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ARTICLE INFO ABSTRACT
Keywords: Natural ventilation is an energy-efficient approach to reduce the need for mechanical ventilation and air con-
Natural ventilation ditioning in buildings. However, traditionally weather data for building energy simulation are obtained from

Urban climate
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rural areas, which do not reflect the urban micrometeorological conditions. This study combines the Surface
Urban Energy and Water Balance Scheme (SUEWS) and EnergyPlus to predict natural ventilation potential (NVP)
and cooling energy saving in three idealised urban neighbourhoods with different urban densities in five Chinese
cities of different climate zones. SUEWS downscales the meteorological inputs required by EnergyPlus, including
air temperature, relative humidity, and wind speed profiles. The findings indicate that NVP and cooling energy
saving differences between urban and rural areas are climate- and season-dependent. During summer, the urban-
rural differences in natural ventilation hours are —43% to 10% (cf. rural) across all climates, while in spring/
autumn, they range from —7% to 36%. The study also suggests that single-sided ventilation can be as effective as
cross ventilation for buildings in dense urban areas. Our findings highlight the importance of considering local or
neighbourhood-scale climate when evaluating NVP. We demonstrate a method to enhance NVP prediction ac-
curacy in urban regions using EnergyPlus, which can contribute to achieving low-carbon building design.

quality through natural ventilation alone [5]. Although studies world-
wide using different methods and metrics (Table 1), assessing NVP can
be difficult due to its sensitivity to factors such as weather, climate,
building design, and the surrounding environment [12]. Current
methods can be generally categorised into climate-based and building
simulation based approaches [27].

Climate-based approaches provide broad geographic NVP variations
using outdoor air temperature and wind speed [27], for use in the early
design stage when detailed building information is unavailable (outdoor
data analysis, Table 1). For example, Chen et al.’s (2017) global analysis
using typical meteorological year (TMY) data found temperate climates
(e.g. subtropical highland, Mediterranean) tend to have larger NVP
compared to more extreme climates (e.g. tropical, subarctic). Humidity
is also identified as being important when assessing NVP in hot-humid
climates [19].

Using building energy simulation tools (e.g. EnergyPlus [31,32],
DeST [33], IES-VE [34]) NVP assessments can account for building
design elements (building simulation, Table 1) including impacts such as
the internal heat gain, building envelope, occupancy schedule and

1. Introduction

The Paris Agreement calls on countries to cut carbon emissions to
meet the target of limiting global warming to preferably 1.5 °C
compared to pre-industrial levels [1]. In 2019, carbon emissions from
the operation of buildings accounted for 28% of total global
energy-related carbon emissions [2]. Although in China building oper-
ation contributes to 21.6% of national carbon emissions [3], China’s
building energy consumption is expected to continue to rise with ur-
banisation and climate change. Thus, it is important but challenging to
improve energy efficiency.

Natural ventilation is a key passive cooling strategy used to achieve
low-carbon building design. It reduces energy consumption, and im-
proves occupants’ health, comfort, and productivity [4]. As the effec-
tiveness of natural ventilation depends on the outdoor weather
conditions, these impacts need to be assessed.

Natural ventilation potential (NVP) is defined as the possibility (or
probability) of achieving acceptable indoor thermal comfort and air

* Corresponding author.
E-mail address: luoz18@cardiff.ac.uk (Z. Luo).

https://doi.org/10.1016/j.buildenv.2023.110621

Received 1 May 2023; Received in revised form 10 July 2023; Accepted 15 July 2023

Available online 24 July 2023

0360-1323/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:luoz18@cardiff.ac.uk
www.sciencedirect.com/science/journal/03601323
https://www.elsevier.com/locate/buildenv
https://doi.org/10.1016/j.buildenv.2023.110621
https://doi.org/10.1016/j.buildenv.2023.110621
https://doi.org/10.1016/j.buildenv.2023.110621
http://crossmark.crossref.org/dialog/?doi=10.1016/j.buildenv.2023.110621&domain=pdf
http://creativecommons.org/licenses/by/4.0/

X. Xie et al.

Nomenclature

A Effective opening area (m?)

Ca Discharge coefficient of opening
Cp Wind pressure coefficient

g Gravitational acceleration (m s~ %)
hopening  Height of opening (m)

Py Wind pressure (Pa)

Qsaving ~ Cooling energy saving (J)

T Air temperature (°C)

§) Wind speed (m s H

A% Ventilation rate (m® s™1)

o Wind profile exponent

5 Height where a constant mean gradient wind speed is
assumed to occur (m)

Ap Plan area fraction

Po Outdoor air density (kg m~3)

Subscripts

b Buoyancy-driven

w Wind-driven

ref Reference condition at the meteorological station

ventilation pattern. In comparison to climate-based approaches, build-
ing simulations can mitigate uncertainties arising from building location
and design. Numerous studies [35-39] have demonstrated the capability
of building energy simulation tools to accurately model indoor thermal
environments (hourly biases <10% for energy consumption and <1.5°C
for indoor air temperature), given that detailed and precise input data
are available. Therefore, it is crucial to use appropriate weather data

Table 1
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inputs for building energy simulation purposes [40].

Originally (and typically) building energy simulation tools treat
buildings as being isolated, using weather data input acquired from
meteorological stations located in open country. However, the climate in
urban areas is known to differ from surrounding rural areas due to
various aspects of the urban environment potentially affecting natural
ventilation [41], as shown in Fig. 1. Under wind-driven ventilation
conditions the airflow pattern is influenced by surrounding buildings
modifying the wind pressure on building facades [42-44]. Whilst
buoyancy-driven ventilation is affected by warmer outdoor air temper-
atures caused by the canopy layer urban heat island effect [45], which is
a result of the building fabric affecting heat storage and waterproofing
[46,47], anthropogenic heat release from human activities [48,49],
trapped longwave radiation [50] and reduced wind speed [45].

