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ABSTRACT: The outbreak of COVID-19 has made people pay more attention to the health performance of buildings. Natural ventilation plays an
important role in improving the indoor air quality related to health. To reveal the research situation of research on the natural ventilation of buildings
at home and abroad, we take the Web of science and CNKI’ s periodical literature about the natural ventilation research on buildings as the object of
our research. Furthermore, we adopt the method of bibliometric analysis, and use the visualization function of the CiteSpace and VOSviewer tools.
We systematically summarize the overall characteristics and evolution process of the research field. The analysis found that there are differences in
research hotspots and trends in the field of building natural ventilation at home and abroad. The foreign research on the natural ventilation of build-
ings began earlier, and is richer and more detailed. Human health issues are the main concept throughout, with emphasis on air quality and human
behaviour. In contrast, the related research in China began to be carried out late, and the overall research has shown the characteristics of decentrali-
zation, focusing on building energy conservation. Experiments and numerical simulations are the common research methods. The latest research at-
tempts to introduce intelligent computer optimization technology to assist the natural ventilation of buildings in the design stage. Finally, summari-
zing the existing research results and put proposed research projects can provide the necessary basis and inspiration for research on building natural
ventilation in China and contribute to the improvement of indoor air quality and the protection of the ecological environment.
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Introduction able in a naturally ventilated environment than in an air-

In 2020, a sudden COVID-19 pandemic swept the conditioned environment [ 2 ]. In addition, natural ventila-

world, causing immeasurable losses to human society and tion is the main passive strategy to reduce energy con-

exacerbating the global health crisis. The indoor environ- sumption by air conditioning systems. Therefore, while

ment where we live and work is the most common place ensuring people’s health and comfort, natural ventilation
for infectious diseases to spread. Existing studies have of buildings can effectively reduce building energy con-
shown that effective natural ventilation in indoor environ- sumption and environmental pollution [ 3], which is of
ments can prevent the spread of infectious diseases [ 1], is great significance to “Healthy China 2030”" and “China
beneficial to health, and the human body is more comfort- 2030 Carbon Peak”?.
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In the past three decades, domestic and foreign schol-
ars have carried out a series of studies on naturalventila-
tion of buildings and published a large number of papers,
which makes it difficult to grasp the research focus and
status of natural ventilation of buildings. At present, most
of the review articles on natural ventilation of buildings by
domestic scholars are from a single perspective, such as
technology [ 4], effect [ 5] and application [ 6]. At the
same time, the existing research is mostly sorted by time,
but the overall context comparison of domestic and for-
eign research is rarely included. Based on this, this paper
uses bibliometric methods to conduct a visual analysis of
the literature on natural ventilation of buildings at home
and abroad, and sorts out and summarizes some classic lit-
erature to provide reference for in-depth research on natu-

ral ventilation of buildings in the future.

1 Research methods and data sources

1.1 Research methods

This paper uses CiteSpace and VOSviewer as biblio-
metric tools. Both software can analyze the clustering and
evolution of literature keywords, but each has its own
characteristics. VOSviewer can present research hotspots
through beautiful and clear color blocks; CiteSpace is bet-
ter at keyword mutation analysis which displays research
context and evolution process, convenient for mining re-

cent research frontiers of disciplines.
1.2 Data sources

The Chinese and English literature sources are CNKI
and Web of Science respectively, and the search time is
from January 1, 1990 to December 31, 2020. In order to
comprehensively collect relevant literature, literature re-
trieval is carried out in the followingsteps [ 7]. 1) Direct
search: Professional terms “natural ventilation, single-side/
side/direct ventilation, cross/convection/two-way ventila-
tion, wind through-the-hallway wind” and “building” in
Chinese, and “natural ventilation, single-side ventilation,
cross ventilation” and “building” were used in combina-
tion for advanced subject search. 2) Retrospective search:
In the literature retrieved in the previous step, similar re-
lated keywords, including “residence, office, large space,

gymnasium” in Chinese and “residen* , office* , univer-
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sity* 7, etc., were used for retrospective search. 3) Circu-
lar search: The search in the first two steps was circulated
to include highly relevant literature. A total of 3,049 Chi-
nese pieces were obtained using CNKI “all journals” as
the source, and a total of 4,068 foreign literatures were ob-
tained using the core set of Web of Science “all journals”
as the source. Among them, 569 Chinese and 466 foreign
pieces were from “important journals” in the field of ar-

chitectural science V.
2 General overview of domestic and foreign research

The overall analysis includes two aspects: annual
publication volume and representative journals in the field
of architectural science. The annual publication volume is
analyzed based on the search results of“all journals” to
fully reflect the publication trend; the representative jour-
nals are analyzed based on the search results of “important
journals” with certain authority to further show the re-

