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Editorial on the Research Topic
The physical environment and health: implications for the planning and
management of healthy cities

In recent years, there has been a significant upsurge in the demand for a high quality of
life, as individuals strive to lead healthy and fulfilling lives. A multitude of health behaviors,
outcomes, and issues (e.g., physical activity, obesity, diabetes mellitus, stress, depression,
high blood pressure, and health inequalities and inequities) have emerged as major concerns,
capturing the attention of governments, societies, academia, and other stakeholders (1-5).
Recognizing the pivotal role of the physical environment—the geographic area and
surrounding factors—in shaping human health behaviors and outcomes, extensive research
has focused on understanding the complex connections between the two.

The physical environment encompasses various elements that directly or indirectly
influence our health and overall wellbeing. Many aspects of the physical environment,
such as air and water quality, noise pollution, exposure to hazardous substances, housing
conditions, indoor environments, and access to open/green spaces and recreational areas,
contribute to human health. Therefore, gaining a comprehensive understanding of how these
aspects interact with health behaviors and outcomes is of utmost importance (6-10).

The concept of a “healthy city” was introduced by the World Health Organization in the
last century and has since been widely discussed, explored, and advocated worldwide. The
notion of a healthy city emphasizes the importance of improving the physical environment
as a critical element in achieving optimal health and wellbeing for urban populations. The
physical environment plays a crucial role in shaping health behaviors and outcomes within
urban settings, making it essential to prioritize its enhancement as part of broader healthy
city initiatives. Scientific advancements are constantly anticipated to foster collaboration
between governments and society toward the establishment of healthy cities.

10 frontiersin.org
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Furthermore, the recent outbreak of the coronavirus disease
2019 (COVID-19) has had an unprecedented impact on societies
worldwide (11, 12). The rapid spread of the virus has underscored
the need for cities to develop strategies that integrate the fight
against COVID-19 with the framework of healthy cities (13-15).
It is crucial to gather and summarize the experiences of cities in
their response to the pandemic, encompassing not only strategic
frameworks but also practical implementation. This includes a
specific focus on enhancing the urban physical environment to
mitigate the transmission of the virus, promote public health
interventions, and ensure the resilience of cities in the face of future
health crises.

To address these pressing concerns by gathering research and
insights from diverse perspectives and to catalyze in-depth and
thoughtful discussions on the intricate relationship between the
physical environment and human health, this Research Topic
was initiated in July 2022. (In Frontiers journals, a “Research
Topic” corresponds to what is commonly referred to as a “special
issue” or “virtual special issue” in many other journals.) It is
supported by four Frontiers journals: Frontiers in Public Health,
Frontiers in Ecology and Evolution, Frontiers in Environmental
Science, and Frontiers in Sociology. It serves as a platform for
disseminating the latest insights and discoveries in the realm of the
physical environment and human health, particularly those with
profound theoretical, methodological, and practical implications.
The primary objectives are to promote scientific progress, offer
research support for policy development and evaluation, and
stimulate immediate attention from governments, businesses,
researchers, and individuals.

After undergoing a rigorous review process, a total of 67 papers
have been selected for inclusion in this Research Topic. Among
these papers, 63 are classified as “Original Research,” showcasing
the innovative contributions made by the authors. One paper
falls under the “Methods” category, emphasizing the importance
of developing robust methodologies for studying the intricate
relationship between the physical environment and human health.
Additionally, three papers are designated as “Review” articles,
synthesizing existing knowledge in the field and providing valuable
insights. Moreover, the collected papers have been published across
the four supporting journals, with 58 appearing in Frontiers in
Public Health, 4 in Frontiers in Ecology and Evolution, 4 in Frontiers
in Environmental Science, and 1 in Frontiers in Sociology. This
diverse distribution of the 67 papers across these journals reflects
the interdisciplinary nature of the topic, as scholars from diverse
disciplines have brought forth their expertise and perspectives.