Considering these impacts, employing a traditional approach that
relies on rural weather data for building simulations in urban environ-
ments can introduce large biases in building energy performance, indoor
thermal environment and natural ventilation rate. Previous studies
explored these biases resulting from neglecting the impacts of urban
factors. Neglecting increases in urban air temperature can cause biases
of up to 11% in building energy consumption [51-54]. For buildings
situated in dense neighbourhoods (with a building plan area fraction
(4p) of 0.6), neglecting the wind sheltering effect can overpredict the
natural ventilation rate by as much as 19% [55], while overlooking the
effect of inter-building longwave radiative exchange can underpredict
the annual cooling energy by up to 17% [50]. Such biases in natural
ventilation rates and indoor thermal environments can influence the
NVP assessment.

Some studies have accounted for urban climate when assessing NVP,
with most using computational fluid dynamic (CFD) models (Table 1) to
obtain urban air flow and wind pressure on building facades [56].
However, CFD methods are dependent on the meteorological boundary
conditions and the building morphology details, and their high

Summary of studies on natural ventilation potential (NVP) by date. Weather data source: open - standard rural meteorological station; urban - on-site observation or
CFD modelling. NVP Metric: NV-hours - natural ventilation hours; PDPH - pressure difference Pascal hours; NVCE - natural ventilation cooling effectiveness [6], ratio of
actual ventilation heat loss rate to required ventilation heat loss rate. NV criteria: T - air temperature, U - wind; RH - relative humidity. Method of NVP calculation:
OutMet - outdoor meteorological data, BS - Building simulation, OulnMet - Outdoor/indoor data analysis.

City Location NVP Effective NV criteria BS tool Weather NVP Metric Urban Reference
Method data Met
T U RH  Others
Townsville, Australia OutMet v v v - Open Number of occasions [71
Multiple China BS v o/ Own model Open PDPH [8]
Athens, Greece OutMet v v Noise, - Urban No metrics - Method T, U [9]
pollution development
Multiple China BS v v Own model Open NV-hours, PDPH [5]
Basel, Switzerland OulnMet v v Noise, - Urban NV-hours T, U [10]
pollution
Multiple China BS v Own model Open NV-hours [11]
Multiple China BS v o/ v Own model Open NV-hours [12]
Vejle, Denmark BS v EnergyPlus Open NV-hours [13]
Multiple Europe OulnMet v o/ - Open NV-hours [14]
Multiple China BS v v DeST and CFD Urban Mean ventilation rate T, RH [15]
Multiple India BS v o/ TRNSYS Open PDPH [16]
Multiple US BS v EnergyPlus Open Target air change rate [17]
State College, US BS v v IES-VE Open NV-hours [18]
Multiple Global OutMet v v - Open NV-hours [19]
Multiple China BS v v Pollution EnergyPlus Open NV-hours [20]
Multiple US OutMet v v/ 7 - Urban NV-hours T, U, RH [21]
Multiple Europe BS v Pollution EnergyPlus Open NV-hours [22]
Multiple Global OutMet v o/ - Open NV-hours [23]
Multiple Australia BS v TRNSYS Open NV-hours [24]
Multiple Spain BS v v DesignBuilder Open NV-hours [25]
Multiple North BS v Own model + CFD Open NV-hours [26]
America

Boston, US BS v v Own model + CFD Urban NV-hours T, U [27]1
Multiple China BS v EnergyPlus Open NV-hours [28]
Chongging, China BS v Pollution EnergyPlus + CFD  Urban NV-hours T [29]
Multiple US BS v o/ EnergyPlus Open NVE [6]
Chambéry, France BS v o/ EnergyPlus Open NV-hours [30]
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Fig. 1. Factors influencing natural ventilation potential in urban areas and the modelling methods used in this study. C,: wind pressure coefficient.

computational costs make them unsuitable for long-term and large-scale
simulations. Long-term modelling using EnergyPlus has accounted for
urban climate, by modifying weather data using a simple urban heat
island scenario that considers the air temperature only, so natural
ventilation cooling energy savings can be simulated [57]. However,
their urban heat island (UHI) prediction only considers a fixed UHI
magnitude, which does not account for neighbourhood density (or
building plan area fraction), and thus may not fully represent the local
climate [21]. Tong et al. [21] accounted for local atmospheric condi-
tions on NVP for super high-rise buildings using Monin-Obukhov simi-
larity theory (MOST) approach. However, MOST applies in the inertial
sublayer (a layer that begins 2 to 5 times above the mean canopy height)
if present but not in the roughness sublayer [58,59]. Also, the analysis
did not consider inter-buildings impacts such as radiation. In summary,
the comprehensive consideration of all urban impacts shown in Fig. 1
when assessing NVP is currently limited in the existing literature.

To better account for urban impacts on NVP, in this study we propose
a multi-scale modelling scheme by combining the urban land surface
model: Surface Urban Energy and Water Balance Scheme (SUEWS) [60]
and the building simulation tool: EnergyPlus [31].

SUEWS uses commonly available surface characteristics and climate
forcing data to simulate energy and water fluxes and derive local-scale
environmental parameters [60,61]. It addresses the limitations of pre-
vious urban land surface models [62,63] by specifically addressing the
better representation of latent heat flux and incorporating multiple
sub-models to enhance accuracy [60]. The performance of SUEWS has
been extensively evaluated in diverse global climates (see Table 3 of
[64]; Table 1 of [65]), demonstrating its acceptable accuracy. Notably,
Tang et al. [66] evaluated SUEWS air temperature profile against ob-
servations at a central London site, considering two different heights
above ground, and reported mean absolute errors (MAEs) of less than
1 °C. Furthermore, Theeuwes et al. [59] compared the wind profile
modelled with the modified MOST approach embedded in SUEWS with
observations in Basel and Gothenburg, reporting MAEs ranging from
0.15 to 0.5 m s~ ! at roof level. Applications of SUEWS in various urban
environments worldwide have provided valuable insights. Researchers
have used SUEWS to investigate the impacts of urbanisation on local
climate (e.g. Refs. [67-69]) and building energy performance [66],
assess the performance of green infrastructure (e.g. Refs. [70,71]), and
analyse the effectiveness of different heat mitigation strategies (e.g.
Refs. [72,73]).