search background and overall pattern.
2.1 Annual publication volume

The number of documents reflects the changes in the
degree of attention paid to academic research in this field.
Comparing the annual publication volume of Chinese and
English documents, different development trends are
shown at home and abroad. The publication volume distri-
bution index fitting analysis was performed on 3,049 Chi-
nese documents and 4,068 English documents from 1990 to
2020, and the fitting degree (R?) of the two curves reached
0.8523 and 0.8382 respectively. It can be considered that
the number of Chinese documents on natural ventilation of
buildings in this period showed a power-type growth, and
the number of English documents showed an exponential
growth (Figure 1).

Related research first appeared in 1990, and the over-
all publication volume was relatively small in the early
stage. The number of papers published on naturalventila-
tion of buildings abroad has increased rapidly since 1996,
especially from 2010 to 2019. The number of papers pub-
lished in China has shown great volatility, with 2003 as an
important turning point. The outbreak of SARS in that
year made people realize the importance of natural venti-
lation of buildings to health. Before that, there were few

related studies, but related studies increased in that year,
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and the number of papers published reached its peak in
2016. In recent years, as the SARS craze faded, the number
of papers published has declined slightly. As an important
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Figure 1 Annual publication of journal papers on naturalventilation of buildings
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Figure 3 Representative journals of domestic research on
natural ventilation of buildings
2.2 Representative journals

The retrieved journals were sorted to obtain a sun-

burst chart of representative journals on naturalventilation

of buildings. In terms of the number of journal articles
published, foreign research results on natural ventilation of
buildings are mainly published in journals such as Build-
ing and Environment, Energy and Building, Building Sim-
ulation, and Indoor Air (Figure 2), with 178, 157, 28, and
24 articles respectively, accounting for 83% in total. The
impact factors of these four journals are 4.971, 4.867, 2.
472, and 4.739, respectively, all of which are heavyweight
SCI journals in the field of architecture. Domestic papers
are mainly published in journals such as Journal of HV &
AC, Journal of Building Energy Efficiency, Building Sci-
ence, Architectural Journal, and Industrial Construction
(Figure 3), with 175, 135, 93, 35, and 34 articles respec-
tively, accounting for 83% in total. The impact factors of
these five journals are 0.955, 0.659, 1.093, 1.745, and 0.828,
respectively, all of which are important journals in the

field of architecture.

3 Research progress at home and abroad
3.1 Research progress abroad

3.1.1 Research hotspots

Using VOSviewer, a co-occurrence analysis of key-
words in foreign literature on natural ventilation of build-
ings (Figure 4) and a statistical analysis of the keywords in
the 4,068 foreignarticles retrieved were conducted, divid-
ing the 581 frequently used keywords into five clusters.

The higher the frequency of occurrence of the keyword

http: / www.viserdata.com/journal /jsa
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within the cluster, the larger the sphere in the co-occur-
rence analysis diagram, which also indicates that the key-
word is the hot research topic of the cluster. However,
since the same concept is expressed by multiple words
(such as energy and energy efficiency in Figure 4, both re-
present building energy consumption), the size of the
sphere cannot well represent the research topic of the clus-
ter, so the merging of similar keywords is particularly im-
portant for the hot topic analysis of the cluster. In addition,
the connection between keywords in some clusters is
weak, not suggesting any theme. Such clusters cannot ex-
press the research hotspot in this field, so they can be ig-

nored in the hot spot analysis. Based on this, the research

topics can be reclassified into the following four catego-
ries: First, air quality and human health, with keywords in-
cluding health, symptoms, indoor air quality, PM2.5, etc.;
second, thermal comfort and building energy consumption,
with keywords including thermal comfort, energy, energy
efficiency, etc.; third, behavioral management research,

with keywords including behavior, management, etc.;
fourth, the scope of research methods, with keywords in-
cluding CFD, large-eddy simulation, turbulence models,
wind tunnel experiment, etc.; these four clusters basically
represent the main hotspots and methods of foreign re-
search in the field of natural ventilation of buildings in the

past 30 years.
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Figure 4 Co-occurrence analysis of keywords in foreign research on natural ventilation of buildings

