
Citation: Zhong, X.; Zhang, Z.;

Zhang, R.; Wu, Z. Combined Effects

of Exterior Shading and A/C Heat

Rejection on Building Energy

Consumption and Indoor Air

Pollution Exposure. Buildings 2023,

13, 2440. https://doi.org/

10.3390/buildings13102440

Academic Editor: Adrian Pitts

Received: 23 August 2023

Revised: 16 September 2023

Accepted: 22 September 2023

Published: 26 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Combined Effects of Exterior Shading and A/C Heat Rejection
on Building Energy Consumption and Indoor Air
Pollution Exposure
Xuyang Zhong 1,2, Zhiang Zhang 3 , Ruijun Zhang 4 and Zijian Wu 5,*

1 School of Architecture and Urban Planning, Chongqing University, Chongqing 400045, China;
xuyangz@lsu.edu.cn

2 Postdoctoral Research Centre, Zhejiang Shankou Jiahe Group, Qingtian 323900, China
3 Department of Architecture and Built Environment, University of Nottingham Ningbo China, 199 East

Taikang Road, Ningbo 315100, China; zhiang.zhang@nottingham.edu.cn
4 School of Architecture, Southeast University, 2 Sipailou, Nanjing 210096, China; ruijun_zhang@seu.edu.cn
5 Department of Mathematics and Computer Science, Lishui University, Lishui 323000, China
* Correspondence: zijianwu@lsu.edu.cn

Abstract: Exterior shading devices and outdoor units can be closely coupled since these two building
components are commonly installed next to each other. This study uses a coupled EnergyPlus-
Fluent modeling approach to examine how a combination of exterior shading and heat rejection
from outdoor units can affect the ambient outdoor environment of a building, and how changes in
the ambient outdoor environment can influence cooling loads and indoor PM2.5 exposure. Three
exterior shading devices were simulated, including horizontal overhangs, vertical overhangs, and
vertical fins. Data from wind-tunnel experiments and field measurements were used to ensure the
accuracy of the airflow model, energy model, and pollution model developed in this study. Results
indicate that horizontal overhangs could almost offset the increase in cooling loads due to increased
ambient outdoor temperatures caused by heat rejection. The use of vertical overhangs did not
always mean lower demand for space cooling when heat rejection was considered. Heat rejection,
horizontal overhangs, and vertical overhangs could help reduce indoor PM2.5 exposure, while indoor
air pollution was worse after the implementation of vertical fins. This study shows how exterior
shading devices and outdoor units can be coupled to achieve better building energy efficiency and
improved occupant health.

Keywords: building simulation; exterior shading devices; outdoor units; cooling loads; indoor
PM2.5 exposure

1. Introduction

Buildings in Hong Kong account for 90% of the total electricity consumption and
generate a proportionate share of carbon emissions [1]. The energy used for space cooling
is responsible for 34% of the electricity consumed by the building sector in 2020 and is
expected to increase as a result of climate change and the urban heat-island effects [2].
Buildings interact with their ambient outdoor environments through the conductive and
convective heat flux at exterior surfaces, solar and longwave radiation exchange, and
sensible and latent heat transfer via infiltration and ventilation [3]. There is thus a strong
connection between space-cooling energy consumption and ambient outdoor environmen-
tal conditions. Given the need to reduce building-related carbon emissions, studying the
factors that can cause ambient outdoor environmental conditions (e.g., ambient outdoor
temperature) to vary has increased as a research priority in the energy research community.

Many of today’s buildings in Hong Kong rely on a combination of split-type air
conditioners and exterior shading devices for cooling. Split-type air conditioning is widely
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used because of its simplicity, low costs, ease of operations, and ability to provide individual
control [4,5]. A split-type air conditioner is composed of an indoor unit and an outdoor unit.
An outdoor unit rejects the heat that is absorbed by the indoor unit to the ambient outdoor
environment of a building. The use of exterior shading devices is an important aspect
of energy-efficient building design strategies, especially for buildings that are completely
exposed to the sun [6,7]. Overhangs and vertical fins are the two most frequently occurring
exterior shading devices in Hong Kong. Exterior shading devices can not only prevent
unwanted solar heat gain from entering the indoor space but also act as a wind-blocking
component to influence the pattern of the airflow around a building.

The effect of outdoor units or exterior shading devices on the ambient outdoor en-
vironment of a building has been examined in several studies. Chow and Lin [8] used a
computer program to estimate temperatures of the air around the outdoor units installed in
a building re-entrant and concluded that (1) heat rejection from the outdoor units of rooms
on lower floors could increase the ambient outdoor temperatures of rooms on higher floors,
and (2) this temperature increase resulted in a reduction in the energy efficiency of outdoor
units and therefore caused an increase in space-cooling energy consumption. Hsieh et al. [9]
examined how heat rejection from outdoor units affected the thermal environment outside
a high-rise building and suggested that installing the outdoor units on every third floor
helped slow down the increase in ambient outdoor temperatures caused by heat rejection.
Han and Chen [10] evaluated the impact of the positions of outdoor units on the ambient
outdoor temperatures of buildings and pointed out that outdoor units should be placed
outside of building gaps to avoid the accumulation of heat in those gaps. In terms of
exterior shading devices, a modeling study carried out by Cui et al. [11] indicates that
overhangs had a significant impact on the pattern of the airflow within a street canyon,
while vertical fins only had a minor impact. Research by Xiong and Chen [12] shows
that the use of overhangs led to an increase in the speed of the air near windows. Zheng
et al. [13] used a numerical method to analyze the characteristics of the airflow near the
windows that were externally shaded by louvers and found that there was a significant
variation in air exchange rates due to the vortexes produced between windows and louvers.

When examining the factors that influence the ambient outdoor environment of a
building, previous studies have focused on either outdoor units or exterior shading devices.
There has been significantly less research into the effect that a combination of outdoor
units and exterior shading devices can have on the ambient outdoor environment of a
building, even though the two building components are frequently installed next to each
other. The temperature of the hot air from outdoor units is highly dependent on cooling
loads [14]. The role of exterior shading devices in reducing cooling loads, therefore, means
that outdoor units and exterior shading devices can be closely correlated. Additionally,
both exterior shading devices and heat rejection from outdoor units can influence the
pattern of the airflow around a building, indicating the importance of considering the
potential interaction between exterior shading devices and outdoor units when examining
the pattern of the airflow around a building.

Indoor air quality is also highly correlated with the ambient outdoor environment
of a building. Air pollutants from the ambient outdoor environment can infiltrate into a
building through cracks in the externally exposed facades (the walls, roof, and ground floor)
and, if open, windows. Exposure to air pollutants has been associated with some negative
health effects. For instance, an epidemiological study [15] shows that exposure to high
levels of fine particles (also known as PM2.5) could cause about 3% of all mortality from
cardiopulmonary disease and around 1% of mortality from acute respiratory infections in
children under age five.

As the level of ambient outdoor air pollution acts as an important modifier in exposure
to indoor air pollutants, many studies have been carried out to look at the characteristics
of ambient outdoor air pollution. Keshavarzian et al. [16] used a tracer gas technique to
measure the time-dependent air pollutant concentrations around a building and found
that air pollutants were trapped in the building’s wake for a long time. Ng and Chau [17]
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evaluated the effectiveness of different configurations for two building design elements in
reducing air pollution in isolated deep street canyons. Cui et al. [11] investigated the effects
of exterior shading devices on pollutant dispersion within urban street canyons. Meng
et al. [18] used computational fluid dynamics (CFD) simulations to study the distribution
of PM2.5 concentrations around buildings in a traffic-intensive area and concluded that
the concentrations of PM2.5 near rooms on 17th or higher floors remained stable. A deli-
cate CFD research of a multi-street canyon model with non-uniformities of buildings was
carried out by Wen et al. [19] to investigate the dispersion of pollutants between compact
urban blocks. There have also been field studies [20–22] measuring the levels of ambient
outdoor air pollutants of buildings with roadside, urban, and rural locations, and mod-
eling studies [23–25] indicating that the ground-, middle-, and top-floor flats in high-rise
residential buildings saw different ambient outdoor air pollutant concentrations.