The open-source U.S. Department of Energy [31] EnergyPlus build-
ing energy simulation tool is one of the most widely used, and can be
used for assessing natural ventilation potential (Table 1). Following
extensive evaluation, EnergyPlus has been shown to accurately model
the indoor thermal environment and natural ventilation given accurate
and detailed input information. For example, Royapoor and Roskilly
[38] reported a calibrated EnergyPlus model can predict annual hourly
indoor air temperatures with an accuracy of +1 °C for 93.2% of the time.
Whilst, from comparing EnergyPlus Airflow Network (AFN) model re-
sults to experimental data Johnson et al. [74] conclude the model errors
are generally below 30%, which is deemed acceptable for analytical
natural ventilation models [75]. Notably, for buoyancy-driven cross
ventilation, the error falls below 10%. Although these errors are higher
than for CFD modelling (less than 10% in neutral condition, i.e. no
temperature variability [76]), the advantages of AFN lie in having a
better balance between accuracy and computational cost.

The SUEWS-EnergyPlus multiscale modelling scheme brings several
advantages compared to previous studies. First, both models have un-
dergone rigorous evaluations, ensuring their reliability and accuracy.
Second, SUEWS has a modified MOST model [59,66,77] providing
vertical profiles within the roughness sublayer (RSL) of temperature,
wind, and relative humidity for where the buildings are located. Third,
the scheme takes into account the impact of wind sheltering effects by
incorporating local wind profiles and correspondingly modified wind
pressure coefficient data [55]. Fourth, the scheme considers the influ-
ence of inter-building longwave radiative exchanges [50]. With all
combined (also shown in Fig. 1), they create an effective, comprehensive
multiscale modelling approach.

The objectives of this study are to: (1) improve EnergyPlus’s ability
to predict NVP in the urban environment, (2) analyse impacts of urban
climate on the NVP, and (3) investigate how NVP changes with neigh-
bourhood plan area fraction of buildings and climate.

2. Methods

To study the impact of urban climate on building natural ventilation
potential (NVP), we couple the local-scale land surface model Surface
Urban Energy and Water Balance Scheme (SUEWS) v202la (SuPy
v2021.11.20) [60,61,65,66,78] and the building energy simulation tool
EnergyPlus v9.4 [31]. Representative cities from five different climate
zones in China are selected to consider the climate variations.
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2.1. Urban neighbourhood scale climate modelling

The urban surroundings could affect the natural ventilation of a
building of interest (Fig. 2) in multiple ways (Fig. 1) by directly
impacting the driving potential of NV (buoyancy force and wind-driven
force). Specifically, the urban neighbourhood morphology can result in
a decrease in wind speed, leading to a reduction in wind-driven natural
ventilation rate. The canopy layer urban heat island (UHI) can lead to
smaller temperature differences between indoor and outdoor air, which
can reduce the buoyancy-driven natural ventilation rate. Here we use an
urban neighbourhood wind profile, which requires the use of modified
wind pressure coefficients based on differences between free-stream and
urban neighbourhood wind profiles in EnergyPlus [55].

SUEWS is used to model three idealised neighbourhoods (Fig. 2) that
have different building plan area densities but the same initial climate
forcing data. The simulated energy and water balance fluxes are used to
diagnose local-scale meteorological variables for the three neighbour-
hoods which are provided to EnergyPlus as the weather data for the
building energy simulations. SUEWS performance has been extensively
evaluated and applied in different climates globally (e.g. Table 3 of [64];
Table 1 of [65]).

SUEWS allow each neighbourhood to have varying amounts of seven
land cover types: paved, buildings, deciduous trees/shrubs, evergreen
trees/shrubs, grass, bare soil and water. This allows realistic intra-city
land cover variations, between different cities. For simplicity, here we
assume neighbourhoods consist of buildings and grass (i.e., two typical
but contrasting surface types), so vegetation’s influence (e.g., evapo-
transpiration) is considered but more complicated impacts, such as
trees/shrubs influence on wind [79] and radiation [80] are not included.
Our three neighbourhoods are:

(a) rural (Fig. 2a): is a large area covered with 100% grass, hence the
isolated building area is negligible

(b) medium density (Fig. 2b): has buildings covering 30% of the area
(plan are fraction 1p = 0.3) and grass covering 70%

(c) high density (Fig. 2¢): has 1p = 0.6 and grass in the remaining 40%
of the area

The SUEWS neighbourhood population density is consistent with the
EnergyPlus building occupancy (Section 2.2).

The Design Standard for Energy Efficiency of Public Buildings [81]
classifies China into five climate zones (Table 2) using typical average
air temperatures in January and July as the primary indicators. This
classification aims to provide guidance on the design of building enve-
lope thermal characteristics for each specific climate zone and identifies
the major cities in the zone. Here we use the ERA5 (ECMWF Reanalysis
version 5) [82] meteorological data, which are available globally at a
spatial resolution of 0.125° and a temporal resolution of a hour. As
natural ventilation cooling for buildings is particularly important during
hot periods, we select 2018, the year with the warmest Northeast Asia
summer (JJA) mean near-surface air temperature between 1979 and
2018 [83] for simulation. The three neighbourhoods are simulated in
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one city for each of the five climates (Table 2), assuming human activ-
ities do not vary between the regions. One ERA5 grid located in centre of
the city is used. Note the ERA5 data do not account for urban land cover
in the reanalysis but do assimilate meteorological data with cities [66].
The vegetation cover assigned to the grid is representative of local
conditions [82].

To drive SUEWS the meteorological data in the inertial sub-layer or
constant flux layer are needed. This layer is located above the roughness
sub-layer (RSL). Within the RSL individual roughness element influences
the air flow, while above that the flow becomes blended and provides a
neighbourhood or local scale response. The RSL extends from ground to
a depth of approximate 2 to 5 times of mean roughness element height (i.
e. buildings and trees) [84], where the building are located and most
human activities occur. Thus, SUEWS forcing height depends on both
the building height (i.e. height above ground level) and the city altitude
(height above sea level, see Fig. 1 in [66]). With a mean building height
of 6.4 m (Fig. 2) the forcing height above ground level (agl) needs to be
at least 12.8-32 m agl. For example, central Kunming is located at an
altitude of 1892 m above sea level (asl) [85], whereas the larger ERA5
grid-cell over central Kunming has an altitude of 2000 m asl (or 108 m
agl). Therefore for Kunming a forcing height of 108 m agl is used. For
climates with ERA5 height less than 32 m agl, the ERA5 data are
adjusted to the appropriate height using the environmental lapse rate
following Appendix B in [66].