(1) Air quality and human health

People spend 90% of their time indoors, and indoor
air quality (IAQ) plays an important role in people’ s
physical and mental health [ 8]. Natural ventilation is an
important aspect of improving IAQ and reducing sick
building syndrome [ 9]. Opening windows is a necessary
condition for achieving natural ventilation, but this will
reduce indoor thermal comfort [ 10 ]. Therefore, window
opening must meet appropriate width and duration to en-

sure health and thermal comfort requirements. It is worth

http: / www.viserdata.com/journal/jsa

noting that IAQ will be affected by outdoor pollution due
to window opening, so whether a building can be naturally
ventilated is closely related to its surrounding microcli-
mate environment. Traffic pollution is one of the important
sources of street canyon pollutants. Yang [ 11] et al. ex-
plored the impact of traffic pollutants on the IAQ of build-
ings near traffic arteries under different window opening
ratios, and Tong [ 12] et al. further explored the impact of
In addition to the block

different building parameters.

scale, atmospheric pollution at the urban regional scale
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will also reduce the natural ventilation potential of build-
ings. Tong [ 13] estimated the natural ventilation potential
of major cities based on China’s atmospheric environmen-

tal quality and found that the natural ventilation potential

in the north in winter is smaller than that in the south.
Therefore, how to improve the outdoor environmental
quality in the north and thus improve the natural ventila-

tion potential of buildings is a topic worthy of attention.

Keywords B eragy"  Emerence 1990 - 2020
sick building syndrome 6.59 1990-2002
symptom 6.46 1990-2009
prevalence 4.30 1990-2009
indoor air quality 3.33 1997-2013
cross-ventilation 6.64 2001-2010
health 6.60 2002-2007 S —
exposure 3.49 2004-2006 ———
computational fluid dynamics(cfd) 5.61 2005-2009 R —
wind tunnel experiment 4.39 2008-2011 NE—
discharge coefficient 3.06 2009-2010 —
simulation 3.92 2009-2015 i e et e
thermal comfort 3.04 2011-2012 ——
efficiency 4.54 2012-2016 . ———
urban area 2.72 2013-2014 e
sustainability 2.59 2014-2016 ——
high-rise building 327 2014-2016 A
hydrothermal synthesis 3.04 2015-2018 —————
validation 2.40 2015-2016 o
emission 5.31 2015-2016 —
pollutant dispersion 7.34 2016-2017 S
sensitivity analysis 2.39 2016-2016 -
solar chimney 2.46 2016-2017 )
double skin facade 2.95 2016-2017 —_—
large eddy simulation 3.50 2017-2018 ]
single sided ventilation 3.52 2017-2020 S
framework 5.55 2017-2020 ——
china 2.36 2018-2020 p—
tropical climate 2.11 2019-2020 S—
convolutional neural network 2.47 2019-2020 i
deep learning 2.88 2019-2020 e
machine learning 3.28 2019-2020 a——
energyplus 247 2019-2020 ——

Figure 5 Burst detection of foreign research on natural ventilation of buildings

(2) Thermal comfort and building energy consump-
tion

People’ s satisfaction with the indoor thermal envi-
ronment is usually called thermal comfort, which is an im-
portant aspect of evaluating building performance. C. An-
dido [ 14] and Kwong[ 15] found that high wind speed
can increase the thermal comfort range. Naturally ventila-
ted buildings have a wider thermal comfort range due to
their higher wind speed [ 16]. Generally, it is more diffi-
cult for single-sided ventilated buildings to obtain good
natural ventilation conditions, resulting in poor indoor
thermal comfort. Scholars have done a lot of research on
this. Montazeri [ 17], D. Cui [ 18] and S. Omrani [ 19]
found that the balcony of a single-sided ventilated build-
ing has a significant improvement on the thermal comfort

of its attached space. While pursuing comfort, people in-

evitably use mechanical equipment, which increases ener-
gy consumption of the building. Therefore, research on
thermal comfort and building energy consumption is car-
ried out simultaneously. From the perspective of energy
saving, natural ventilation is an ideal way, as it can a-
chieve energy saving by cooling down the indoor space
[20, 217, but its instability makes it difficult to meet the
thermal comfort needs the whole time. Therefore, natural
ventilation needs to be combined with HVAC. With the
development of building equipment automation, the tech-
nology of controlling natural ventilation by using auto-
matic window opening and closing systems has been
widely studied [ 22, 23], the integration of which into
mixed ventilation can save a lot of energy [ 24]. In future
research, more attention will be paid to the role of intelli-

gent control in reducing building energy consumption and

http: / www.viserdata.com/journal/jsa
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better promoting the sustainable development of buildings.