Although previous studies have investigated how ambient outdoor pollutant concen-
trations were affected by factors such as the building geometry, building elements, building
height, and location, there are sparse data describing how a combination of exterior shading
devices and heat rejection from outdoor units can influence ambient outdoor air pollutant
concentrations. In Hong Kong, most outdoor units blow hot air directly into the ambient
outdoor environment of a building. The flow of the hot air from outdoor units is expected
to cause changes in the pattern of the airflow around a building and thus affect the distribu-
tion of ambient outdoor air pollutants. The presence of exterior shading devices can block
the flow of the hot air or make the hot air flow in different directions.

The research presented here investigates how a combination of exterior shading de-
vices and heat rejection from outdoor units can affect the ambient outdoor environmental
conditions (including ambient outdoor temperatures and ambient outdoor PM2.5 con-
centrations) of a six-story building in Hong Kong, and examines variations in building
performance (including cooling loads and exposure to indoor PM2.5) due to changes in am-
bient outdoor environmental conditions. EnergyPlus [26], an open-source whole-building
energy modeling tool, was used to calculate cooling loads and indoor PM2.5 exposure
concentrations of the building. Fluent [27], a fluid simulation tool, was used to model the
airflow around the building. Cooling was modeled to a 25 ◦C set-point during occupied
hours. The building was modeled in two different directions, in which case the outdoor
units were either on the windward side or leeward side of the building. Three types of
exterior shading devices were considered, including horizontal overhangs, vertical over-
hangs, and vertical fins. The outcomes of this study can lead to a better understanding
of the interactions between outdoor units, exterior shading devices, and ambient outdoor
environments, as well as provide an insight into how exterior shading devices and outdoor
units can be coupled to improve both building energy efficiency and indoor air quality.

2. Methods
2.1. Building Physics Models

Building physics models of a city block that was typical in Hong Kong were developed
in this study. The city block (Figure 1a) was composed of nine six-story office buildings,
which were arranged in a 3 × 3 array. All the buildings had the same built form, size, and
construction materials. The width of individual street canyons was 10 m. The building
in the center of the city block was the target building. Buildings surrounding the target
building were unoccupied and were modeled as blocks that provided shading and blocked
winds. The target building was modeled at two orientations (North or South). Each floor
of the target building, except for the ground floor, had an open-plan room (ceiling height:
3.4 m; floor area: 80 m2) with a north- or south-facing window (width: 7.0 m; height: 1.8 m).
The window-to-wall ratio for each room was 0.4. An outdoor unit was installed right
below the window of individual rooms (Figure 1a). The ground-floor space and the space
containing stairs and lifts (Figure 1b) were excluded from the analysis. There was a net heat
flow of zero between any two adjacent rooms, between the bottom-floor room (i.e., room 1)
and ground-floor space, or between rooms and the space containing stairs and lifts. Model
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inputs, including environment data, fabric characteristics, occupancy schedules, internal
gains, air conditioning, ventilation, and shading strategies, are described below.
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lines, street, and vehicles outside the target building; (d) The surface for contours and vectors.

2.1.1. Environment Data

Weather data were taken from the climatological database maintained by the Hong
Kong Observatory (HKO) [28]. Data about the background concentrations of outdoor PM2.5
were taken from the air quality database maintained by the Environmental Protection
Department (EPD) [29]. Simulations were run for a period of three days when the target
building relied on a combination of air conditioning and natural ventilation through open
windows for cooling. Simulation results for day three were presented in Section 3, while
the first two days were run to capture the thermal storage effect of building fabrics. The
environment data for day three can be seen in Figure 2. As winds blew from the south for
most of the time, the south winds were simulated for simplicity.

2.1.2. Fabric Characteristics

The materials and thermal properties of building fabrics (Table 1) were determined
based on a city-wide survey conducted in Hong Kong [30]. Data about the U-value of
building fabrics and the thermal conductivity of fabric materials were taken from the Building
Environmental Assessment Method (BEAM) Plus tables [31] and Buildings Department (BD)
tables [32], respectively. The U-value of each building fabric was modified by adjusting the
thicknesses of fabric materials. It should also be noted that thermal insulation is seldom
applied to building fabrics in Hong Kong [33]. Building airtightness was modeled by
applying a permeability, which is the air leakage rate per hour at an indoor-outdoor pressure
difference of 50 Pa to building fabrics. An estimate of the building infiltration rate was made
following the methodology outlined in ISO 13790 [34]. The building infiltration rate was
then converted to a permeability of 11.5 m3/h/m2, using the volume and surface area of the
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building. A permeability was used rather than an infiltration rate to account for the variation
in infiltration rates due to changes in wind pressures.
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Table 1. The building fabric types, fabric materials, and thermal properties.

Fabric Type Fabric Materials U-Value
(W/m2K)

Solar
Absorptance

Longwave
Emission

Coefficient

Solar Heat Gain
Coefficient

(SHGC)

External wall Mosaic tiles, cement, heavy
concrete, and gypsum plaster 3.1 Front: 0.4

Back: 0.5
Front: 0.9
Back: 0.9

Window Tinted glass 4.6 0.5

Roof
Concrete tiles, asphalt, cement,

polystyrene, heavy concrete,
and gypsum plaster

0.4 Front: 0.1
Back: 0.5

Front: 0.9
Back: 0.9

Ground floor Floor tiles, gypsum plaster, and
reinforced concrete 3.0 Front: 0.8

Back: 0.5
Front: 0.9
Back: 0.9

2.1.3. Occupancy Schedules and Internal Gains

Occupancy schedules determine both internal gain patterns and period of exposure to
indoor PM2.5. The number of occupants in each room was 7, consistent with the design
occupation density for offices [35]. Each room was assumed to be occupied from 09:00
to 18:00. Data on internal gains were taken from CIBSE tables, including occupant gains
(130 W per person, reflecting heat emissions from an average adult male who is doing
very light work), lighting gains (12 W/m2, reflecting the lighting loads for a maintained
illuminance level of 500 lux), and equipment gains (15 W/m2, reflecting internal heat
gains from small power office equipment) [35]. Occupant exposure to indoor PM2.5 was
determined by overlaying the occupancy profile on the indoor PM2.5 concentration profile.

2.1.4. Air Conditioning, Ventilation, and Shading

The air-conditioning system of individual rooms was modeled as a split-type air
conditioner. Each room was cooled to a set-point of 25 ◦C during occupied hours. Based on
a manufacturer’s engineering data [36], specifications of the split-type air conditioner were
as follows: (1) the coefficient of performance (COP) was 3.1; (2) the areas of the air inlet and
air outlet of the outdoor unit were 1.1 m2 and 0.9 m2, respectively; and (3) the airflow rate
of the outdoor unit was 65 m3/min. According to [37], the rate of heat rejection from an
outdoor unit was calculated by adding cooling loads and the power consumption of the air
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conditioner. The temperature of the hot air from an outdoor unit was determined based on
the following equation [14]:

Tair_outlet =
Qrejected

MairCp,air
+ Tair_inlet (1)

where Qrejected is the rate of heat rejected by the outdoor unit (kW); Mair is the airflow rate
of the outdoor unit (kg/s); Cp,air is the specific heat of air (kJ/kg·K); and Tair_inlet is the
temperature of the air at the air inlet of the outdoor unit (◦C).

The window in each room was closed during the entire simulation period. According
to information provided in the BD database [32], three types of exterior shading devices
were modeled, including horizontal overhangs, vertical overhangs, and vertical fins. The
modeled exterior shading devices cover the exterior shading devices that are applied to
more than 90% of the office buildings in Hong Kong [38]. The dimensions and schematic
of individual exterior shading devices can be seen in Figure 3. It should be noted that in
practice many overhangs have louvers that can swing open or closed. For simplicity, the
overhangs modeled in this study were assumed to have all the louvers closed. In addition
to the shading strategy that no shading was assigned to the building, there were four
shading strategies in total (Table 2).
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Table 2. The four shading strategies.