Building energy simulation of natural ventilation potential, requires
wind speed U, air temperature T and relative humidity RH in the RSL.
Here we use the SUEWS-RSL module to obtain the environmental vari-
ables. SUEWS-RSL calculates vertical profiles of these variables with a
RSL using the corrected MOST (Monin-Obukhov Similarity Theory)
approach [59,77,86], while accounting for varying atmospheric stabil-
ity, roughness characteristics and turbulent heat fluxes [59,66]. Evalu-
ation of the SUEWS-RSL U and T profiles against observations in three
global cities, suggests an acceptable accuracy [59,66].

The SUEWS-RSL generates local weather data, includes T and RH at
2 m above ground (T» and RH»), U at 10 m (Ujg), and vertical profiles of
T and U within the RSL (Fig. 3). The supplied T3, RH; and Uj as well as
other climate data (e.g., incoming solar radiation from ERAS5) are
formatted as an EnergyPlus weather file (.epw). The SUEWS-RSL wind
profile is passed to EnergyPlus via input files (.idf) by replacing the
power law coefficients with values derived from the SUEWS-RSL data.

In EnergyPlus solar shading from adjacent buildings (purple, Fig. 2)
are simulated as ‘shading objects’. The longwave radiative exchanges
between the reference building and adjacent buildings are calculated
with an iterative approach [50]. Impacts of other urban factors like the
heat storage and the anthropogenic heat are simulated with SUEWS and
accounted for in the outdoor air temperature calculation (Fig. 1 and 3).

2.2. Building characteristics
To compare the NVP, a two-storey building model (Fig. 2a) based on

ASHRAE Case 600 [87] is developed in EnergyPlus. The 8 m wide x 8 m
long x 6.4 m tall, building has no interior partitions. There are two

Ap =0 (Isolated) Ap=0.3

c N

b=

A,=0.6

Fig. 2. Reference building (8 m x 8 m x 6.4 m) is simulated (EnergyPlus) after the weather data is simulated (SUEWS) for three neighbourhoods: (a) a rural
(isolated), and two city neighbourhoods with building plan area fractions (1p) of (b) 0.3 and (c) 0.6.
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Table 2

Building thermal characteristics and specific city simulated in each climate zones in China. SHGC: solar heat gain coefficient. Modified from Ref. [20].
City Climate zone U-value (Wm 2K 1) SHGC

Roof External wall Ground floor Window Window

Harbin Very cold 0.25 0.35 0.25 1.76 0.68
Beijing Cold 0.39 0.46 0.46 1.77 0.37
Shanghai Cold winter hot summer 0.39 0.54 0.46 2.3 0.32
Kunming Temperate 0.44 0.72 1.32 2.4 0.2
Guangzhou Warm winter hot summer 0.44 0.72 1.32 2.4 0.2

4 )

Surface Climate forcing
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I |
!

[ SUEWS ]
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v ]
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Indoor thermal environment /
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Fig. 3. Overview of the SUEWS-EnergyPlus workflow integration [66].

windows on each floor, one on the south-facing and one on the
north-facing wall to provide natural ventilation. All four windows are 2
m x 3 m. A simplified residential occupancy (2 people on each floor,
125.6 W person?, occupied all-day) and internal heat gain (lighting: 6
w m’z, equipment: 4.3 W m~2) are assumed [88]. The simulated
reference building is assigned the Design Standard for Energy Efficiency
of Public Buildings [81] thermal characteristics appropriate for each
climate zone (Table 2).

For the NVP analysis, we consider both cross and single-sided
ventilation (only south-facing windows are open). All windows are
assumed to have 15% openable area and discharge coefficient (C4) of
0.61. For the cooling energy savings calculation, an ideal load system is
assumed with a heating setpoint of 18 °C and cooling setpoint of 26 °C
based on the recommendation of the Code for Thermal Design of Civil
Building [89].

2.3. Natural ventilation models

To simulate the cross ventilation the Airflow Network (AFN) model
within EnergyPlus is used [90]. The AFN has been evaluated and widely
used for natural ventilation calculations [74]. The AFN airflow rate is
calculated using the pressure difference across openings, with the
standard orifice flow equation. The wind-driven ventilation rate V,, is
[91]:

2AP,
V=CsA, | —= @D)]
Po

where Cy is the discharge coefficient of opening, A is the effective
opening area (m?), py is the outdoor air density (kg m~>) and AP, is the
wind pressure difference across opening (Pa). The wind pressure at the
opening height is [91]:

P, =05p,C, U2, @

where C, is the surface-averaged wind pressure coefficient, and Ufy is
the upstream undisturbed flow at the opening height.

As Cp values are influenced by the building geometry, surrounding
conditions and wind profile and direction [92], it is important to use the
appropriate Cp, values as it impacts the accuracy of the building natural
ventilation simulation in an urban environment. In this study, TPU
Aerodynamic Database of Non-isolated Low-Rise Buildings [93] C, data
from wind-tunnel experiments for buildings with different geometries
and surrounding conditions are used. As the TPU C, database is for
free-stream wind measured in wind tunnel experiments, we modified
these using the SUEWS-RSL wind speeds and profile as shown in
Ref. [55].