(3) Behavior management

Natural ventilation is closely related to human behav-
ior. Therefore, the research on natural ventilation is insep-
arable from human behavior. The research on human be-
havior is mainly reflected in two aspects. The first is the
impact of human behavior on building energy consump-
tion [25]. Sorgato [ 26] and Cedeno [27] found that hu-
man window opening behavior has a significant effect on
reducing building energy consumption. The second is the
prediction and control of human window opening behav-
ior. Zhang [ 28] et al. explored the method of predicting
window opening and fan use in naturally ventilated build-
ings. Schulze [29] et al. tried to develop the most energy-
saving window opening behavior control plan for naturally
ventilated buildings while ensuring air quality and thermal
comfort. It can be seen that human behavior is not only re-
lated to building performance, but also that the considera-
tion of human behavior can mitigate the inaccuracy of nat-
ural ventilation performance prediction in the current de-
sign stage. Mining human environmental control behavior

preferences through big data is a good research topic.
3.1.2 Research Trends

Burst detection is used to characterize the phenome-
non of keyword transition in a short period of time, which
helps to grasp the research hotspots in a certain field at
different stages. Through CiteSpace, a keyword burst anal-
ysis of 4,068 English articles was conducted to obtain the
research development trend of foreign countries (Figure 5).
Foreign research on natural ventilation of buildings mainly
includes four stages: (1) 1990-2004, the research focused
on air quality and human health, and keywords such as
sick building syndrome, prevalence, indoor air quality, and
exposure appeared frequently; (2) 2005-2010, the research
method was the focus of attention, and the newly emerging
keywords included CFD (computational fluid dynamics),
wind tunnel experiment, simulation, etc. (3) 2011-2015, the
newly emerging keywords were relatively broad, mainly
thermal comfort, efficiency, sustainable development, etc.,
and the research content mainly focused on building ther-
mal comfort and building energy saving. (4) 2016-2020,

the newly emerging keywords focused on pollutant disper-
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sion and research methods. Keywords such as pollutant
dispersion, large eddy simulation and deep/machine learn-
ing appeared frequently.

In general, the research on natural ventilation of
buildings abroad shows two trends. First, the research con-
tent tends to be diversified, from the early focus on air
quality and human health to the later focus on thermal
comfort, energy saving, sustainable development, etc. Al-
though the research on indoor air quality has not dimin-
ished, the research perspective has shifted from the mecha-
nism of air quality’s impact on human health to the diffu-
sion pattern of pollutants. Researchers began to explore
the impact of the surrounding environment of buildings on
the cross-household transmission of pollutants [ 30] and
the transmission pattern of pollutants in various indoor
spaces [ 31, 32]. Secondly, more attention is paid to the in-
troduction of new methods. In the latest published papers,
interdisciplinary research is a prominent feature. For ex-
ample, quantitative methods such as sensitivity analysis
[ 33] are used to measure the correlation between architec-
tural morphological elements and building environmental
performance; computer artificial intelligence and numeri-
cal simulation platforms are introduced in the architectural
design stage, and the natural ventilation performance is
automatically generated in reverse based on computer arti-

ficial intelligence algorithms.

3.2 Domestic research progress
3.2.1 Research hotspots

Using the same method to conduct keyword co-oc-
currence analysis on domestic research on natural ventila-
tion of buildings (Figure 6), the research hotspots of nearly
30 years can be reclassified into the following four catego-
ries: First, building energy conservation, with keywords
including building energy conservation, energy-saving de-
sign, building energy consumption, etc.; second, thermal
environment, with keywords including thermal environ-
ment, thermal comfort, indoor thermal environment, etc.;
third, green building, with keywords including green build-
ing, building design, ecological building, low-energy building,
etc.; fourth, the scope of research methods, with keywords in-
cluding numerical simulation, CFD, computational fluid dy-

namics, etc.; these four clusters basically represent the main re-
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search hotspots and methods of domestic building natural ven- tilation research in the past 30 years.
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Figure 6 Co-occurrence analysis of keywords in domestic building natural ventilation research
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Heat pressure 3.20 2006-2007
Ecologicalbuilding  3.27  2006-2008
Solar energy 2.94  2006-2007
e ¢ 435 2007-2008
Layout 311 2007-2009
Residence 6.84  2008-2009
Principle 3.01 20092011
Shading 421 20092011

Ecologicalstrategy 320 2009-2011
Underground building 2,79 2009-2011
Indoor thermal 425 2009-2010
Renewableenergy 2,10 2009-2011
Greenbuildingdesign 2,82 2010-2016
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Application 3.50 2014-2018
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Office building 2.65  2014-2020
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Natural ventilation 8.42 2018-2018
Numerical simulation 3,74 2018-2020
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Figure 7 Burst detection analysis of keywords in domestic building natural ventilation research
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(1) Building energy conservation