Shading Strategy Description

1 No shading
2 A horizontal overhang for each room
3 A vertical overhang for each room
4 Vertical fins for each room

2.2. Simulations

Building physics models of the city block described in Section 2.1 were constructed
using EnergyPlus (version 22.1) and Fluent (version 2021-r1). EnergyPlus was used to
estimate cooling loads based on a heat balance equation, analyze the characteristics of
the airflow inside the building using a validated AirflowNetwork module, and estimate
indoor PM2.5 concentrations based on a generic contaminant transport algorithm. Fluent
was used to analyze the characteristics of the airflow around the building based on the
governing equations for incompressible turbulent flow, and estimate outdoor PM2.5 levels
using a stochastic tracking method. The EnergyPlus model and Fluent model were coupled



Buildings 2023, 13, 2440 7 of 31

using a quasi-dynamic coupling method, to improve the quality of model inputs (including
ambient outdoor temperatures, ambient outdoor PM2.5 levels, temperatures of exterior
surfaces, and wind pressure coefficients). Details of the EnergyPlus model, Fluent model,
and coupled model are described below.

2.2.1. EnergyPlus Model

The EnergyPlus model calculated temperatures of exterior surfaces, cooling loads, and
indoor PM2.5 levels at 10-min intervals and output these variables hourly.

Temperatures of exterior surfaces were calculated according to the following heat
balance equation for exterior surfaces [12]:

q′′asol + q′′LWR + q′′conv = q′′ko (2)

where q′′asol is the absorbed direct and diffuse solar radiation heat flux (W/m2); q′′LWR is
the net long wavelength radiation flux exchange with the outdoor air and surroundings
(W/m2); q′′conv is the convective flux exchange with the outdoor air (W/m2); and q′′ko is the
conduction heat flux into the building envelope (W/m2).

Cooling loads were calculated according to the following heat balance equation for
indoor air [10]:

Qsun_rad + Qinterior surface_rad + Qven + Qinf + Qcon + Qinteral_heat = Qcooling (3)

where Qsun_rad is the solar radiation heat gain (W); Qinterior surface_rad is the radiation heat
transfer from interior surfaces (W); Qven is the heat gain from ventilation (W); Qinf is the
heat gain from infiltration (W); Qcon is the heat gain from conduction through building
fabrics (W); Qinteral_heat is the heat gain from occupants, lighting, and equipment (W); and
Qcooling is the cooling load (W).

Indoor PM2.5 concentrations from outdoor sources were simulated using a generic
contaminant transport algorithm. The transient air mass equation for the change in generic
contaminant concentrations of a zone can be expressed as follows [39]:

ρairVz M f or
dCt

f ,z
dt =

Nsource
∑

i=1
ρairG f ,i ∗ 1.06 − ρair

Nsink
∑
i

R f ,iC f ,z +
Nzone
∑

i=1

.
mi
(
C f ,z,i − Ct

f ,z
)
+

.
min f

(
C f ,∞ − Ct

f ,z
)

+
.

msys
(
C f ,sup − Ct

f ,z
)
+ ∑

j
hjρAj

(Cs,j
kj
− C f ,z

)
+ S f (Ct−δt

f ,z )
(4)

where ρairVz M f or
dCt

f ,z
dt is the generic contaminant storage term in zone air (kg/s); Ct

f ,z is

the concentration of generic contaminants at the current time step (kg/m3); M f or is the
generic contaminant capacity multiplier; ∑Nsource

i=1 ρairG f ,i is the sum of internal generic

contaminant loads from indoor sources; ρair

Nsink
∑
i

R f ,iC f ,z is the sum of removal rate from

indoor sinks (kg/s); ∑Nzone
i=1

.
mi
(
C f ,z,i − Ct

f ,z
)

is the transfer of generic contaminants due
to inter-zone air mixing (kg/s); C f ,z,i is the concentration of generic contaminants in the
zone air being transferred into this zone (kg/m3);

.
min f

(
C f ,∞ − Ct

f ,z
)

is the transfer of
generic contaminants due to infiltration and ventilation of outdoor air (kg/s); C f ,∞ is the
concentration of generic contaminants in outdoor air (kg/m3);

.
msys

(
C f ,sup − Ct

f ,z
)

is the

transfer of generic contaminants due to system supply (kg/s);
.

msys is the air system supply
mass flow rate (kg/s); C f ,sup is the concentration of generic contaminants in the system

supply airstream (kg/m3); ∑j hjρAj
(Cs,j

kj
− C f ,z

)
is the transport of generic contaminants

through diffusion between zone air and interior surfaces; and S f (Ct−δt
f ,z ) is the generic

contaminant generation or removal rate as a function of zone air generic contaminant level
at the previous time step.
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Outdoor sources of PM2.5 included vehicles and the background concentrations of
outdoor PM2.5 measured by EPD (described in Section 2.1.1). Based on a study of pollution
from road traffic [18], the mass flow rate of PM2.5 from vehicles on the centerline of the
street (Figure 1c) was set as 1.13× 10−7 kg/s. The infiltration of outdoor air was modeled
through cracks in the building envelope (the external walls and roof). Internal walls,
ceilings, and floors were also given cracks, allowing for the transfer of PM2.5 from one
room to another. Cracks were assigned reference air mass flow coefficients according to
the building permeability and surface area, and the air mass flow exponents were set as
0.66 [40]. The penetration factor, which is the fraction of PM2.5 lost due to deposition in the
cracks as it enters the building, was assumed to be 0.8 [41]. The deposition rate for indoor
PM2.5 was set as 0.19 h−1 [42].

2.2.2. Fluent Model

The Fluent model outputs ambient outdoor temperatures, ambient outdoor PM2.5
levels, and wind pressure coefficients. Data about the ambient outdoor environmental
conditions were taken from the grid layer adjacent to the exterior surfaces of the building.

The standard k-εmethod, which has been widely adopted in similar studies due to
its accuracy and low computational costs [43,44], was used to model the flow field. As in
previous studies [11,13], the flow of air was numerically stable and was thus treated as an
incompressible flow. The governing equation for incompressible flow can be written in a
general form as follows [13]:

∂

∂t
(ϕ) +∇·(uϕ)−∇·(Γϕ∇ϕ)− Sϕ = 0 (5)

whereϕ is the scalar, such as the velocity ingredient, turbulent kinetic energy, or dissipation
rate; u is the mean velocity; Γ is the effective diffusion coefficient; and S is the source term.

The pressure-velocity coupling was solved by the semi-implicit pressure-linked equa-
tion (SIMPLE) algorithm. All the equations were discretized using a second-order upwind
method, except for the pressure equation, which was discretized using a second-order
method. A standard function was used in the wall treatment. The time step used in simula-
tions was one second. In each time step, the maximum number of iterations was 800. At
the end of each time step, convergence was achieved with the scaled residuals being 10−4

for the continuity equation and 10−5 for the rest equations.
The dispersion of outdoor PM2.5 due to turbulence was predicted using a stochastic

tracking model, which predicts the trajectory of a particle by integrating the force balance
on the particle. The force balance equation can be written as follows [18]:

FD
(
u− up

)
+

gx
(
ρp − ρ

)
ρp

+ Fx =
dup

dt
(6)

where u is the air velocity; up is the particle velocity; FD
(
u− up

)
is the drag force per unit

particle mass; gx is the gravitational acceleration; ρp is the particle density; ρ is the air
density; and Fx is the additional acceleration term.

