It has been validated in several projects [32-36], including in the
Wuhan context [37].

As mentioned in the introduction, it is not possible to obtain the hourly UHIIs for one
whole year in ENVI-met with a standard PC in a reasonable calculation time. Therefore, a
key point for the association of the DBES simulation tool and the microclimate tool is to
propose a method which can generate a “site-specific weather file” containing the hourly
UHIIs appropriately in reasonable simulation time.

The core idea of the proposed method to solve this problem is only simulating four
representative days in ENVI-met to obtain their hourly UHIIs, and then deriving the hourly
UHII of other days by linear interpolation. To better identify the UHII, one representative
day is chosen for each season: extreme hot/cold days in summer/winter (in order to obtain
potential largest/smallest UHII) and average temperature days in spring/autumn (in order
to obtain reasonable interpolation between largest and smallest UHII). Once the hourly
UHIIs for the whole year have been obtained, they could be added to the original weather
file without considering the UHI effect to generate the site-specific weather file. It should
be noted that, if not especially indicated, spring refers to March, April and May; summer
refers to June, July and August; autumn refers to September, October and November; and
winter refers to December, January and February.

The original weather file for DBES in COMEFIE in this paper is an EnergyPlus Weather
(EPW) format file downloaded from the website of EnergyPlus [38]. The reason why an
EPW file was chosen is that it can be directly used in ENVI-met for microclimate simulation.
The other reason is that this file also records the extreme air temperature weeks in summer
and winter and the average air temperature weeks for all four seasons, which is convenient
to select the representative days of the four seasons.

The proposed site-specific weather file generation method considering the UHI effect
consists of four steps, as shown in Figure 1 (MATLAB was used in steps 1, 3 and 4):

Step 1: representative days selection. One representative day of the representative
week (extreme hot/cold week for summer/winter and average week for spring /autumn,
which are directly given in EPW file) of each season is chosen based on the day with the
hourly temperature closest to the average hourly temperature of the week (see hereunder).
Since this study focuses on the UHI effect, which is directly related to the ambient tem-
perature, it is reasonable to select the representative days based on the air temperature.
It should be noted that it is not the extreme hot/cold day in extreme hot/cold weeks for
summer/winter, in order to be more representative. These four representative days can be
abbreviated to ex-summer, ex-winter, av-spring and av-autumn;

Step 2: microclimate simulation. These four representative days are then simulated in
ENVI-met to obtain the local microclimate parameters and the UHIIs;

Step 3: hourly UHII generation. The hourly UHIIs are obtained by linear interpolation
for 24 h between two representative days;

Step 4: site-specific weather file generation. The air temperature of the site-specific
weather file is generated by adding the hourly UHII to the original EPW file.
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Figure 1. Algorithm of the proposed method to generate the site-specific weather file.

In step 1, in order to determine the representative day of the representative week of
each season, the average temperature of the ith hour T,,; of the representative week is
firstly to be identified:

T
Tayi= — 5 i=1...24 1)

where Tij is temperature of the ith hour of the jth day in the representative week.
The root mean square error (RMSE) and the mean absolute error (MAE) of each day
for the 24 h are calculated by:

RMSE; = \/ lzil (Tl] — Tav,i)z

2

o @)

MAE, YT — Ty o
7 24

The day with the smallest RMSE is chosen as the representative day of each season; if
RMSE is similar, the day with smallest MAE is selected.

In step 3, knowing the four representative days, the UHII of the ith hour of the kth day
in the whole year can be calculated by linear interpolation. For example, the hourly UHII
between the first (av-spring) and the second (ex-summer) representative days:

UHII™2 — UHII™!

kre2 - krel

UHIIf = (k — kret) + UHIL™ (4)
where k1 and ke are the day numbers of the 1st and 2nd representative day. The UHII
between other representative days could be obtained by the same way.

It should be noted that the linear interpolation between two representative days
to obtain the hourly UHII for the whole year is a highly simplified assumption. The
hourly variation of UHII in cities is much more complex due to enormous factors such
as complicated urban planning, various constructions, vegetation and climate conditions.
The main aim of this study is to identify the UHI effect on building energy consumption
for a long period (usually one year), rather than accurately estimate the UHI variation of
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one day. It mainly relies on the estimation of a general UHI feature, so there is a certain
tolerance on the biases of hourly UHII [39].