Natural ventilation can significantly reduce the use of
air conditioning and reduce building energy consumption
[ 35]48-49. That the focus of domestic research on natural
ventilation of buildings is building energy conservation is
mainly reflected in two aspects. The first is the energy-
saving effect of natural ventilation. Studies have shown
that natural ventilation can reduce the mechanical ventila-
tion time of gymnasiums by about 84.7% [36], and it also
has a significant energy-saving effect on bedrooms in resi-
dential buildings, especially south-facing bedrooms [ 37].
The second is the prediction of natural ventilation poten-
tial by energy-saving analysis. Since natural ventilation is
an important means to reduce energy consumption, ener-
gy-saving analysis has also become an important method
for evaluating the potential of natural ventilation [ 38].
Huang He et al. [ 39] developed the annual hourly simula-
tion software DeST-Vent+ for natural ventilation and
building energy consumption. By simulating the annual
air-conditioning energy consumption of buildings under
different natural ventilation conditions, the energy-saving
potential of different natural ventilation forms was ana-
lyzed. Research on building energy conservation has al-
ways been popular. In the context of our country becoming
one of the countries with the highest energy consumption
in the world, research on natural ventilation energy con-
servation is still worthy of attention in the future.

(2) Thermal comfort

Thermal comfort research mainly includes the evalu-
ation of thermal comfort performance under natural venti-
lation conditions and the study of the impact of natural
ventilation on thermal comfort. Thermal comfort perform-
ance research is usually carried out in the form of field
surveys, and the research covers different cities [ 40, dif-
ferent seasons [ 41], and different populations [ 42]. It
covers a wide range of building types, among which pub-
lic buildings are the most common, residential buildings
account for a large proportion, and other types of build-
ings are relatively few [43]. The research on the impact of
natural ventilation on thermal comfort is mainly reflected
in the two aspects of climate adaptability and building

thermal performance. Yan Haiyan et al. [ 44] compared the

http: / www.viserdata.com/journal/jsa

impact of dry hot and humid hot climates on human ther-
mal response. The results showed that under natural venti-
lation conditions, climate can change people’s adaptability
to the environment. Wind speed has different effects on
improving people’ s thermal comfort under different cli-
mate conditions. Wind speed is more effective in humid
and hot areas. Wang Xianling [ 45] 173-175 analyzed the
impact of blinds parameters on indoor thermal comfort un-
der the coupling of shading and natural ventilation. Yuan
Liting et al. [46] revealed the influence of heat transfer
coefficients of exterior walls and exterior windows on in-
door thermal comfort of naturally ventilated buildings.
When the window-to-wall ratio is less than 0.6, strengthe-
ning the insulation of exterior walls can more effectively
improve indoor thermal comfort. When the window-to-
wall area ratio is greater than 0.6, strengthening the insula-
tion of exterior windows is more effective.

(3) Green buildings

The“green” in green buildings means that the build-
ing makes full use of passive technology to provide people
with healthy, applicable and efficient use space. Green
buildings include land saving, energy saving, material sav-
ing, water saving, and environmental protection. Energy
saving is an important aspect of green building evaluation
and has always been the focus of green building natural
ventilation research. It also involves the regulatory effect
of natural ventilation on the indoor environment [ 47] 170-
171. At present, the natural ventilation research of green
buildings is mainly focused on public buildings, including
gymnasiums [ 47 ], transportation buildings [ 48], office
buildings [ 49], etc. Related research is gradually using
quantitative methods to study how to optimize building
form, window opening, etc., to provide guidance for green
building design. For example, using CFD to simulate the
natural ventilation environment avoids the uncertainty of
qualitative analysis, and also helps compare different

building plans to select the best one [ 50].
3.2.2 Research trends

The development trend of building natural ventilation
research was obtained byburst detection analysis of 3,049
Chinese documents through Citespace (Figure 7). Before

2006, domestic building natural ventilation research was in
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its initial stage, and no emerging keywords appeared; it
then went through three development stages: (1) 2006~
2009, the research content mainly focused on the princi-
ples of natural ventilation and ecological sustainability; (2)
2010-2013, the research theme is green building and ener-
gy saving; (3) 2013-2020, the emerging research focuses on
CFD numerical simulation and indoor environment.