The position of a particle was determined based on a report that contained information
about the step-by-step trajectories of particles. The mass concentration was calculated based
on the particle-in-the-box method, which can be written as follows [45]:

C =
Mp∑n

i=1 Ni
j

Vj
(7)

where Mp is the mass of individual particles; Ni
j is the ith particle in the jth sampling box;

and Vj is the volume of the jth sampling box.
The computational domain of the flow filed can be seen in Figure 4. The distance

between the city block and each boundary was determined following the recommendations
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of COST [46] and AIJ [47]. To match the sizes of the models used in validation, the
computational domain was scaled down at a ratio of 1:25. The independence of the
Reynolds number (Re) needs to be checked when constructing a reduced-scale model [48].
Simulation results indicate that the values of Re were approximately 2.9× 105 at the height
of the building and approximately 2.7× 105 around outdoor units and exterior shading
devices, meeting the independence requirement (i.e., Re > 1.0× 104) [48].
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To ensure accuracy and reduce computational costs, dense structured grids were
drawn inside the city block (especially in the proximity of the building envelope, outdoor
units, and exterior shading devices) while coarse structured grids were drawn outside the
city block (Figure 4b). The height of the first grid layer adjacent to the exterior surfaces of
the building, outdoor units, exterior shading devices, and the ground was 0.001 m, resulting
in a mean y* of around 67. The mean y* met the requirement for high-quality meshing [49].
The growth ratio of continuous cells was kept below 1.2 to maintain a smooth transition in
grid size.

A grid sensitivity analysis was conducted for 90 data points on the measurement
lines outside the building (Figure 1c), to ensure that the model outputs (including the
normalized wind velocity and normalized outdoor PM2.5 levels) were not influenced by
grid size. Multiple modeling studies [50,51] have suggested a root-mean-square error
(RMSE) of no greater than 10% as the independence requirement of grid size. The value of
RMSE can be calculated based on the following equation [50]:

RMSE =

√
∑n

i=1(ŷi − yi)
2

n
(8)

where ŷi and yi are the model outputs for the same data point under two different grid
sizes, and n is the total number of data points.

Three types of grids (including coarse grids, basic grids, and fine grids) were tested,
where the refinement ratio was set as 1.1 following the recommendations from COST. The
number of cells of the grids drawn for each shading strategy can be seen in Table 3, along
with the calculated values of RMSE. Comparisons between different types of grids indicate
that the coarse and basic grids had a RMSE of more than 20% while the basic and fine grids
had a RMSE of less than 10%. The basic grids were considered to be an acceptable grid size
and were used to conduct the validation and parametric studies.
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Table 3. The number of cells of the grids drawn for each shading strategy, along with the RMSE
results.

Strategy 1 Strategy 2 Strategy 3 Strategy 4

Num. of cells
(million)

Coarse 1.9 2.1 2.3 2.2
Basic 3.6 4.2 4.6 4.4
Fine 7.8 8.7 9.3 9.0

RMSE (coarse and basic) 21.3% 24.2% 24.9% 26.8%
RMSE (basic and fine) 3.4% 5.7% 6.2% 7.1%

2.2.3. Coupled EnergyPlus-Fluent Model

A quasi-dynamic coupling approach was used to couple the EnergyPlus model and
Fluent model detailed in Sections 2.2.1 and 2.2.2. The aim of this coupling was to improve
the quality of model inputs. As described in Section 2.2.1, the EnergyPlus model was used
to calculate cooling loads and indoor PM2.5 levels. The Fluent model could not calculate
cooling loads, and it could not accurately estimate indoor PM2.5 levels due to the lack of
ability to simulate the deposition of indoor PM2.5 onto interior surfaces. The accuracy of
EnergyPlus outputs was highly dependent on three key inputs, including ambient outdoor
temperatures, ambient outdoor PM2.5 levels, and wind pressure coefficients. As described
in Section 2.2.2, the Fluent model could give accurate estimates of these three key inputs.

The data exchange between these two models was facilitated by a bespoke code writ-
ten in MATLAB [52]. A schematic of the coupling approach can be seen in Figure 5. The
EnergyPlus model was first run with the environment data file detailed in Section 2.1.1,
estimating exterior surface temperatures and heat rejection rates. Then the Fluent model
was run with the calculated exterior surface temperatures and heat rejection rates, esti-
mating ambient outdoor temperatures, ambient outdoor PM2.5 levels, and wind pressure
coefficients. It should be noted that the ambient outdoor temperatures or ambient outdoor
PM2.5 concentrations of a room were determined by averaging the temperatures or concen-
trations of the cells adjacent to the exterior surfaces of the room. Finally, the EnergyPlus
model was run with an environment data file that was modified to reflect the calculated
ambient outdoor environmental conditions, estimating cooling loads, indoor PM2.5 levels,
exterior surface temperatures, and heat rejection rates. The data exchange process took
place at the beginning of each hour of the simulation period.
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The accuracy of the coupled EnergyPlus-Fluent model was governed by the similarity
between the model inputs of EnergyPlus and those of Fluent. The same building geometrics
were used in the EnergyPlus model and Fluent model. Additionally, these two models had
the same boundary conditions. Boundary conditions of the Fluent model can be seen in
Table 4.

Table 4. Boundary conditions of the Fluent model.

Boundary Type Conditions

Ground Wall No-slip; constant temperatures taken from EnergyPlus.
Exterior surfaces Wall No-slip; constant temperatures taken from EnergyPlus.

Non-inlet/outlet laterals and sky Wall No-slip; no heat transfer.

Inlet Velocity inlet Vertical profile of wind speed UZ ; vertical profile of
temperature TZ ; vertical turbulence profiles of kZ and εZ .

Outlet Pressure outlet Gauge pressure of 0 pa; vertical profile of temperature TZ ;
vertical turbulence profiles of kZ and εZ .

Outdoor units Velocity inlet Airflow rate of 65 m3/min; air-outlet area of 0.9 m2;
tempera-ture profile of Tair_outlet.

Exterior shading devices Wall No-slip; constant temperatures taken from EnergyPlus.

The vertical profiles of wind speed (UZ ) and temperature (TZ ) described in Table 4
were determined using the same methods that EnergyPlus uses to estimate local outdoor
temperatures and wind speeds. The vertical profile of wind speed was determined based
on the following equation [44]:

UZ = Umet

(
δmet

Zmet

)αmet
(
Z
δ

)α
(9)

where Umet is the wind speed measured at the meteorological station (m/s); δmet is the
boundary layer thickness of the wind speed profile at the meteorological station (m); Zmet
is the height of the station’s wind speed sensor above the ground (m); αmet is the exponent
of the wind speed profile at the meteorological station; Z is the altitude; δ is the boundary
layer thickness of the wind speed profile at the site; and α is the exponent of the wind
speed profile at the site.

The vertical profile of temperature was determined based on the following equa-
tion [44]:

TZ = Tb + L(
EZ

E +Z −Hb) (10)

where L is the air temperature gradient (k/m); E is the radius of the Earth; Z is the altitude;
Hb is the offset equal to zero for the troposphere; and Tb is the air temperature at the ground
level for the troposphere (◦C). Tb was determined based on the following equation [44]:

Tb = TZ ,met − L(
EZmet

E +Zmet
−Hb) (11)

where TZ ,met is the outdoor temperature measured at the meteorological station (◦C); and
Zmet is the height of the station’s wind speed sensor above the ground (m).

The vertical profile of the turbulence kinetic energy (kZ ) described in Table 4 was
determined based on the following equation [47]:

kZ =
u′2x,Z + u′2y,Z + u′2z,Z

2
∼=

3
2

u′2Z (12)

where u′x,Z , u′y,Z , or u′z,Z is the root mean square of wind speed in the x-axis, y-axis, or
z-axis direction at an altitude of Z ; and u′Z is the root mean square of streamwise wind
speed at an altitude of Z .
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The vertical profile of the turbulence dissipation rate (εZ ) described in Table 4 was
determined based on the following equation [47]:

εZ = C0.5
µ kZ

Uref
Zref

α

(
Z
Zref

)α−1
(13)

where Cµ is the dimensionless k-ε model constant; and Uref is the reference wind speed at a
reference height of Zref (m/s).