2.2. Coupling Microclimate Simulation Tool with DBES Tool

The coupling methods of a microclimate tool and a DBES tool are classified into one-
way coupling and double-way coupling [40]. The double-way coupling method considers
the effect of the microclimate on the building, as well as the effect of the building on the
microclimate (e.g., the anthropogenic emissions released outside due to air-conditioning or
heating systems such as heat pumps), which is more realistic, but more complex. It requires
the microclimate tools to deal with such heat sources, and needs user parameter inputs.

In this paper, the coupling of ENVI-met and COMFIE is a one-way coupling (ENVI-
met v4.4.6 only allows one-way coupling), meaning the simulation results of ENVI-met are
transferred to COMFIE but without feedback. The key point is modifying the weather input
file from the original one (e.g., the meteorological data from rural stations) to the new one
(which considers the urban microclimate). In COMFIE, a building is modelled by defining
thermal zones according to orientations and heights. An identical temperature profile is
used for the whole building, regardless of zone height and orientation. As mentioned in
the introduction, this might bring simulation errors for a high-rise building in a dense block
where the UHI effect occurs.

The coupling method proposed in this paper considers the air temperature variation
with height and orientation, based on the microclimate simulation results. The main 3D
model in ENVI-met (e.g., a district and its soil and atmosphere) is divided into I x | x K
grid cells with dimensions Ax x Ay x Az, respectively. Buildings, vegetation and the digital
elevation model are constricted to this grid cell. This means that a cell is either fully occupied
by one of these obstacles or not at all. On the horizontal surface, Ax and Ay (usually from
0.5 m to 10 m) are constant for all the cells. In the vertical direction, the dimension Az of the
first n cells are identical, and afterwards the dimension of one cell is that of the previous cell
multiplied by a scaling factor s (s > 1), as shown in Figure 2. This is because the cell close to the
ground surface should have a smaller dimension in order to have a more accurate simulation
of the interactions between the ground and the atmosphere.

n+2 Az(n+2)=s*Az(n+1)
n+l Az(n+1)=s*Az

n AZ

2 Az

1 Az

Figure 2. Cell definition in the vertical direction in ENVI-met.

The temperature profiles of four orientations (north, south, west and east) along Ny,
different heights are generated from ENVI-met. The value of N}, should respect the thermal
zone definition regarding the height and in DBES tool and the cell definition in the vertical
direction in ENVI-met. This will be described in detail in Section 3.3. The temperature
profiles are inputted in the weather generation tool Meteocalc (which is integrated in
COMEFIE) and 4.Ny, corresponding site-specific weather files are generated. Then, the
simulation is performed 4.Nj, times in COMFIE to obtain reference simulation results for
each thermal zone. The whole coupling method is shown in Figure 3.
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Figure 3. Method of coupling microclimate tool with the DBES tool.

3. Case Study
3.1. Basic Information

The studied case is located in Wuhan, the capital city of Hubei Province, China. Its
topography is dominated by relatively flat land between 22 m and 27 m above sea level
except the hilly areas sporadically distributed in suburban districts. Water bodies occupy
a high percentage (>20%) of its territory. Wuhan’s climate is humid subtropical with
abundant rainfall and four distinctive seasons. Spring and autumn are generally mild,
summer is hot and humid and winter is cold and dry.

The simulated high-rise building is unit 2 of building #2 (#2.2) in the Haishan Jingu
(HSJG) block. HSJG consists of one office building (#1) and three residential buildings (#2,
#3 and #4). Its latitude is 30°32’ north and longitude is 114°20" east. This area is a business
and commercial centre, mixed with many recently built high-rise offices, commercial and
residential buildings and old buildings, as shown in Figure 4a. This area faces south by
east with an angle of 20°. The overall plan is shown in Figure 4b. The studied building #2.2
consists of 34 floors with an average height 3 m for each floor. The net floor area of the
building is around 12,500 m?.

660 m
(@ (b)

Figure 4. (a) Simulated area in ENVI-met and (b) HSJG block.
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3.2. Microclimate Simulation Configuration
3.2.1. Representative Days Selection

The EPW file downloaded from the EnergyPlus website directly indicates the four
representative weeks of the four seasons, as presented in Table 1. The extreme hot (in
summer) and cold (in winter) weeks are the ones nearest to the maximal and minimal
outdoor temperature in the corresponding periods. The average weeks in spring and
autumn are the ones nearest to the average outdoor temperature in the corresponding
periods. They are determined by a heuristic method in EnergyPlus. Using the site-specific
weather file generation method, the representative day of each season was selected for the
microclimate simulation. The day of each week with the smallest RMSE was chosen as the
representative day for each season. The results are shown in Table 1.

Table 1. Representative days selection of each season.