Although it is widely accepted that cross ventilation usually achieves
much larger ventilation rate, it is less practical than single-sided venti-
lation for urban buildings where isolated rooms are common [94]. The
single-sided ventilation model, based on the mixing layer theory [95,
96], is used. This has been evaluated in wind-tunnel and full scale ex-
periments [97,98]. The wind-driven ventilation rate (V,, m3 s is
calculated with:

V,, =0.1AU 3

From Bernoulli principles, the buoyancy-driven ventilation rate (Vj)
is calculated with:

C/A AT

Vb = 3 ghopening7 (4)

where g is the gravitational acceleration, hgpening the height of the
opening, AT air temperature difference across the opening. The total
ventilation rate (V) is the quadrature sum of the wind and stack air flow
components [99]:

V,=4/V:+V} ©)]

2.4. Analysis metrics

In this study, the natural ventilation hours (NV-hour) and the
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cumulative air change rate (ACH-hour) are used to quantify the natural
ventilation potential (NVP).

The NV-hour, the most common NVP metric (Table 1), is the number
of hours per year when natural ventilation can fulfil both the air quality
and thermal comfort requirements [5,12]. ASHRAE Standard 62.1 [100]
defines the required minimum outdoor airflow rate (V) for a residential
space as a function of the number of people occupying (Np) the floor area
(Af, units: mz) as:

Vi =0.0025N, + 0.0003A, (6)

In this study, as each floor has N, = 2 and A; = 64 m?, Vg = 0.0242 m>
s7! (~0.425 ACH).

For free-running building thermal comfort assessment, we use the
Chinese adaptive thermal comfort models provided in the Evaluation
Standard for Indoor Thermal Environment in Civil Buildings [101] for 75%
satisfaction (or Category II). These specify an upper (Ty;) and lower
indoor operative temperature limit (Ty;) by zone, with the northern
(very cold, cold, Table 2):

Tyny =0.73T,, + 1528 (18°C < Ty y < 30°C) e

Ty =091T,, —048 (16°C < Ty y < 28°C)
and southern zones (cold winter hot summer, temperate, warm winter
hot summer, Table 2):

{ Tyrs = 0.73T,, + 1272 (18°C < Tyrs < 30°C) ®

Tpps =091T,, —3.69 (16°C < Ty 5 < 28°C)

This uses a seven day (n = 7) running mean of the outdoor air temper-
ature (Tpp):

Ty = (1= k) (Toacr + ATtz + @ Tpq_z+ + A Tpg_7) (C)]

where k is a constant between 0 and 1, with 0.8 recommended [102],
and T4, is the daily mean outdoor air temperature for n days ago (°C).

As higher ventilation rates may prevent sick building syndrome
symptoms and reduce potential airborne infection risk [103], we also
determine the ACH-hour, or cumulative air change rate during the
NV-hour period. This is similar to pressure difference Pascal hours
(PDPH) [8]. Although both aim to quantify availability of natural
driving forces, ACH-hour is more directly linked to amount of
ventilation.

Cooling energy saving (Qsaying) is also determined [20]:

Osaving = Ouwindow_closed — Owindow_open (10)

The is the difference in energy demand between a fully air-
conditioned building (i.e. windows always closed, Quindow_ciosed) and a
hybrid-controlled building with windows open (Quindow_open) When the
indoor air temperature can vary between the heating and cooling set
points (18-26 °C) while the air conditioning system is turned off. The
air-conditioning system setting are given in Section 2.1.

In summary (Fig. 4), three metrics are determined from analysis of
simulations for five climates and for three neighbourhoods with

Plan area fraction (A,)

Harbin (VC) 0 (isolated)
Beijing (C) »
Shanghai (CWHS) 0.3
Kunming (T)
0.6

Guangzhou (WWHS)

»
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different plan area fractions (1p) and two ventilation types. Thus, a total
of (5 x 3 x 2 =) 30 cases are simulated.

We use the mean bias error (MBE) to assess the difference between
SUEWS-RSL and modified EnergyPlus wind profiles (Eq. (12), Table 3
coefficients):

1
MBE:NZZV:I(Y:'*X;) an

where y; and x; are EnergyPlus and SUEWS-RSL wind speeds at each
timestep, and N is the number of values analysed (i.e. a year with hourly
timestep, N = 8760).

3. Results
3.1. Outdoor climate

First, we assess differences in modelled local environmental vari-
ables for the neighbourhoods with different building plan area fractions
(4p) and in different climate zones (Fig. 4).

Modelled outdoor air temperature at 2 m (T2) in denser neighbour-
hoods (larger Ap, green Fig. 5) have warmer monthly values and greater
variation than that at the rural site in all five climates (blue, Fig. 5).
Annual mean differences in T2 between cases with Ap of 0.6 and 0 vary
between 0.8 °C in Guangzhou and 1.6 °C in Kunming. This difference is
indicative of the canopy layer urban heat island effect.

Whereas the monthly variation of SUEWS-RWL modelled wind speed
at 10 m (Ujp) decrease as Ap increases (Fig. 6). The annual mean dif-
ferences (Alp g 6—0) are the smallest in Beijing (0.6 m s ) and the largest
in Harbin (1.1 m s™1). These results are qualitatively similar to previous
CFD studies considering outdoor velocity and 1p (e.g. [104]).

Vertical wind profiles (Fig. 7) derived SUEWS-RSL are used to
calculate the EnergyPlus power-law parameters (5, a, Table 3) [105]:

U.=Up <§1r8‘)"ref (g)a "

where the meteorological station boundary layer depth (&) and
exponent (ary) are obtained as the default settings in EnergyPlus for
open terrain [106].

To assess the mean bias error (MBE) for the EnergyPlus wind profiles
when using Table 3 coefficients (hereafter EP-RSL profiles), we use the
original SUEWS-RSL vertical wind profiles data which vary because of
the different forcing heights; (5-8 vertical levels for Ap = 0; 9 levels at Ap
= 0.3 and 0.6) as the baseline (Fig. 8). As the SUEWS-RSL wind profile
does not assume a power law and varies with stability [59,66], biases
still exist in EP-RSL profiles. The biases are larger for climates with
stronger wind speeds (e.g. Harbin). When Ap = 0, the EP-RSL profiles
underpredicts the median wind speeds by up to 0.35 m s, especially
around 2 m above ground level. For Ap = 0.3 the EP-RSL MBE¢dian are
smaller (<0.2 m s’l), as are Ap = 0.6 cases. As the MBEedian become
better (smaller) with height within the canopy layer (>3.2 m), we focus
analysis on the upper floor natural ventilation potential and energy

Ventilation types [l Metrics

Single-sided NV hours

ventilation »

Cross ventilation

ACH-hours

Cooling energy saving

Fig. 4. Variables and metrics analysed in this study. See Fig. 2 and Table 2 for more details.
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Wind power law (Eq. (12)) coefficients derived from SUEWS-RSL model output for each climate and neighbourhood.