2.3. Validation of Models

The EnergyPlus model and Fluent model were validated for accuracy in analyzing
the characteristics of the flow field around buildings, levels of ambient outdoor pollutants,
space-cooling energy consumption, and levels of indoor pollutants. It should be noted that
the validation of the Fluent model was carried out using the grid size that was selected
based on the grid sensitivity analysis conducted in Section 2.2.2.

2.3.1. Validation of the Flow Field around Buildings

The Architectural Institution of Japan (AIJ) [47] provided data on the velocities of
the air in a wind tunnel. A city block composed of nine cubes with the same dimensions
(length: 0.2 m; width: 0.2 m; height: 0.2 m) was placed in the wind tunnel (Figure 6). The
width of individual street canyons was 0.2 m. Based on the recommendations from COST
and AIJ [46,47], a computational domain was developed for the wind tunnel using Fluent.
The height of the first near-wall grids on the exterior surfaces of cubes and the ground was
0.003 m, leading to a mean y* of approximately 98. The boundary conditions of the Fluent
model were the same as the ones of the wind-tunnel test.
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A total of 120 measurement points (Figure 6b) were placed at a height of 0.02 m above
the ground to measure the velocities of winds within the street canyons. The wind velocity
was normalized by dividing the velocity value (U*

z) by the inflow velocity at the same
height (Uz,inlet). Results for the measured and simulated normalized wind velocities can
be seen in Figure 7, which indicates that the simulated wind velocities were generally
in agreement with the measured ones. Large discrepancies were observed for the data
points close to blocks. This was primarily due to the well-known weakness of the selected
turbulent model in representing the turbulent kinetic energy in the layers adjacent to solid
surfaces [53].
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The accuracy of the Fluent model was further checked according to three dimensionless
metrics, including the fractional mean bias (FB), the factor of 2 of observations (FAC2), and
normalized mean square error (NMSE). These dimensionless metrics were calculated based
on the following equations [50]:

FB =
∑n

i=1 oi −∑n
i=1 pi

0.5× (∑n
i=1 oi + ∑n

i=1 pi)
(14)

FAC2 =
1
n

n

∑
i=1

ni with ni =


1, if 0.5 ≤ pi

oi
≤ 2

1, if oi ≤WF and pi ≤WF
0, else

(15)

NMSE =
∑n

i=1(oi − pi)
2

n
∑

i=1
oi ×∑n

i=1 pi

(16)

where n is the total number of data points; i is the index of a data point; oi is the measured
value of the ith data point; pi is the simulated value of the ith data point; and WF is the
allowable absolute difference, which was set as 0.05 [54].

As in previous studies [55,56], the criteria for a Fluent model that provides reliable
estimates for urban environmental conditions were −0.67 ≤ FB ≤ 0.67, FAC2 ≥ 0.3,
and NMSE ≤ 6. Results indicate that the values of FB, FAC2, and NMSE for the Fluent
model developed in this section were −0.1, 1, and 0.03, respectively, meeting the criteria.
Therefore, the turbulent model and numerical settings adopted in this study can be used to
accurately estimate the characteristics of the airflow within a city block.

2.3.2. Validation of Ambient Outdoor Pollutant Levels

The Meteorological Institute of the University of Hamburg [57] provided data about
the dispersion of air pollutants in a wind tunnel. A city block composed of rectangular
blocks with the same dimensions (length: 0.15 m; width: 0.10 m; height: 0.125 m) was
placed in the wind tunnel (Figure 8). The width of individual street canyons was 0.1 m.
Following the recommendations from COST and AIJ [46,47], a computational domain was
developed for this wind tunnel using Fluent. The height of the first near-wall grids on the
exterior surfaces of blocks and the ground was 0.002 m, leading to a y* of around 83. The
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boundary conditions of the Fluent model were the same as the ones of the wind-tunnel test.
The pollutants were emitted at an overall rate of 0.1 m/s from four sources placed at the
bottom of the emission block (Figure 8a), with the total emission area being 4.6 cm2.
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points.

A total of 437 measurement points (Figure 8b) were placed at a height of 0.0075 m
above the ground, measuring the concentrations of pollutants within the street canyons.
The measured pollutant concentration was normalized to a dimensionless K value, which
can be written as follows:

K =
CmeasuredUrefH2

CsourceQsource
(17)

where Cmeasured is the measured pollutant concentration (ppm); Uref is the reference wind
speed measured at a height of 0.66 m above the ground (m/s); H is the block height (m);
Csource is the concentration of pollutants at the source (ppm); and Qsource is the overall
emission rate of pollutants (m3/s).

Results for the measured and simulated normalized pollutant concentrations can be
seen in Figure 9, which indicates that the simulation results were generally consistent with
the measured results. The comparisons also show that pollutant concentrations of the data
points close to solid surfaces were overestimated due to the overprediction of turbulence
dissipation (described in Section 2.3.1). The similarity between simulated and measured
results was also demonstrated by the values of FB, FAC2, and NMSE being −0.1, 1, and 0.2,
respectively. Therefore, the turbulent model, pollutant dispersion model, and numerical
settings adopted in this study can be used to accurately estimate the concentrations of air
pollutants within a city block.

2.3.3. Validation of Energy Use for Space Cooling and Indoor Pollutant Concentrations

A field measurement that was carried out for a main bedroom in a typical flat in Hong
Kong (Figure 10a) provided data about space-cooling energy consumption and indoor
pollutant concentrations. Fabric characteristics of the flat were as follows: (1) U-values
of the external walls, roof, ground floor, and windows were 3.1 W/m2K, 0.42 W/m2K,
0.54 W/m2K, and 4.6 W/m2K, respectively; (2) the solar heat gain coefficient (SHGC) of the
window glass was 0.76; and (3) the building permeability was 10.1 m3/h/m2 at an indoor-
outdoor pressure difference of 50 Pa. No one was in the flat during the entire measurement
period. Windows and internal doors were closed. The main bedroom was cooled to a
temperature of 24 ◦C. The COP of the air conditioner in the main bedroom was 2.4.
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Measurements were carried out during the period from 28 to 30 September 2017.
A portable power meter (SP2; BroadLink, Hangzhou, China) was used to measure the
electricity consumed by the air conditioner in the main bedroom. The concentrations of
indoor and outdoor PM2.5 were measured using two calibrated air pollution monitors
(DUSTTRAK 8530 EP; TSI, Shoreview, MN, USA), which could measure a concentration
up to 150 mg/m3 and had accuracy within ±5% of the actual results. One monitor was
put in the main bedroom to measure indoor pollution levels, and the other was put on the
outdoor stairs next to the main bedroom to measure outdoor pollution levels (Figure 10b).
Data about the weather conditions were taken from a meteorological station close to the flat.

Two metrics, including the normalized mean bias error (NMBE) and the coefficient of
variation of the root-mean-squared error (CVRMSE), were used to assess the similarity be-
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tween the results of measurements and simulations. NMBE and CVRMSE were determined
based on the following equations [58]:

NMBE[%] = 100× ∑n
i=1
(
yi − yi

*)
n× y

(18)

CVRMSE[%] = 100×

√
∑n

i=1 (yi − yi
*)

2/n

y
(19)

where n is the number of data points; i is the index of a data point; yi is the measured value
of the ith data point; yi

* is the simulated value of the ith data point; and y is the average of
n measurements. To ensure the similarity between the two datasets, ASHRAE Guideline
14-2014 [58] suggests that the requirements of NMBE < ±10% and CVRMSE < 30% should
be met.