Representative Week

Season (Directly from Representative Day Abbreviation RMSE (°C) MAE (°C)
EnergyPlus Website)

Summer

Extreme hot 5-11 August 9 August Ex-summer 0.82 0.76

Winter .

Extreme cold 1-7 January 4 January Ex-winter 1.11 0.90

Spring 2 June (date is in June, .

Average temperature 27 May-2 June but represents spring) Av-spring 148 119

Autumn 26 November—2 December 30 November Av-autumn 1.25 1.02

Average temperature

It should be noted that instead of a normal air temperature (e.g., in EPW file), the air
temperature in ENVI-met, Taj; pot, is the potential temperature. It can be converted from
atmosphere pressure and normal temperature with the following Equation (5):

vs ( Po 0.286
Tair,pot = T:irs (P> (5)

where T:ES is the absolute normal air temperature (K), Py is the reference pressure (100,000 Pa

in ENVI-met) and P is the atmosphere pressure (Pa).

3.2.2. Simulation Configuration

Locating the studied building approximately in the centre, the total area for microcli-
mate simulation is a region of 660 m x 660 m, as shown in Figure 4a. Although it is very
difficult to obtain detailed information regarding the surroundings, it is still possible to
get a rough picture of the surroundings including the heights of the buildings, the green
areas and the roads by using Google Maps and Google Earth. This information allows one
to use ENVI-met to evaluate the site-specific climatic conditions. If detailed data of the
surroundings can be obtained, a more accurate simulation can be performed. Accounting
for the calculation speed and the model accuracy, 110 x 110 x 19 cells were used in this
study, with a resolution of 6 m in the horizontal directions. In the vertical direction, the
resolution of one cell is 6 m below 30 m (the first five cells) and afterwards the height of
cell 7 + 1 is the height of cell n multiplied by 1.25 (1 being the level of the cell from 6 to 19),
as shown in Figure 2. In addition to this, eight empty cells were set at each border (which
is called the “nesting area”) to increase the stability and accuracy of the simulation. The
microclimate simulation has better accuracy with a buffering time. A sensitivity analysis
showed that the maximal and mean absolute temperature differences for representative
days were smaller than 0.35 °C and 0.2 °C between with two and five buffering days, which
concluded that a buffering time of two days is sufficient in this case study. Thus each
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simulation includes the two days ahead of the representative day (72 h in total) to obtain
more precise simulation results.

The ground in the simulated area mainly contains four types of ground profiles: the
sidewalk, the built area, the green space and the asphalt concrete road. The compositions
of the ground profiles are from [30] and listed in Table 2.

Table 2. Composition and depth in the ground profiles in ENVI-met.

Sidewalk Built Area Green Space Asphalt Concrete Road
Brick: 0~3 cm Concrete: 0~20 cm Sandy loam: 0~40 cm Asphalt concrete: 0~10 cm
Concrete: 4~20 cm Sand: 21~ 30 cm Loam: 41~450 cm Sand: 11~40 cm

Sand: 21~30 cm Loam: 31~450 cm Loam: 41~450 cm

Loam: 31~450 cm

The initial temperature and the relative humidity for the four layers of the soil are
also needed: upper layer (0-20 cm), middle layer (20-50 cm), deep layer (50-200 cm) and
bedrock layer (below 200 cm). Assuming the soil is semi-infinite and with unique physical
properties, the soil temperatures were estimated by the method from Thiers [41]. The
corresponding soil relative humidities of the four layers in ENVI-met were calculated from
Wau et al. [42]. They are summarised in Table 3.

Table 3. Soil temperature and relative soil humidity of each soil layer in ENVI-met.

Av-Spring Ex-Summer Av-Autumn Ex-Winter
Upper layer (0-20 cm) 26 °C/77% 33.51 °C/85% 12.33 °C/84% 6.16 °C/80.5%
Middle layer (20-50 cm) 24.66 °C/80.5% 32.57 °C/81% 13.66 °C/83% 7.53°C/83%
Deep layer (50-200 cm) 21.07 °C/82% 29.30 °C/79% 17.20 °C/81% 11.65 °C/84%
Bedrock layer (below 200 cm) 19 °C/82% 19 °C/79% 19 °C/81% 19 °C/84%

It should be noted that the density of the plants’ leaves varies with the season in
the simulation. Considering the aim of ENVI-met simulation is to obtain the outdoor
air temperature, instead of the indoor thermal comfort or other parameters concerning
the building envelope, the building’s envelope configuration is not as important as other
configurations, especially in a “one-way” coupling method. Therefore, the envelope
characteristics of all the buildings were set to be identical, as shown in Table 4. The initial
indoor temperature of the buildings in the beginning of the simulation (including the
buffering time) was set in ENVI-met. Considering the DBES configurations presented in
Section 3.3, the studied building was simulated with the original EPW file in a first step.
Then, the initial indoor temperatures of the whole building for the four representative days
were set as the volume average of all thermal zones: 24.8 °C, 26 °C, 18.2 °C and 18 °C for
av-spring, ex-summer, av-autumn and ex-winter, respectively. They were kept constant
during the simulation and identical for all other buildings in the district.