Exponent o Boundary layer depth & (m)
p Harbin Beijing Shanghai Kunming Guangzhou Harbin Beijing Shanghai Kunming Guangzhou
Q) ©) (CWHS) M (WWHS) (VO) ©) (CWHS) M (WWHS)
0 0.31 0.28 0.31 0.27 0.28 40.41 37.88 37.34 46.62 46.93
0.3 0.16 0.25 0.17 0.22 0.17 380.44 125.28 322.01 149.76 320.19
0.6  0.67 1.02 0.68 0.86 0.68 25.96 16.16 25.11 16.65 24.87
40
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Fig. 5. Monthly distribution (hourly) of modelled outdoor air temperature at 2 m agl for three plan area fraction of buildings (1p, Fig. 2; colours) and five climates
(Table 2), with interquartile range (box), median (horizontal line) and 5th and 95th percentiles (whiskers).
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Fig. 6. As Fig. 5, but wind speed at 10 m agl.

saving. Future work could directly use the RSL wind profile within
EnergyPlus after rewriting the appropriate code. This is beyond the
scope of this study.

3.2. Natural ventilation potential (NVP)

3.2.1. Natural ventilation hours (NV-hour) of cross ventilation

Cross ventilation monthly percentage of NV-hours across the five
climates (Table 2) and three Ap classes (Fig. 2) are generally larger for
upper floor room (Fig. 9). With windows always opened, the minimum
ventilation rate requirement of 0.425 air change per hour (ACH) (section

2.4) can be fulfilled during most of the year (Fig. 9). Although the Bei-
jing neighbourhood with 1p = 0.6 has the lowest wind speeds, there are
only 23 h within the year that do not meet the ventilation rate criteria.
Thus, differences in NV-hours are mostly influenced by the thermal
comfort criteria. As a result, warm climates (Guangzhou, Kunming,
Shanghai) have more annual total NV-hours than cold climates (Harbin,
Beijing), since there is very limited NV potential for cold climates in
winter (Fig. 9).

Influences of Ap on NV-hours vary across climates (Fig. 9). In terms of
the annual total, the building in the 1p = 0 rural neighbourhood has the
most annual NV-hours in hot climates like Guangzhou. While for low-
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Fig. 7. Vertical wind profiles for three different 1p and five climates (colour) calculated with annual median 10 m wind speeds and coefficients (Table 3) derived from

the SUEWS-RSL results (EPgs;) within the canopy layer (building height = 6.4 m).

Harbin (VC) Beijing (C) Shanghai (CWHS) Kunming (T) Guangzhou (WWHS)
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Fig. 8. Annual mean bias error (MBE) for wind speed calculated at hourly timestep but vertical resolution (Az) that varies (from 0.13 m with varying Az for Ap = 0;
from 0.64 m with Az = 0.64 m for 1p = 0.3 and 0.6) to 6 m above ground level; where SUEWS-RSL (x, Eq. (11)) and EP-RSL wind profiles (y, Eq (11); using Eq. (12),

and Table 3 coefficients) for three Jp (colour) and five climates.

medium density Ap = 0.3, warm winter hot summer climates like
Shanghai have the most annual NV-hours. Dense urban neighbourhoods
(Ap = 0.6) have the most annual NV-hours in cold northern zones
including Harbin and Beijing, and the mild climates like Kunming. This
can be explained by the air temperature distribution (Fig. 6) as dense
neighbourhoods (4p = 0.6) tend to have higher outdoor temperatures (in
their regional climate), which is beneficial in cool climates for thermal
comfort, and vice versa. The annual differences in NV-hours between Ap
= 0 and Ap = 0.6 is largest in Kunming (1545). This is more than twice
the difference to the next largest (Harbin, 753). The others are smaller in
Guangzhou (587), Shanghai (254), and Beijing only 201 NV hours.

The 1p has a greater impact on nocturnal NV-hours than daytime
(Fig. 9), linked to the larger night-time temperature differences (Fig. 5).
During cool months there are larger proportion of daytime NV-hours,
but the nocturnal NV-hours increases with 1p to a greater extent (e.g.
nocturnal NV-hours increase by 33.9% while daytime increase by 13.2%
from Jp = 0 to 0.6 during March in Kunming). While in warm months,
nocturnal NV-hours are reduced more with the increase of ip (e.g.
nocturnal NV-hours decrease by 35.3% while daytime increase by
16.3% from 1p = 0 to 0.6 during July in Guangzhou).

Generally, the dependence of NV-hours change with Ap is highly
related to climate and seasons (Fig. 10). In summer, very cold climates
(e.g. Harbin) have an increase in NV-hours with Ap (10% Ap = 0.6 cf. 1p =
0), while the opposite occurs in hot summer climates regions (—43% Ap

= 0.6 cf. p = 0 in Guangzhou). Whereas in the temperate climate (e.g.
Kunming) 1p has negligible impact on NV-hours, as temperatures have
both small variations and are usually pleasant for indoor thermal com-
fort (Fig. 9). In winter, NV-hours increase with Ap in all regions due to
cooler outdoor air temperatures, but the increase is small in regions with
cold winter and little natural ventilation potential including Harbin,
Beijing and Shanghai. During the spring/autumn transition seasons, the
NV-hours tend to increase with Ap in most climates associated with the
relatively mild outdoor climate except Guangzhou, where the warm
climate causes the indoor air temperature to exceed the upper limit of
thermal comfort in late spring (May) and early autumn (September)
(Fig. 9).