The EnergyPlus model was developed using the built form, fabric characteristics,
occupancy, air conditioning, weather, and outdoor air pollution concentrations detailed
above. The results of measurements and simulations for 29 September 2017 can be seen
in Figure 11. The simulated electricity use of air conditioning was consistent with the
measured one. This conclusion was further demonstrated by the low values of NMBE (4.5%)
and CVRMSE (7.3%). In terms of indoor PM2.5 levels, the simulation results agreed with the
measurement results. The values of NMBE and CVRMSE were 8.5% and 10.2%, respectively,
meeting the ASHRAE Guideline 14-2014 requirements. Therefore, the AirflowNetwork
module, contaminant transport algorithm, and numerical settings adopted in this study
can be used to accurately estimate the space-cooling energy use and indoor pollutant
concentrations of a building.
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3. Results

This section presents the results of the ambient outdoor environmental conditions
(including ambient outdoor temperatures, ambient outdoor PM2.5 levels, and airflow
patterns), cooling loads, and indoor PM2.5 exposure concentrations of the target building
operating under different shading strategies. The velocity vector and the contours of
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temperatures and pollutant concentrations for a selected surface in the computational
domain (Figure 1d) were used as explanations for the results. To estimate changes in the
ambient outdoor environment caused by exterior shading devices and heat rejection from
outdoor units, as well as the resulting changes in cooling loads and indoor PM2.5 exposure,
a reference case with no exterior shading devices and no heat rejection from outdoor units
was simulated. The building was modeled in two directions. The windward scenario
means that outdoor units were on the windward side of the building, while the leeward
scenario means that outdoor units were on the leeward side of the building.

3.1. Ambient Outdoor Temperature

The changes in ambient outdoor temperatures due to exterior shading devices and
heat rejection from outdoor units were averaged over the occupied hours (09:00 to 18:00)
and are shown in Figure 12, where the positive value means an increase in ambient outdoor
temperatures compared to the reference case.
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3.1.1. Windward Scenario

Results for Strategy 1 support the conclusion of other studies [5,9] that the building
experienced an increase in ambient outdoor temperatures when heat rejection from outdoor
units was taken into account (Figure 12a). Different rooms showed a range of increases
in ambient outdoor temperatures caused by heat rejection, from 0.1 ◦C to 1.1 ◦C. Room
2 experienced the largest increase in ambient outdoor temperatures. This result can be
explained by the pattern of the airflow outside the building (Figure 13a). The hot air from
outdoor units rose because it was less dense than the surrounding air, while winds flowed
in the opposite direction. The conflict between the upward movement of hot air and the
downward movement of winds limited the movement of heat and caused the accumulation
of heat in the second-floor level of the street canyon. Room 5 experienced the smallest
increase in ambient outdoor temperatures because most of the heat rejected by the outdoor
unit of Room 5 was carried by winds to the lower part of the street canyon (Figure 13a).

The increase in ambient outdoor temperatures predicted by Strategy 2 was lower than
that predicted by Strategy 1, especially for Rooms 1 to 4 (Figure 12a). This was mainly a
result of the blocking effect of horizontal overhangs. Under Strategy 1, part of the heat
from the outdoor units of Rooms 2 to 5 was carried by the downward winds to the ambient
outdoor environment of rooms 1 to 4 (Figure 13a), resulting in higher ambient outdoor
temperatures. The airflow pattern of Strategy 2 shows that the downward winds within
the ambient outdoor environment of the building were blocked by horizontal overhangs,
in which case the angle between the exterior surfaces of the building and the flow of the
hot air from outdoor units was close to 90 degrees (Figure 13b). A 90-degree angle means
that most of the heat from outdoor units was discharged away from the ambient outdoor
environment of the building. It should also be noted that temperatures of the hot air from
outdoor units were on average 0.2 ◦C lower under Strategy 2 than under Strategy 1, due to
the reduced cooling loads caused by shading provided by horizontal overhangs.

Compared with Strategy 1, Strategy 3 predicted a greater increase in the ambient
outdoor temperatures of Room 3 and Room 4 (Figure 12a). This was largely attributable
to the blocking effect of vertical overhangs on the flow of hot air. Under Strategy 3, the
flow of the hot air from the outdoor units of Room 4 and Room 5 was partly blocked by the
vertical overhangs of Room 3 and Room 4, respectively (Figure 13c). Therefore, part of the
heat from the outdoor units of Room 4 and Room 5 was accumulated within the spaces
between the vertical overhangs and exterior surfaces of Room 3 and Room 4, resulting in
higher ambient outdoor temperatures. There was no significant difference in the ambient
outdoor temperatures of the building between Strategy 1 and Strategy 4 (Figure 12a). This
was likely due to the vertical fins being parallel to the flow of the hot air from outdoor
units, in which case the vertical fins had little blocking effect on the flow of hot air.

3.1.2. Leeward Scenario

An increase in the ambient outdoor temperatures of the building could be seen under
Strategy 1 (Figure 12b). Rooms on a higher level experienced a greater increase in ambient
outdoor temperatures, due to the upward movement of the hot air from outdoor units
(Figure 13d). The temperature increase seen in the leeward scenario was on average 1.4 ◦C
greater than that seen in the windward scenario. This was mainly due to the difference in
the airflow pattern between these two scenarios. In the windward scenario, the hot air from
outdoor units flowed to the lower middle part of the street canyon, in which case the heat
was discharged away from the ambient outdoor environment of the building (Figure 13a).
In the leeward scenario, the hot air from outdoor units flowed along the exterior surfaces
of the building, in which case the heat was contained in the ambient outdoor environment
of the building (Figure 13d).
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All the rooms experienced a smaller increase in ambient outdoor temperatures under
Strategy 2 than under Strategy 1 (Figure 12b). One reason for this was the lower tem-
perature of the hot air from outdoor units due to the reduced cooling loads caused by
shading. Another possible reason was that horizontal overhangs partly blocked the vertical
movement of the hot air from outdoor units (Figure 13e), in which case a smaller amount of
heat was accumulated within the ambient outdoor environment of the building. Compared
with Strategy 1, Strategy 3 predicted a greater increase in the ambient outdoor temperatures
of Rooms 1 to 4 (Figure 12b). This was because of two reasons as follows: (1) vortexes
were produced within the spaces between the vertical overhangs and exterior surfaces of
Rooms 1 to 4; and (2) the hot air from the outdoor units of Rooms 1 to 4 flowed into these
spaces and was trapped by the vortexes (Figure 13f). The vortex produced within the space
between the vertical overhang and exterior surfaces of Room 5 was found to prevent the
hot air from flowing into the space. Consequently, the increase in the ambient outdoor
temperatures of Room 5 was smaller under Strategy 3 than under Strategy 1. There was no
clear difference in the ambient outdoor temperatures of the building between Strategy 1
and Strategy 4 (Figure 12b).

3.2. Ambient Outdoor PM2.5 Concentration

The changes in ambient outdoor PM2.5 concentrations due to exterior shading devices
and heat rejection from outdoor units were averaged over the occupied hours (09:00 to 18:00)
and are shown in Figure 14, where the positive value means an increase in concentrations
compared to the reference case while the negative value means a decrease.

3.2.1. Windward Scenario

Results for Strategy 1 show that Rooms 1 to 4 experienced a reduction in ambient
outdoor PM2.5 concentrations (Figure 14a). This reduction was largely attributable to the
change in the pattern of the airflow within the street canyon. The counterclockwise vortex
at the lower part of the street canyon carried fine particles from the street to the ambient
outdoor environment of Rooms 1 to 4 (Figure 15a). When heat rejection was taken into
account, the counterclockwise vortex moved closer to the surrounding building, in which
case fine particles from the street were more easily carried by the vortex to the surrounding
building (Figure 15b). There was no change in the ambient outdoor PM2.5 concentrations
of Room 5, since fine particles from the street rarely traveled to Room 5 without winds
blowing them upwards.