Table 4. Wall configuration of the buildings in ENVI-met.

External Wall Roof

Ceramic tile 1 cm Ceramic tile 1 cm

Insulation mortar 4 cm Extruded Polystyrene Board (XPS) 4 cm
Aerated concrete block 20 cm Concrete (C10) 20 cm

Receptors are the selected points inside the model area, where processes in the atmo-
sphere and the soil are monitored in detail. They record the detailed simulation results
for each height of the node on the vertical axis. As introduced in Section 2.2, in order to
analyse the effects of the orientation on the building’s energy performance, four receptors
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located at 3 m away from the simulated building’s four facades were used: north (N), west
(W), south (S) and east (E). The whole 3D model and the receptors are shown in Figure 5.

Receptor
North (N)
4

Receptor

West (W) ¥ » Receptor

/ 1 East (E)

. Receptor
* South (S)

Sidewalk Green space ## Plants
\ Builtarea Il Asphalt concrete road

Figure 5. The 3D model of the simulated area and four receptors in ENVI-met.

3.3. DBES Configuration

According to the Chinese building energy standards [43], the heating and cooling
thermostat setpoints are 18 °C and 26 °C for the whole year. The natural ventilation is 1 ach
(air change per hour) because residents in Wuhan prefer opening windows for ventilation;
an additional 0.2 ach accounts for the infiltration ventilation. The internal heat gain is
4.3 W/m? for the whole time. The occupancy is 0.02 person/m? from 8h00 to 17h00 from
Monday to Friday, and the rest of the time it is 0.04 person/m?.

In the studied building, each floor consists of four apartments named A, B, C, D (from
west to east) and aisle. The 15th floor plan of building #2.2 is shown in Figure 6 as an
example, and the plan of each floor is similar. The areas surrounded by dotted lines are the
balconies functioning as integrated shadings in the simulation. Windows and doors are
shown in blue and brown lines on the walls, respectively. The building was divided into
17 thermal zones based on height and orientation. Apartments A and D consist of the north
zone and apartments B and C consist of the south zone for one or several floors. It should
be noted that apartment C on the 15th floor was an exception, which contains three zones:
living room, bedroom and other rooms, because experiments were conducted in a previous
work [37] in this apartment and a more detailed zone definition was required. The studied
case and its zones are shown in Figure 7 (blue and grey buildings are not simulated and are
just considered as shading the studied building).

Combining the zone definition and the height of ENVI-met cells, six different heights
were chosen for the DBES weather file generation. It should be noted that the height of one
vertical cell refers to the height of its middle point in ENVI-met. Taking levels 2—6 as an
example, heights range from 6 m to 18 m. The vertical cells 2 and 3 (which occupy 6-12 m
and 12-18 m in the vertical direction respectively) in ENVI-met record the air temperatures
at 9 m and 15 m (middle points of cells 2 and 3), which are located between level 2-6. Thus
we use the average of the air temperatures at 9 m and 15 m in ENVI-met to generate the
weather input file for levels 2-6 (which contain two zones). Considering four orientations
(N, W, S, E) and six heights (from #1 to #6), 24 DBES weather files were generated as inputs
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for the energy simulation, as illustrated in Table 5.

The abbreviation of one file can be

expressed by orientation#height number (e.g., N#1).

wog

woLg
ung
[y . wgpz o ---eeeeoe ;
o Aisle :E'ggfﬁ\ ________ S . . 5-””
I.EEZ: E wol I”}
BB SIS U IR
ek L . #w Apart. D T
S N e =
;ZU1 Apart. B Api/r/t/ C Ao
s////i‘"“{ Other

Figure 7. South view of HSJG and its zones in COMFIE.

Table 5. The 24 weather files for building energy simulation based on position (with the corresponding
cells in ENVI-met).