3.2.2. ACH-hours of cross ventilation

The air exchange rates can enhance the NV benefits for air quality
purposes. The annual variability in ACH (hourly) during NV period
(Fig. 11) is the largest when buildings are sited in open areas (Ap = 0)
because of the higher variability of wind speed (Fig. 6 and 8), with
median ACH between 10.8 (Beijing) and 20 (Harbin). As 1p increases the
median ACHs become smaller (4p = 0.3: 4.9 ACH (Beijing) and 10.1 ACH
(Harbin); 4p = 0.6: 2.6 ACH (Beijing) and 3.0 ACH (Harbin)).

The annual cumulative ACH-hours differs from NV-hours with Ap
variations. As ACH-hours largely depend on wind speeds and ACH-hours
decrease with Ap in all climates (Fig. 12), the inter-climate variations are
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smaller (Fig. 12). Given the large number of annual NV-hours, buildings
in areas with a 1p of 0 and 0.3 in Guangzhou and Ap = 0.6 in Kunming
have the most ACH-hours (cf. to buildings in the same 1p neighbour-
hoods but different climates). While Beijing has the least annual ACH-
hours for all Ap due to low both ventilation rate and NV-hours.

The seasonal variations in ACH-hours are also influenced by both
NV-hours and ventilation rates (Fig. 13). In transition seasons (spring/
autumn), Guangzhou’s climate has the largest ventilation potential in
both ACH-hours and NV-hours (Fig. 10) benefiting from appropriate air
temperatures and wind speeds, while Kunming’s ranking drops due to
the low ventilation rates. In summer, high wind speeds and mild summer
temperatures make Harbin with the most ACH-hours. The ranking of
ACH-hours in winter remains consistent with the NV-hours.

3.2.3. Single sided ventilation

To assess NVP differences between cross ventilation and single-sided
ventilation we focus on Shanghai as similar conclusions are drawn for
the other cities. Ventilation rates are largely less for single-sided venti-
lation (cf. cross ventilation) (Fig. 14) with annual median ACH reducing
from 15.1/8.2/2.7 ACH (cross ventilation) to 3.9/2.9/2.1 ACH (single-
sided ventilation) across the three plan area densities (1p = 0/0.3/0.6).
This also implies that the single-sided ventilation is as effective as cross
ventilation for buildings located in dense urban areas. Although the
ventilation rates are reduced, the annual minimum ventilation rate for
the single-sided ventilation building even for 1p = 0.6 (0.59 ACH), still
meets the requirement of indoor air quality. Therefore, in Shanghai the

natural ventilation potential is mainly influenced by thermal comfort
criteria only. However, we do not consider the impact of outdoor air
pollution (i.e., assuming outdoor air is unpolluted).

The reduced ventilation cooling potential with single-sided ventila-
tion causes median indoor air temperature to increase by 0.9/0.8/0.2 °C
for Jp = 0/0.3/0.6 (Fig. 14). The seasonal percentage of NV-hours with
single-sided ventilation therefore increases by up to 10.6% (ip = 0)
during spring and autumn, but decreases by up to 14.7% (1p = 0.3) in
summer (cf. cross ventilation) (Fig. 15). The ACH-hours are higher with
cross ventilation in all conditions due to the higher ventilation rate, and
differences between ventilation modes decreases as lp increases
(Fig. 16).

Generally, the single-sided ventilation leads to lower ventilation
rates across Ap, and reduce the natural ventilation potential in magni-
tude. The changing pattern of NVP with Ap is similar to cross ventilation.

3.3. Cooling energy saving

The cooling energy saving is calculated as the difference in cooling
energy demand between a building with air-conditioning only and
hybrid ventilation (air-conditioning plus natural ventilation). Therefore,
the cooling energy saving amount is linked with the effectiveness of
natural ventilation cooling (Eq. (10)). Cooling energy saving is expected
to be larger for climates and neighbourhoods with lower outdoor air
temperatures and higher wind speeds. Hence, in all climates the cooling
energy saving decreases as Ap increases (Fig. 17). For cross ventilation,
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such decreases are smallest in Kunming, as the climate is mild and
temperature variation is small, making natural ventilation cooling
available most of the time. For the other climates the cooling energy
saving between building densities (4p) are similar (Harbin: 8% to Bei-
jing: 12.5%).

Our results differ slightly from Ramponi et al’s. [57]’s nocturnal
ventilation cooling energy saving study of three European cities. They
suggest inter-1p differences are largely influenced by the climate, with
natural ventilation cooling energy saving dropping by 20% in cool but
windy Amsterdam, while in warmer less windy Milan (2%) and Rome
(13%) reductions are less. Differences may arise from their different
approach, as their outdoor air temperatures and wind speeds are
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Fig. 12. Annual cumulative ACH-hours of the upper floor with cross ventilation
for different climates (colour) and Ap (line style).

independent of Jp (only C, values changed), and longwave radiative
exchanges are not considered. The last may be critical as increased Ap
can result in more trapped longwave radiation, increasing building
cooling demand [50]. Our work highlights the importance of a holistic
consideration of the complex interaction between urban climate and
building performance.

Compared to cross ventilation, single-sided ventilation has less
cooling energy savings due to lower wind speeds. The trends across
climates are similar, despite slightly smaller inter- Ap variations (6.5%-—
8.1% excluding Kunming).

4. Discussion and conclusions

Although NVP across China’s climate zones has been assessed pre-
viously, given the large dependence on research approach, climate data



X. Xie et al.

Spring (MAM)

Building and Environment 244 (2023) 110621

Summer (JJA)

50000

40000

30000 +

20000 +

ACH-hours

10000 A

Autumn (SON)

Winte;' (DJF)

50000

40000 A

30000

20000 -

ACH-hours

10000 -

T

0.4

T

0.5

0.0

0.1

0.2 0.3
Ap

—— Harbin (VC)  —+¢— Beijing (C)

—8— Shanghai (CWHS)

0.6

—¥— Kunming (T)  —&— Guangzhou (WWHS)

Fig. 13. Seasonal upper floor ACH-hours with cross ventilation in five climates (colour) for three Ap x axis).