Compared with Strategy 1, Strategy 2 predicted a greater reduction in the ambient
outdoor PM2.5 concentrations of Rooms 1 to 4 (Figure 14a). This result was primarily
because when horizontal overhangs were used, the counterclockwise vortex at the lower
part of the street canyon moved closer to the surrounding building (Figure 15c). In addition,
the movement of fine particles from the ambient outdoor environment of lower-floor rooms
to the ambient outdoor environment of higher-floor rooms was partly blocked by horizontal
overhangs. The reductions in the ambient outdoor PM2.5 concentrations of Rooms 1 to 4
predicted by Strategy 3 were also greater than those predicted by Strategy 1 (Figure 14a).
This was likely due to the movement of fine particles from the street to the ambient outdoor
environment of the building being partly blocked by vertical overhangs (Figure 15d).
Rooms 1 to 4 experienced a smaller reduction in ambient outdoor PM2.5 concentrations
under Strategy 4 than under Strategy 1 (Figure 14a). The comparison between the airflow
pattern of Strategy 4 and that of Strategy 1 shows that the use of vertical fins led to a decrease
in the speed of the winds within the street canyon (Figure 15b,e). A lower wind speed
means that fine particles were harder to disperse, in which case the pollutant concentrations
built up within the street canyon.

3.2.2. Leeward Scenario

Results for Strategy 1 indicate that Rooms 2 to 5 experienced a reduction in ambient
outdoor PM2.5 concentrations while Room 1 experienced an increase in ambient outdoor
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PM2.5 concentrations (Figure 14b). In the absence of heat rejection, fine particles from the
street were carried by upward winds to the ambient outdoor environment of the building
(Figure 15f). In the presence of heat rejection, a clockwise vortex was produced above
the outdoor unit of Room 1 (Figure 15g). This vortex was found to trap the fine particles
from the street, resulting in the accumulation of fine particles within the ambient outdoor
environment of Room 1. As a higher proportion of fine particles from the street were
trapped within the ambient outdoor environment of Room 1, Rooms 2 to 5 experienced a
reduction in ambient outdoor PM2.5 concentrations.
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Compared with Strategy 1, Strategy 2 predicted a greater increase in the ambient
outdoor PM2.5 concentrations of Room 1 and a greater reduction in the ambient outdoor
PM2.5 concentrations of Rooms 2 to 5 (Figure 14b). One reason for this was the clockwise
vortex produced above the outdoor unit of Room 1. Another reason was the horizontal
overhang of Room 1, which prevented the fine particles from moving upwards and kept
them contained within the ambient outdoor environment of Room 1 (Figure 15h). Strategy
3 predicted a reduction in the ambient outdoor PM2.5 concentrations of individual rooms,
largely attributable to the blocking effect of vertical overhangs on the movement of fine
particles from the street to the ambient outdoor environment of the building (Figure 15i).
Strategy 4 predicted a greater increase in the ambient outdoor PM2.5 concentrations of
Room 1 and a smaller reduction in the ambient outdoor PM2.5 concentrations of Rooms
2 to 5, compared to Strategy 1. This was related to a decrease in the speed of the winds
within the street canyon caused using vertical fins, in which case a smaller number of fine
particles were carried away from the street canyon (Figure 15g,j).

3.3. Cooling Loads

The changes in cooling loads due to exterior shading devices and heat rejection from
outdoor units are shown in Figure 16, where the positive value means an increase in cooling
loads compared to the reference case while the negative value means a decrease.
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Figure 16. The changes in cooling loads of individual rooms caused by exterior shading devices and
heat rejection from outdoor units.

3.3.1. Windward Scenario

Under Strategy 1, the cooling loads of each room increased due to the increased
ambient outdoor temperatures caused by heat rejection (described in Section 3.1.1). The
results of Strategies 2, 3, and 4 show that for some rooms (including room 4 and Room 5
under Strategy 2, Room 5 under Strategy 3, and Room 4 and Room 5 under Strategy 4),
the increase in cooling loads caused by heat rejection was more than offset using exterior
shading devices. The change in the cooling loads of the building was calculated by adding
up the changes in cooling loads of individual rooms. Under each strategy, the building had
an increase in cooling loads, ranging from 0.8 kW to 18.7 kW. Comparisons between the
four shading strategies show that Strategy 3 resulted in the highest increase in the cooling
loads of the building, then Strategy 1, then Strategy 4, and finally Strategy 2. Surprisingly,
the building had a greater increase in cooling loads after the implementation of vertical
overhangs. This result indicates that in the presence of heat rejection, the use of vertical
overhangs does not always mean lower demand for space cooling.
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3.3.2. Leeward Scenario

Like the windward scenario, the leeward scenario predicted increased cooling loads
for the building operating under Strategy 1. However, the increase in the cooling loads
of the building was 69.7% smaller in the windward scenario than in the leeward scenario.
The building had a lower increase in cooling loads after the implementation of exterior
shading devices. Comparisons between the four strategies show that Strategy 1 resulted
in the highest increase in the cooling loads of the building, then Strategy 3, then Strategy
4, and finally Strategy 2. When broken down by room, all the rooms had an increased
demand for space cooling due to the increased ambient outdoor temperatures caused by
heat rejection (described in Section 3.1.2), the exception being Room 5 under Strategy 3.

3.4. Indoor PM2.5 Exposure Concentrations

The changes in indoor PM2.5 exposure due to exterior shading devices and heat
rejection from outdoor units were averaged over the occupied hours (09:00 to 18:00) are
shown in Figure 17, where the positive value means an increase in exposure compared to
the reference case while the negative value means a decrease.
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3.4.1. Windward Scenario

The indoor PM2.5 exposure concentration of each room was positively correlated with
the ambient outdoor PM2.5 concentrations described in Section 3.2.1. Results for Strategy
1 show a reduction in indoor PM2.5 exposure concentrations in Rooms 1 to 4, due to the
reduced ambient outdoor PM2.5 concentrations. There was no change in indoor PM2.5
exposure concentrations of Room 5 since the ambient outdoor PM2.5 concentrations of
Room 5 remained unchanged. Compared with Strategy 1, Strategies 2 and 3 predicted a
greater reduction in indoor PM2.5 exposure concentrations in Rooms 1 to 4, while Strategy
4 predicted a smaller reduction. Comparisons between the four shading strategies show
that Strategy 3 led to the greatest reduction in exposure, then Strategy 2, then Strategy 1,
and finally Strategy 4.

3.4.2. Leeward Scenario

Like the windward scenario, the leeward scenario shows a positive correlation between
indoor PM2.5 exposure concentrations and ambient outdoor PM2.5 concentrations. An
increase in the indoor PM2.5 exposure concentrations of Room 1 could be seen under
Strategies 1, 2, and 4, due to the increased ambient outdoor PM2.5 concentrations described
in Section 3.2.2. A reduction in the indoor PM2.5 exposure concentrations of Rooms 2 to
5 could be seen under each strategy, attributable to the reduced ambient outdoor PM2.5
concentrations. Comparisons between the four shading strategies show that Strategy 3 led
to the greatest reduction in the exposure of occupants to indoor PM2.5.

4. Discussion
4.1. Main Findings

This study has shown how a coupled simulation of EnergyPlus and Fluent can be used
to understand the combined effects of exterior shading devices and heat rejection from
outdoor units on the ambient outdoor temperatures, ambient outdoor PM2.5 concentrations,
cooling loads, and indoor PM2.5 exposure concentrations of a building operating under
different shading strategies.