Weather File Abbreviation of

Height of the Weather File by Averaging the

Building Level Level Height FOl.ll‘ Orientations at Each Heights of Vertical Cells in ENVI-met
Height

1 3m N#1, W#1, S#1, E#1 3 m (cell 1)
2-6 6-18 m N#2, W#2, S#2, E#2 (9m (cell 2)+ 15m (cell 3))/2=12m

2 (21 m (cell 4) + 27 m (cell 5) + 33.75 m (cell 6) +
7-14 21-42m N#3, W#3, S#3, E#3 4219 m (cell 7))/4 = 31 m
15-25 45-75m N#4, W#4, S#4, E#4 (52.73 m (cell 8) + 65.92 m (cell 9))/2 =59.3 m
26-33 78-99 m N#5, W#5, S#5, E#5 82.4 m (cell 10)
34 102 m N#6, W6, S#6, E#6 103 m (cell 11)
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The 17 abovementioned thermal zones of the building are presented in Table 6. Based
on the zone definition (Figure 6), the south zones are mainly affected by the air near the
south facade, and the north zones are surrounded by the air in all the four orientations. To
perform a precise energy performance simulation, the loads of each zone are calculated
using the meteorological files according to the orientation and height, as shown in Table 6.
The heating/cooling load of the north is the average of the corresponding simulation results
from the four weather files of N, S, W and E. For the south zone, it is directly the simulation
results from weather file S.

Table 6. Meteorological files to calculate the energy load of each zone.

Zone Number

Zone Name

Weather File

1 floor 1 (N#1 + S#1 + WH#1 + E#1)/4
2 aisle -

3 floor 2-6 north (N#2 + S#2 + W#2 + E#2)/4
4 floor 2-6 south S#2

5 floor 7-14 north (N#3 + S#3 + W#3 + E#3)/4
6 floor 7-14 south S#3

7 floor 15 C—living room (15) S#4

8 floor 15 C—bedroom (15) S#4

9 floor 15 C—other rooms (15) S#4

10 floor 15 B S#4

11 floor 15 north (N#4 + S#4 + W#4 + E#4) /4
12 floor 16-25 north (N#4 + S#4 + W#4 + E#4)/4
13 floor 16-25 south S#4

14 floor 26-33 north (N#5 + S#5 + W#5 + E#5)/4
15 floor 26-33 south S#5

16 floor 34 north (N#6 + S#6 + WH#6 + E#6)/4
17 floor 34 south S#6

4. Results and Discussion
4.1. Microclimate Simulation Results

Figures 8-11 show the potential air temperature maps of the simulated region for the four
representative days at the height of 3 m at 13h00 (av-spring and ex-summer) and 14h00 (av-
autumn and ex-winter) when the maximum UHIIs are observed. The whole simulation time
for one representative day on a standard computer with an Intel i7-6700 CPU and 16 GB RAM
is around 72 h (including the simulation of the buffering time of two days). The northeast
region containing the asphalt road and the southwest region, respectively, show the highest
and lowest UHI effect on all these four days. On ex-summer and av-autumn, the UHI effect
is obvious along the north—-south asphalt road; the north part has a stronger UHI effect. The
temperature surrounding HSJG can vary over 1.5 °C on ex-summer, particularly higher on the
side of the north-south asphalt road, but on other days the temperature difference is not very
large (<0.5 °C). It should be noted that the representative day for spring is in June, resulting a
higher air temperature compared to autumn.

4.2. UHI Results for the Four Representative Days
The heat island effect can be quantitatively described by UHII:

UHII = Tyir ENVimet — Tair, EPW (6)

where Tir ENVImet 15 the air temperature (°C) converted from the potential air temperature
in the ENVI-met simulation and T, gpw is the air temperature (°C) in the EPW file.

The air temperature at the height of 3 m of the north receptor is shown in Figure 12. For
the four representative days, all the simulated air temperatures are higher than the input air
temperatures. The maximal UHII occurs around 13h00 for av-spring and ex-summer and
14h00 for av-autumn and ex-winter. The hourly average UHII (UHII,y) and maximal UHII
(UHILmax) of these representative days are listed in Table 7. It can be inferred that the largest
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UHIImax occurs on the extreme hot summer day and the smallest UHIInax occurs on the
average autumn day. For the average UHII during one day;, it is observed that ex-summer >
av-spring > ex-winter > av-autumn.
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Figure 8. Potential temperature map of the simulated area for av-spring at the height of 3 m.
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Figure 9. Potential temperature map of the simulated area for ex-summer at the height of 3 m.