In general, the research in the field of natural ventila-
tion of buildings in China shows two trends. First, the re-
search goal has shifted from building energy saving to im-
proving indoor environmental quality.“ Green building”
has been the focus of many scholars in the past 10 years.
As an important aspect of green building, building energy
saving has always attracted much attention in the research
of building natural ventilation. Keywords such as “green
building design, building energy-saving design, green en-
ergy saving” have emerged in the past 10 years (Figure 7).
With the country issuing the “Healthy China 2030” Plan-
ning Outline in 2016, healthy buildings have received at-
tention. And the research focus of building natural ventila-
tion has shifted to improving indoor environmental quali-
ty. As a result, keywords such as “airflow organization, air
change frequency” have emerged (Figure 7). Studies have
shown that natural ventilation fares better at creating a
good indoor environment than mechanical ventilation [51,
521, so using natural ventilation to improve the indoor en-
vironment is the focus of future research. Secondly, the re-
search objects are more diverse, and keywords such as
“office buildings, residential buildings, and gymnasiums”
have emerged. Further review of relevant literature shows
that the research on natural ventilation of residential
buildings focuses on the impact of windows [ 53], patios
[ 54], balconies [ 55], building orientation and floor plan
[ 35] 47-48 on ventilation effects, while those targeting of-
fice buildings focus on the improvement of ventilation
effects by curtain wall ventilators [ 56], atriums and side
courtyards [ 57], and those targeting large-space buildings
mainly focus on vents [ 58, 59], building forms [ 60, 617,
etc. Different from the previous research on the principles
of natural ventilation and energy conservation, the later
period pays more attention to improving people’s quality

of life through architectural design.

4 Comparison of domestic and foreign research

4.1 Comparison of research basis and research content

From the perspective of research basis, foreign re-
search in the field of building natural ventilation has an
absolute advantage, and the development is relatively ma-
ture, showing an overall exponential growth. In contrast,
the research on natural ventilationof buildings in China is
still in the early stages of development. The number of pa-
pers published only began to show an upward trend after
the SARS in 2003 and has slightly declined in recent years
with the fading of the SARS craze, showing a lack of sus-
tained research (Figure 1). Affected by national policies
and economic development, the number of articles is gen-
erally small, and the quality of the journals where they ap-
pear needs to be further improved.

From the perspective of research content and research
trends, foreign academic circles focus on indoor air quality
and human health in the field of building natural ventila-
tion. Its development process has undergone a relatively
obvious transformation: the research content has shifted
fromthe mechanism of the impact of air quality on human
health in the early days to the diffusion of pollutants under
natural ventilation (Figure 8). However, the research con-
tent in the field of natural ventilation of buildings in our
country is relatively extensive, with diverse hotspots. For a
period of time, it focused on green building and building
energy consumption. In recent years, it has begun to ex-
plore the improvement of indoor air quality based on nu-
merical simulation technology (Figure 8). The regulating
effect of natural ventilation on indoor air quality depends
largely on the outdoor environment. The environmental
pollution caused by heating in winter in northern cities in
our country leads to limited natural ventilation potential of
buildings. Therefore, it is of great significance to study the
improvement effect of natural ventilation on indoor envi-
ronmental quality based on the coupling of indoor and
outdoor environments in our country.

The consideration of human behavior has always
been a hot topic in the study of natural ventilation of
buildings abroad, but domestic research has not paid much
attention to human behavior. The natural ventilation of

buildings directly affects indoor comfort, which in turn af-
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fects the artificial control of indoor environment. In addi-
tion to environmental performance, human behavior is also
affected by psychological factors such as privacy. The cur-
rent building performance simulation platform oversimplifies
the human behaviorprocess and cannot faithfully reflect the
complexity of controlling environment artificially, which affects
the accuracy of simulation prediction and makes it difficult to

achieve the expected effect of architectural design after the

building is put into use. In future research, we should make full
use of data mining to collect information such as preferences
and specific needs of artificially controlled environments and
realize the exploration of differentiated needs of building users.
Combining statistical data and questionnaire survey data, the
optimization design of natural ventilation of buildings suppor-
ted by multi-source data will become a trend in future domestic

research.
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4.2 Comparison of research methods

From the perspective of research methods, foreign
scholars have explored more research methods than do-
mestic scholars. In theburst detection analysis of
CiteSpace, a total of eight keywords related to research
methods emerged in foreign countries, while only three
were found in China. Whether it is experimental or numer-
ical simulation methods, the relevant keywords emerged
earlier in foreign countries than in China. Domestic re-

search on research methods is still in its infancy. In the

past two years, foreign countries have paid more attention
to the introduction of new methods, and the exploration of
research methods has turned interdisciplinary. Scholars
have tried to introduce computer artificial intelligence and
numerical simulation platform coupling in the architectural
design stage, relying on computer artificial intelligence al-
gorithms to automatically generate design plans. Com-
pared with foreign countries, there are fewer studies in this
area in China, and no relevant keywords have emerged in

the burst detection analysis (Figure 9).