The findings reported in this study suggest that heat rejection from outdoor units
resulted in an increase in the ambient outdoor temperatures of the building and therefore
caused an increase in cooling loads. The amount of the increase in cooling loads was
found to vary in relation to the wind direction as well as the types of exterior shading
devices. Averaged over the four shading strategies, the increase in the cooling loads of the
building was 77.3% lower when outdoor units were on the windward side of the building
(i.e., the windward scenario) than when outdoor units were on the leeward side (i.e., the
leeward scenario). This finding may mean that for energy-saving purposes, the prevailing
wind should be taken into consideration when placing outdoor units. As for the types of
exterior shading devices, horizontal and vertical overhangs had a significant impact on the
distribution of the heat from outdoor units while vertical fins had little impact. The use of
horizontal overhangs helped reduce the accumulation of heat within the ambient outdoor
environment of Rooms 1 to 4 and thus led to a lower increase in the ambient outdoor
temperatures of these Rooms. In the windward scenario, the reduced accumulation of
heat, in conjunction with the shading provided by horizontal overhangs, could almost
offset the increase in the cooling loads of the building caused by heat rejection. The use
of vertical overhangs was found to increase the accumulation of heat within the ambient
outdoor environment of certain rooms (including Room 3 and Room 4 in the windward
scenario and Rooms 1 to 4 in the leeward scenario) and caused a greater increase in the
ambient outdoor temperatures of these rooms. In both windward and leeward scenarios,
the increase in the cooling loads of the building was greater when vertical overhangs were
used than when horizontal overhangs were used. Therefore, when heat rejection is taken
into account, horizontal overhangs are considered to be a better energy-efficiency strategy
than vertical overhangs.
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In the windward scenario, occupants of Rooms 1 to 4 faced a reduced risk of exposure
to indoor PM2.5 because of the reduction in ambient outdoor PM2.5 concentrations caused
by heat rejection, while those of Room 5 saw no change in indoor PM2.5 exposure. In
the leeward scenario, occupants of Room 1 might face an increased risk of exposure to
indoor PM2.5 since heat rejection could cause an increase in the ambient outdoor PM2.5
concentrations of Room 1. These findings, in conjunction with the one that the increase
in cooling loads caused by heat rejection was smaller in the windward scenario than in
the leeward scenario, may mean that placing outdoor units on the windward side of the
building rather than on the leeward side can help achieve better energy efficiency and
improved occupant health. The airflow pattern within the street canyon played a key role
in the transport of fine particles from the street. Both horizontal and vertical overhangs
were found to have a blocking effect on the movement of fine particles from the street
to the ambient outdoor environment of the building. The horizontal overhangs could
also lead to the counterclockwise vortex at the bottom of the street canyon being moved
closer to the surrounding building, in which case fine particles from the street were more
easily carried by winds to the surrounding building. The speed of winds within the street
canyon decreased when vertical fins were used. A reduced wind speed means that PM2.5
concentrations can build up within the street canyon, therefore causing higher indoor PM2.5
exposure. Therefore, outdoor units should be coupled with overhangs rather than vertical
fins to improve indoor air quality.

4.2. Limitations and Future Research

The models developed in this study have several limitations. The exterior shading
devices were modeled in a fixed position. However, variations in the position of exterior
shading devices, such as the distance between vertical overhangs and the exterior surfaces
of the building or the distance between two vertical fins, can significantly influence model
outcomes. In terms of the position of outdoor units, in addition to the modeled arrangement
(i.e., outdoor units being placed right below windows), there are several other common
ways of placing outdoor units (e.g., next to windows, above windows, or in front of
windows). Further research on buildings with different arrangements of exterior shading
devices or outdoor units is therefore worth investigating. Additionally, scenarios where
some of the outdoor units of the building were not switched on were worth investigating
in future studies. Some modeling studies [59–61] support the conclusion that the aspect
ratio acts as an important modifier of the pattern of the airflow within a street canyon.
Therefore, the effect of heat rejection from outdoor units on the pattern of the airflow within
a street canyon can also vary depending on the aspect ratio. In addition, a large aspect
ratio can reduce the shading effect of exterior shading devices, and vice versa [62]. Further
work will be needed to explore the sensitivity of the model to different aspect ratios. The
penetration factor and deposition rate of PM2.5 are largely dependent on particle size [42].
For simplicity, a single penetration factor and a single deposition rate were applied, under
the assumption that the particles modeled in this study had the same size. Indoor sources
(e.g., cooking and smoking) are an important modifier of indoor PM2.5 exposure, but have
not been considered in this study. Indoor- and outdoor-sourced PM2.5 with different sizes
will be modeled in future research. A low-rise building was modeled in this study to
reduce computational costs, while it is acknowledged that the modeled building height
cannot represent the bulk of building heights seen in the Hong Kong building stock. The
sensitivity of the model to variations in building height will be explored in future research.

In some cases, the research findings may not apply to buildings that have the same
built form, the same arrangement of outdoor units, and the same arrangement of exterior
shading devices as the modeled building. Cooling was modeled to a 25 ◦C set-point, while
certain people may prefer a higher indoor temperature. An increased cooling set-point
can lead to a reduction in the use of air conditioning. The reduced use of air conditioning
can decrease the amount of heat rejected by outdoor units, therefore reducing the effect of
heat rejection on the ambient outdoor environment. Similarly, a lower cooling set-point
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means a greater amount of heat rejected by outdoor units, in which case the effect of heat
rejection on the ambient outdoor environment can be magnified. Buildings with a different
orientation (e.g., an east-west orientation) are expected to obtain different amounts of
heat from the sun, leading to a change in cooling loads. The amount of heat rejected by
outdoor units can vary significantly based on cooling loads. Building airtightness was
applied using a permeability of 11.5 m3/h/m2, while some buildings such as those being
recently built may have lower rates of infiltration of outdoor air. Buildings with a lower
permeability are predicted to have lower levels of pollution from outdoor sources. As
in previous studies [19,21,44,60,61], symmetry-boundary conditions were applied to non-
inlet/outlet laterals and sky to reduce the extent of the computational model to a symmetric
subsection of the overall physical system. There was zero flux of heat across the symmetry
boundary. However, it is acknowledged that this simplified boundary condition could
lead to an overestimation of the accumulation of heat within the street canyon. Although
the literature-based validation carried out in Sections 2.3.1 and 2.3.2 has shown that the
airflow and pollution models developed in this study could give accurate estimates of
airflow patterns around buildings and outdoor air pollutant concentrations, the boundary
conditions used in the validation did not reflect the actual ones seen in the Hong Kong
building stock. Validation based on the actual buildings in Hong Kong should be conducted
to further check model accuracy.

5. Conclusions

This paper reports the results of coupled EnergyPlus-Fluent simulations, illustrating
the combined effects of exterior shading devices (including horizontal overhangs, vertical
overhangs, and vertical fins) and heat rejection from outdoor units on the ambient outdoor
environment of a six-story building and how changes in the ambient outdoor environment
could affect cooling loads and indoor PM2.5 exposure. The main outcomes of this paper are:

1. In the windward scenario (i.e., outdoor units on the windward side of the building),
some of the heat from outdoor units was discharged to the middle of the street canyon.
In the leeward scenario (i.e., outdoor units on the leeward side of the building), the
heat from outdoor units was contained in the ambient outdoor environment of the
building. The increase in ambient outdoor temperatures caused by heat rejection was
on average 1.4 ◦C higher in the leeward scenario than in the windward scenario;

2. The increased ambient outdoor temperatures caused by heat rejection increased the
cooling loads of the building, ranging from 0.8 kW in the windward scenario with
the use of horizontal overhangs to 53.4 kW in the leeward scenario with no shading
devices. In the windward scenario, the ability of horizontal overhangs to reduce
solar heat gains and reduce the accumulation of heat within the ambient outdoor
environment of the building could almost offset the increase in cooling loads caused
by heat rejection. The use of vertical overhangs, on the other hand, does not always
mean lower demand for space cooling. When heat rejection was taken into account,
horizontal overhangs were considered to be a better energy-efficiency strategy than
vertical overhangs;

3. In the windward scenario, heat rejection from outdoor units, horizontal overhangs,
and vertical overhangs helped limit the movement of PM2.5 from the street to the
ambient outdoor environment of the building; occupants thus had a reduced risk of
exposure to indoor PM2.5. In the leeward scenario, heat rejection from outdoor units,
horizontal overhangs, and vertical fins were found to increase the accumulation of
PM2.5 within the ambient environment of the bottom-floor room; occupants of this
room thus faced an increased risk of exposure to indoor PM2.5. Outdoor units should
be coupled with overhangs rather than vertical fins to improve indoor air quality;

4. The combination of outcomes (1), (2), and (3) means that to achieve better energy
efficiency and improved occupant health, outdoor units should be coupled with
horizontal overhangs and need to be placed on the windward side of the building
rather than on the leeward side.
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