Energies 2023, 16, 3032 13 of 23

1
660.00- Av-autumn 14h00 x/y Cut at
z=3m

Potential Air Temperature

below 14.25 °C

14.25 to 14.50 °C
14.50 to 14.75 °C
14.75 to 15.00 °C
15.00 to 15.25 °C
15.25 to 15.50 °C
15.50 to 15.75 °C
15.75 to 16.00 °C
16.00 to 16.25 °C
above 16.25 °C

420.00

360.00—

i
L
"

Y (m)

300.00-

240.00—

180.00-

I

120.00~

Min: 14.43 °C
Max: 14.96 °C

0.00—
T T T T T T T T T T T 1
0.00  60.00 120.00 180.00 240.00 300.00 360.00 420.00 480.00 540.00 600.00 660.00 m
X (m)

Figure 10. Potential temperature map of the simulated area for av-autumn at the height of 3 m.
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Figure 11. Potential temperature map of the simulated area for ex-winter at the height of 3 m.

Table 7. UHIInax and UHIlL,y at the height of 3 m of the north receptor.

Representative Day UHIIpax (°C) UHII,y (°C)
Av-spring 1.35 0.58
Ex-summer 1.61 0.78
Av-autumn 0.58 0.34

Ex-winter 0.67 0.47
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Figure 12. ENVI-met simulation results for the four representative days at the height of 3 m of the
north receptor.

The air temperature along the height of the north receptor was investigated, as shown
in Figure 13. In general, the air temperature decreases with the height. If the UHII is larger
(e.g., 12h00 on av-spring), the air temperature decreases more sharply. The air temperature
at the height #1 (3 m) is 1.1 °C higher than at height #6 (103 m). A more accurate building
energy simulation should include the air temperature variation along the height. The air
temperatures of the four orientations at 3 m are compared in Figure 14. The temperature
difference is negligible for av-autumn and ex-winter for the four orientations; however
the difference can be more obvious (maximal difference of 0.2 °C) from 11h00 to 14h00
on av-spring and ex-summer. This means the orientation might potentially have a larger
influence on the cooling load than the heating load; it will be discussed in Section 4.4.

4.3. Generated Weather Files for COMFIE

Applying the method illustrated in Section 4.2, the meteorological files for building
energy simulation were generated. The UHIIs at six different heights of four orientations
were calculated and added to the original EPW file; meanwhile, the other meteorological
parameters were kept the same. In total 24 meteorological files taking into account the local
UHI effect were generated and were used to simulate the building’s energy performance.
The hourly temperature of N#1 is shown in Figure 15, compared to the original EPW. The

yearly average UHII at the height of 3 m is estimated to be 0.55 °C (considering the average
of four orientations).
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Figure 13. Air temperature evolution along height for four representative days of receptor N.
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Figure 15. Air temperature of EPW and N#1.

The accumulations of hourly heat island or cool island intensity over TMY were
calculated—namely, urban heat island degree-hours (UHIdh) [44], as shown in Figure 16.
UHIdh measures how much and how long the air temperature at a site is higher than the
reference suburb. At height #1, the values of UHIdh are ranked in the following order for all
four orientations: summer > spring > autumn > winter. For the whole year, at height #1, the
order of the number of UHIdh is N#1 (4929 °C hours) > E#1 (4802 °C hours) > W#1 (4736 °C
hours) > S#1 (4680 °C hours). At height #6, the order changes to S#6 (2578 °C hours) > W#6
(2533 °C hours) > E#6 (2492 °C hours) > N#6 (2485 °C hours). UHIdh decreases with the height.
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Figure 16. UHI degree-hours of four orientations at the height of 3 m and 103 m for four seasons.

The ratio of UHI degree-hours to heating/cooling degree-hours of the original EPW
are presented in Figure 17, based on 18 °C for heating (i.e., Hdh18) and 26 °C for cooling (i.e.,
Cdh26). Hdh18 is the accumulation of hourly differences between 18 °C and the external
temperature (which is smaller than 18 °C) during a period, and Cdh26 is the accumulation
of hourly differences between the external temperature (which is larger than 26 °C) and
26 °C during a period. This ratio shows the potential of changing the heating/cooling load.
For summer, N#1 has the largest ratio of around 29%. For winter, the four orientations have
similar ratios, indicating that the heating load is not strongly influenced by the orientation.
The ratio decreases with the height. At height #6, the ratio drops to below 2% in winter
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and to around 19% in summer. This indicates that a smaller UHI effect is foreseen with an
increase of height.

35%
Spring (Hdh18) ® Summer (Cdh26)
30%

259% Autumn (Hdh18) ® Winter (Hdh18)
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Ratio of UHI degree hours to
degree hours of original EPW

Figure 17. Ratio of UHI degree-hours to degree hours of original EPW.