35
Ap
I 0.0 30 A
30 == 0.3
06
251 2517
}:20- 920—
15 F 151
101 104
i = ]
0_

Cross ventilation Single-sided ventilation

T T
Cross ventilation Single-sided ventilation
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and building model used, the results vary [5,8,11,20]. However, the
urban factors influencing buildings in an urban environment are often
not fully considered.

In this study, we propose a multi-scale modelling scheme that com-
bines the urban land surface model SUEWS and building energy simu-
lation tool EnergyPlus to assess the natural ventilation potential (NVP)
of buildings in different Chinese climate zones and neighbourhoods with
different building plan area fractions (1p). Unlike traditional approaches
that treat buildings as being isolated and use rural weather data, our
approach considers multiple urban factors, including the influence of the
urban neighbourhood morphology on canopy air temperature, wind
sheltering effects, overshadowing, and longwave radiative exchanges.
Compared to computationally intensive methods like CFD, our approach
offers practical advantages in terms of simplicity and minimum
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computational cost. The SUEWS model only requires commonly avail-
able surface characteristics and meteorological forcing data. A year long
run for one neighbourhood normally takes around 1 min (PC) which is
around 10° times less than CFD-based approaches (e.g. 3-day run taking
168 h on PC by Ref. [107]). Therefore, our approach can be applied for
quick estimates of natural ventilation potential and cooling energy
saving in larger scales (e.g. intra-city neighbourhoods) for longer time
periods. Also, the outputs by SUEWS can be used as boundary conditions
for CFD simulation.

We find that climate, plan area fraction and season combine to
impact the NVP. Our findings improve current understanding and design
of NVP of urban buildings from a local climate perspective. Local climate
in denser areas have been shown to reduce NVP due to warmer outdoor
air temperatures on several summer days in Basel (cf. the rural area)
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[10] and reduced wind speeds from increasing ip (0 — 0.2) reducing
annual mean wind-driven ventilation rate by up to 35% [15]. Given
these studies, our findings further suggest that under different condi-
tions, increasing the Ap can either increase or decrease the NVP. For
example, in summer, when the p increases from 0 to 0.6, NV-hours
increase by around 10% in Harbin (very cold) but decrease by around
43% in Guangzhou (warm winter hot summer). However, a critical

disadvantage of urban areas is the low wind speeds, which leads to lower
ventilation rates (e.g. Harbin: annual median ventilation rate reduced by
50% at Ap = 0.3 and 85% at Ap = 0.6). Hence, we should consider both
NV-hours and ACH-hours. It is also found that single-sided ventilation
can be as effective as cross ventilation in dense urban areas due to the
low wind speed regardless of the metric used.

In this study we consider three metrics: NV-hour, ACH-hour, and
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cooling energy saving. The NV-hour, commonly used to measure NVP,
gives the duration (in hours) suitable for natural ventilation. This metric
is appropriate when considering general buildings without specific
ventilation requirements. Limitation of the NV-hour metric includes its
primarily reliance on thermal comfort based on indoor temperature and
considers only a minimum ventilation rate limit, disregarding variations
in ventilation rates determined by wind speed. To address this limita-
tion, we introduce the ACH-hour, which incorporates ventilation rates
based on the NV-hour and accounts for the influence of wind speed. The
ACH-hour can offset the impact of temperature by considering high
wind speeds and larger ventilation rates. For instance, even though
Kunming has a milder climate and more NV-hours, the annual ACH-
hours in Harbin are greater at Ap = 0. Additionally, ACH-hours consis-
tently decrease as Ap increases. Therefore, the ACH-hour is more
appropriate when ventilation rate is a critical factor. Whilst, the cooling
energy saving metric (units: %) is influenced by both NVP and the
original cooling demand. Climates with cooler summers, such as Harbin
and Kunming, have higher percentages of cooling energy saving. This
metric is particularly relevant for buildings with mixed-mode ventila-
tion systems. Hence, these metrics are useful for different applications
when considering the building and climate being evaluated.

Our approach offers a quick assessment of NVP for buildings in the
urban environment. We model idealised neighbourhoods with simpli-
fied building models based on relevant observations and standards,
although we acknowledge that real cities are more complex. Natural
ventilation depends on factors like building and room geometry. In this
study we use a simplified shoebox model without interior partitions to
maximise cross-ventilation, but real buildings with multiple rooms may
have lower cross-ventilation rates, approaching single-sided ventilation.
Hence, in more realistic scenarios, NVP for cross-ventilation may
resemble that of single-sided ventilation.

Additionally, we assume consistent human activities across regions,
overlooking any resulting modifications to anthropogenic heat emis-
sions. Local socioeconomic conditions and population density cause
large intra-city emission variability. In our study the neighbourhood
density accounted for but not the overall inter-city differences in mean
city-wide population density. The latter vary from >2000 people per
km? in Shanghai to around 900 people per km? in Kunming [108].
Higher population densities often correspond to increased anthropo-
genic heat emissions, resulting in higher urban air temperatures that
affect NVP. Densely populated neighbourhoods can have greater
anthropogenic heat emissions due to increased building energy con-
sumption and traffic-related emissions. Accounting for these variables
can impact NVP results. Detailed data can be used to model anthropo-
genic heat emissions in different neighbourhoods using SUEWS.

Our findings should be representative of similar climates and
neighbourhoods, but future studies could focus on more detailed
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information on neighbourhoods in real cities where the variance in NVP
might be greater. Existing evaluations suggest that the SUEWS model
has acceptable accuracy, although the C, values should be changed with
building geometry. We have only considered buildings and grass in our
study and have ignored the impact of trees, which could modify the wind
field [79] and radiative fluxes [80] and affect the natural ventilation of
nearby buildings. Although trees can be modelled in SUEWS and
considered as shading objects in EnergyPlus (e.g. Ref. [109]), to modify
wind pressure coefficients on nearby building facets, measurements or
CFD simulations are still necessary. Therefore, our approach can be
extended with additional data. Additionally, air and noise pollution,
which could be high in dense urban areas, may further reduce NVP (as
noted in Table 1), but this is beyond the scope of this study and could be
considered in future work.
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