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Wcomputational fluid dynamics(cfd)
Bwind tunnel experiment
Msimulation

I Computer fluid dynamics
B Simulation
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B Numerical Simulation

Mconvolutional ne
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Figure 9 Time-zone view of methods in domestic and foreign research on natural ventilation of buildings

Traditional natural ventilation research methods in-
clude two categories: experiments and numerical simula-
tions. Experiments include actual measurements and wind
tunnel tests. Wind tunnel tests first appeared in foreign
countries, and their results are usually compared with nu-
merical simulation results to verify the validity of numeri-
cal simulation results [ 62]. Compared with numerical
simulation, field measurement and wind tunnel testing are
costly and time-consuming, and it is difficult to study dif-
ferent schemes at the same time. Therefore, there has not
been much development in recent years. However, numeri-
cal simulation methods have the advantages of being fast,
simple, accurate, effective, and low-cost, and are favored
by researchers. At the same time, with the development of
computer technology, the cycle and economic cost of nu-
merical simulation have also been greatly reduced, and it
has become a popular research method for studying natu-
ral ventilation at home and abroad in recent years.

Commonly used models for numerical simulation
mainly include computational fluid dynamics model

(CFD), multi-zone network model (multi-zone), and cou-

pling model. Among them, CFD model has the highest ac-
curacy, followed by coupling model, and multi-zone is the
worst [ 63] (Table 1). CFD model is mainly used to predict
indoor air flow and temperature distribution in the prelim-
inary design stage, such as establishing a model to analyze
the ventilation conditions of buildings with different ori-
entations or geometric shapes and studying the influence
of many influencing factors such as orientation, shape
[64]59-62 and opening geometric parameters [ 65]18-22
on natural ventilation performance. The commonly used
software for this model includes ANSYS Fluent [ 65]18,
PHOENICS [ 64] 58, Fluent Airpak [ 66], etc. The CFD
model is the most used numerical simulation method in
the field of building natural ventilation in the past 10
years, and its usage rate far exceeds that of the other two
models. Foreign scholars are still enthusiastic about CFD
models, while in China, the popularity has slightly de-
clined in the past two or three years (Figure 10). The
multi-zone network model started earlier in the United
States, the United Kingdom and other countries, and has

developed to a relatively mature stage. It is mainly used to
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compare indoor environmental quality under different natural
ventilation conditions [ 67 ]. CONTAM and COMIS are the
most popular multi-zone models in natural ventilation research
[68]. The coupling model is a new method developed in recent
years to combine the advantages of the CFD model and the

multi-zone network model. It is mainly used to explore the im-

pact of traffic pollution on the indoor environment of street-fa-
cing buildings [ 69]. Foreign scholars use multi-zone models
and coupling models much more frequently than domestic
scholars. Relatively speaking, domestic scholars are more will-
ing to use CFD models to study the natural ventilation of
buildings (Figure 10).

Table 1 Brief list of research methods in the field of building natural ventilation

Simulation model] Principle Accuracy Advantages Disadvantages
. . . . The amount of calculation
A microscopic approach which uses conservation equa- . o
. o . L is large, the calculation time
tions such as mass and energy to analyze the building Detailed description of the character- | .
CFD model . * o . is long, and therequire-
velocity field, temperature field, and pollutant concen- istics of indoor parameters
) ments for computers are
tration field .
high.
. A microscopic approach which uses conservation equa- Fast calculation speed and short time, o .
Multi-zone ) ] . It is impossible to study the
tions such as mass and energy to analyze the air flow, can be used for long-term dynamic
network o . . . X L . flow field, and the results
pressure distribution, and pollutantdispersion of the en- simulation and air infiltration prob- .
model . o are relatively rough
tire building lems [ 70]
Dividing the space into CFD zones and multi-zone
. zones, using the multi-zone results as the boundaries of Higher accuracy than multi-zone . . .
Coupling . . . . . The simulation process is
the CFD zone for CFD simulation, and then feeding the * model, shorter calculation time than
model . . . complex.
results back to the multi-zone for calculations in the re- CFD model
maining areas
120 [71]”, “optimization based on wind tunnel tests [ 72]”
100 . .
3 and “optimization based on proxy models [ 73]102-104".
80
5 - - — The CFD-based optimization method refers to the iterative
e 60 \D\E/ | o
g 0 AL« optimization of coupling CFD and optimization algorithms at
7AY A & i . . .
20 A the scheme stage. However, since CFD simulation calcula-
O O Y —-
0 o — b
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=@ CFD(Chinese)
@~ CFD(Foreign)
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Figure 10 Comparison of numerical simulation methods
in important journal articles at home and