4.4. Building Energy Simulation Results
4.4.1. DBES with Detailed Microclimate Data

The time needed for one dynamic building simulation is around 1 min. Applying
the proposed methods, the energy simulation results with detailed microclimate data
were obtained: the total heating and cooling loads are 575,000 kWh (46.2 kWh/m?) and
610,000 kWh (49 kWh/m?), respectively. Since this simulation considers the air temperature
variation with height and orientation, it can be regarded as being closer to reality and it is,
therefore, used as a reference (legend “Ref” in Figures 18 and 19) to compare the differences
of other simulation results such as the simulation with the original EPW file.
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Figure 18. Energy loads for different orientations at the height of 3 m.
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Figure 19. Annual loads of different heights for north orientation.

4.4.2. Impact of Orientation and Height

The simulation results of different meteorological files were compared including the
original EPW and the reference simulation. Figure 18 shows the simulated annual loads
of different orientation at a height of 3 m. Compared to the reference simulation, the
simulation with the EPW file overestimates the heating load by 5.8% and underestimates
the cooling load by 8.7%. However it can accurately predict the total energy load (1.7%
smaller). This is mainly because the UHI effect reduces the heating load in winter and
increases the cooling load in summer. In this study the difference between the heating and
cooling loads is small. It should be noted that, in the simulation with the EPW file, the
heating load is a bit larger than the cooling load, contrary to the reference simulation. At the
height of 3 m, the orientation slightly affects the heating and cooling load, with a maximal
variation of only 0.3% and 0.7%, respectively. The south orientation has a slightly more
accurate simulation result than the other orientations. For the prediction of the total energy
load, the four orientations all show good accuracy. In general, the effect of orientation is
not important in this case study, especially if the uncertainty is considered. However, the
effect might be larger in some other cases. For example, the geometry and layout of the
block and vegetation might influence the air temperature distribution [45].

According to Figure 19, the air temperature drops along the height, yielding different
energy loads. The building energy simulation results of different heights for north are
illustrated in Figure 19. It can be inferred that compared to the reference simulation, the
difference in heating load increases from —2.1% to +2.9% and the difference in cooling load
decreases from +2.2% to —2.2% with height. The height has a minor influence on the total
load, with a maximal difference of 0.3%. Compared to EPW, the differences of heating
load and cooling load can reach, respectively, —7.5% and +12.1% for N#1. Many studies
only consider the UHI effect observed near the ground (e.g., N#1), neglecting its variation
along height. This brings a larger difference than the reference simulation considering the
variation along the height. The smallest differences are from the largest height N#6, with
differences of —2.8% and +7.2%. It can be indicated that the UHI's effects on the low-rise
buildings is larger than the high-rise buildings. In this study, N#4 is the best representative
meteorological file which can obtain the closest result compared to the reference simulation
for both heating load (+1.0%) and cooling load (—0.3%).

It should be noted that, in our case study, the heating and cooling loads are almost
balanced, resulting in a minor difference in the total energy load due to the microclimate.
However, its effect could be stronger in other climate zones where the difference between
the heating and cooling loads is large.
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4.5. Discussion

Instead of simulating one representative day in each season in ENVI-met, more precise
UHIIs could be obtained, such as by simulating the whole representative week in each
season. However, this will largely increase the simulation time, which is not feasible in
the design phase. We investigated this and found that the difference of the average UHII
during the simulated 24 h between these two methods is acceptable (less than 10% on
average). Therefore, simulating one representative day in each season is a compromise
between the simulation time and accuracy. The method of generating the hourly UHII is
based on the linear interpolation between four representative days in each season, which
might not precisely evaluate the UHII for every hour. Although this is a good attempt
to account for the local UHI effect on the building energy performance, a more accurate
method generating the hourly UHII would be beneficial. Regardless, measurements of the
local climate parameters could be helpful to validate the simulation results, especially if the
local measurements could be collected in different heights and orientations for a high-rise
building in a dense district. The energy performance of other uses of the building can also
be investigated, such as the office buildings only operating in the daytime.

Although some studies—e.g., Chan [46]—reported a similar UHII measurement trend
as Figure 12, in urban areas, a larger UHI effect is usually observed during the night period
compared to the day time, which is contradictory to Figure 12. A longer buffering time
of 3 days was used to investigate the possibility of improving the results. However the
results still showed a limited heat island effect at night, which may be due to numerical
approximation of ENVI-met. It would be useful to perform calculations again using a more
powerful computer allowing for more precise simulation options to be chosen.

This paper focuses on the influence of air temperature. Other site-specific climate pa-
rameters such as relative humidity, solar radiation, longwave radiation and wind affecting
the building energy loads were not considered in this study, which could be an interesting
perspective in future research.

In this case study, the simulation using the EPW file predicts that the heating load is a
bit larger than the cooling load, which is contrary to the reference simulation considering
the UHI effect. A more precise evaluation of the load balance could be helpful for a more
appropriate design of a reversible ground source heat pump. Therefore, considering the
UHI effect in the building simulation could be beneficial for this.

This study only evaluates the effects of UHI on the energy consumption of the building.
However there are other environmental impacts such as CO; emissions, human health
and biodiversity. Moreover, the environmental impacts of electricity are different in winter
and summer, because different electricity production technologies are used for different
seasons [47]. Although the total energy consumption is almost identical, the variations in
the heating and cooling loads might influence the environmental impacts. This is another
interesting topic to be investigated.

5. Conclusions

China is under a state of rapid urbanisation. During this process, the urban envi-
ronment is altered and shows different climate characteristics compared to rural areas.
The simulation results of a building’s energy consumption are highly dependent on the
accuracy of the weather file comprising 8760 h of various climatic parameters. In present
DBES tools, the most used weather data usually come from meteorological stations located
in peripheral zones, which cannot reflect site-specific microclimate conditions such as the
UHI effect. This might lead to simulation errors.

This study contributes to better accounting for the UHI effect in building energy
simulation compared to using regional weather data. A site-specific weather file generation
method was proposed to generate new local weather files accounting for hourly UHI effects
by using the microclimate simulation tool ENVI-met. This method selects four represen-
tative days which are simulated in ENVI-met to obtain the hourly UHIIL Afterwards the
corresponding hourly UHII of other days in one year are evaluated by linear interpolation.
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This method could avoid a long simulation time which is a big challenge for building
energy performance optimisation. The method of coupling ENVI-met with the DBES tool
COMEFIE was introduced as well. This method combines the thermal zone definition in
COMEIE and the height resolution in ENVI-met, providing more precise weather data for
each zone in DBES. By applying this method, instead of the same weather file for all the
building zones, air temperature variations along height and orientation are considered,
yielding relatively more accurate simulation results, especially for high-rise buildings.

The methods were applied to a case study with a height of 102 m in Wuhan, China. A
district area of 660 m x 660 m was modelled around the studied building. The microclimate
simulation was performed for four representative days by ENVI-met. The hourly UHII
was obtained by applying the proposed method and a set of site-specific weather files
considering the UHI effect were generated for four orientations and six heights. The yearly
average UHII at the height of 3 m was estimated to be 0.55 °C. The simulation using the
original EPW file showed a heating load 5.8% larger, a cooling load 8.7% smaller and a total
energy load 1.7% smaller compared to the reference simulation. When only the weather file
at the height of 3 m near the north facade was used, neglecting the variation of UHII along
the height, the heating load decreased by 7.5% and the cooling load increased by 12.1%
compared to the EPW file. The UHI’s effects on the low-rise buildings are larger than on
the high-rise buildings. The methods proposed in this paper can be used for a more precise
application of urban building energy simulation accounting for the UHI effect. The linear
interpolation between two representative days to generate hourly UHII is a simplifying
assumption, which should be improved in the case that a more precise UHII is expected.
Including more climate features in these methods is another perspective.
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Abbreviations

List of abbreviations

3D Three-dimensional

ach air change per hour

DBES Dynamic building energy simulation
E East

EPW EnergyPlus Weather

HSJG Haishan Jingu

MAE Mean absolute error

N North

RMSE Root mean square error

S South

T™MM Typical meteorological months
™Y Typical meteorological year
UCI Urban cool island

UcCII Urban cool island intensity
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UHI Urban heat island

UHII Urban heat island intensity
\ West

List of symbols

I Number of cells on x-axis in ENVI-met model
i Hour number in a day

J Number of cells on y-axis in ENVI-met model
j Day number in a representative week

K Number of cells on z-axis in ENVI-met model
k Day number in a year

n Number of vertical cell

Nj, Number of different heights
P Atmosphere pressure, Pa

Py Reference pressure, Pa

s Scaling factor

T Temperature, °C or K
UHIdh Urban heat island degree-hours, °C hours
Superscripts and subscripts

abs Absolute

air Air

av Average

ENVImet ENVI-met results

EPW EPW file

max Maximal

pot Potential temperature

rel 1t representative day

re2 2d representative day

List of Greek letters

Ax Resolution of cell on x-axis in ENVI-met model, m
Ay The resolution of cell on y-axis in ENVI-met model, m
Az The resolution of cell on z-axis in ENVI-met model, m
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