abroad in the past decade

Intelligent optimizationis a new method introduced in
the field of natural ventilation in recent years. It appeared
earlier in foreign countries, and there have been many re-
lated studies in recent years, with obvious keyword emer-
gence (Figure 9). However, the development of intelligent
optimization in China started later, and no keywords have
emerged yet. Intelligent optimization can be divided into
three types according to their different technical character-

istics: “optimization based on CFD numerical simulation

http: / www.viserdata.com/journal/jsa

tions are time-consuming, researchers have proposed optimi-
zation methods based on wind tunnel tests and proxy models
to address this shortcoming. Existing studies have elaborated
and compared the principles, technical characteristics, advan-
tages and disadvantages of these three optimization methods
in detail [ 73]100-104. The basic process of optimization is
as follows: first, variables are selected as the optimization
target; then, technical model tests were conducted to explore
the influence of various influencing factors on the objective
function; finally, the results obtained were evaluated to find
excellent genes and form excellent schemes (Figure 11). This
reverse generative optimization method based on building
performance has become an important method for optimizing
building performance design today and plays an important

role in the optimization design at the scheme stage.
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Figure 11 Optimization process for natural ventilation performance

Summary and discussion

By means of bibliometric and visual analysis of the
research on natural ventilation of buildings at home and a-
broad from 1990 to 2020, the current status of research is
summarized from the number ofarticles and journal distri-
bution. Based on this, a comprehensive analysis of re-
search hotspots and research trends is conducted. In sum-
mary, the characteristics of the current research on natural
ventilation of buildings at home and abroad and the issues
that need attention can be found:

Compared withother countries, the research on natu-
ral ventilation of buildings in China is still in the early
stages of development, and there is still a lack of sustained
research. In addition, a large number of domestic studies
are still at the stage of energy-saving analysis and energy-
saving design strategies for green buildings. As far as nat-
ural ventilation itself is concerned, there is little discussion
on the issues of air quality and health under natural venti-
lation of buildings. In addition, the research process lacks
consideration of user behavior, which will reduce the ac-
curacy of the results in the prediction stage.

Combining practical understanding of the research
field and the analysis of the diagrams, it can be seen that
future research and practice can make innovative contribu-
tions in the following aspects:

(1) Explore strategies to improve indoor environmen-
tal quality under indoor and outdoor coupling. The micro-

climate environment around the building directly affects

the wind field around the building and the ventilation ca-
pacity of the building. Therefore, it is necessary to fully
consider the impact of the microclimate environment a-
round the building on the natural ventilation of the build-
ing and conduct on-site measurements based on actual
weather conditions to explore the impact of the outdoor
microclimate environment on the indoor environmental
quality.

(2) Conduct window opening behavior research based
on new methods and technologies. Natural ventilation af-
fects the frequency of artificial controls of environment by
changing the indoor comfort level. At the same time, hu-
man behavior is also affected by psychological factors
such as privacy. In future research, we should focus on an-
alyzing and integrating complex user behaviors and ex-
plore the preferences and specific needs of artificially con-
trolled environments in different regions and types
through new methods and technologies, so as to explore
the differentiated needs of building users.

(3) Pay attention to improving the health performance
of buildings. The 2020 COVID-19 epidemic has pushed
health concerns to a new level. As an emergency " shelter”
during public safety incidents, whether buildings have
“anti-epidemic” functions is the focus of future architec-
tural design. Therefore, the relationship between the build-
ing form and the risk of cross-infection between indoor
and outdoor air of buildings under natural ventilation will

become a top priority in future research in the field of ar-
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chitectural science.

Figure and table sources

Allfigures and tables are created by the authors.

Notes

1) In 2016, the CPC Central Committee and the State Council
officially issued the Outline of the*Healthy China 2030” Plan,
which put forward the vision and goals of China’s health and
medical development in the next 15 years.

2) In 2015, the Chinese government proposed the goal of
“China will achieve carbon emissions peak around 2030
and strive to achieve it as soon as possible” at the Paris
Climate Change Conference.

3) Important journals refer to high-quality scientific and
technological journals in the field of architectural science
(T1-T3 level) published by theArchitectural Society of
China in 2020.

4) Accuracy: The numerical simulation results of different
models are compared and verified with wind tunnel tests.
The closer the simulation is to the actual measurement, the
higher the accuracy. Among them, CFD simulation uses

the large eddy simulation method.
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