The selected papers are authored by over 300 scholars. The
authors are from a wide range of countries, emphasizing the
global scope of research in the field of the physical environment
and health. Scholars from many countries such as China, the
United States, the United Kingdom, Canada, Finland, Switzerland,
Australia, Japan, India, and Nepal have contributed to this
special issue. The inclusion of researchers from diverse cultural
backgrounds enhances the richness and breadth of perspectives
presented in the papers.

The collected papers cover a wide array of topics, addressing
crucial issues related to the physical environment and multi-
dimensional human health (e.g., physical and mental health).

Frontiers in Public Health

11

10.3389/fpubh.2023.1245561

The topics include but are not limited to COVID-19 (Dubey
et al; Tang et al.), the physical environment and health behaviors
(e.g., Yang et al; Zeng et al.), the physical environment and
health outcomes (e.g., Zhang et al; Zhu et al.), urban public
spaces (e.g., Chen et al; Wei et al), and evacuation risks
(e.g, Li et al; Lv et al). To sum up, the diverse range
of topics covered in this collection of papers reflects the
interdisciplinary nature of research in the physical environment
and human health. Scholars from fields such as public health,
urban planning and design, architecture, landscape architecture,
human geography, public administration, environmental science,
and urban management have contributed to this special issue,
highlighting the collaborative effort required to address the
complex challenges at the intersection of the physical environment
and human health.

Papers included in this Research Topic and a sea of previous
studies highlight the critical importance of addressing physical
environmental factors that can significantly impact human
health and overall wellbeing. The findings underscore the
urgent need to prioritize the protection of public health by
creating a health-supportive environment. This necessitates
the implementation of policies and regulations that enhance
air and water quality, advocate for sustainable and healthy
housing options, mitigate exposure to hazardous substances,
manage noise pollution, and preserve and create green
spaces. By taking proactive measures in these areas, we
can positively influence the health outcomes of individuals
and communities.

To further advance our understanding and approach in
this field, numerous research directions can be envisioned
for future exploration. These include (1) investigating the
connections between the physical environment (e.g., the built
environment, extreme heat/cold, urban flooding, water/air/soil
pollution, the quality of transport/food/living/housing) and
health behaviors/outcomes, (2) inequalities and inequities that
exist within these connections (e.g., how different populations,
particularly marginalized communities, are disproportionately
affected by environmental factors and how these disparities can
be addressed to promote health equity?), (3) health implications
of new city concepts like healthy cities and 15-min cities,
(4) health-oriented urban physical examination and design, (5)
COVID-19 implications for the planning and management of
healthy cities, (6) urban resilience in the face of pandemic
disruptions and climate change, and (7) resilience management,
governance, and policy formation for healthy cities. Finally,
the translation of research findings into practical applications
remains a persistent challenge. Bridging the gap between
research and practice is essential to ensure that evidence-
based interventions and policies are effectively implemented.
Further research should focus on identifying strategies to
enhance the dissemination and application of research findings,
fostering collaborations between researchers, policymakers, and
practitioners, and fostering knowledge exchange platforms. We can
hope that after gaining valuable insights into designing health-
supportive urban environments, evidence-based interventions
can be effectively implemented for the benefit of individuals
and communities.
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Urban heat islands (UHIs) and their energy consumption are topics of
widespread concern. This study used remote sensing images and building and
meteorological data as parameters, with reference to Oke's local climate zone
(LCZ), to divide urban areas according to the height and density of buildings and
land cover types. While analyzing the heat island intensity, the neural network
training method was used to obtain temperature data with good temporal as
well as spatial resolution. Combining degree-days with the division of LCZs,
a more accurate distribution of energy demand can be obtained by different
regions. Here, the spatial distribution of buildings in Shenyang, China, and the
law of land surface temperature (LST) and energy consumption of different LCZ
types, which are related to building height and density, were obtained. The LST
and energy consumption were found to be correlated. The highest heat island
intensity, i.e., UHILCZ 4, was 8.17°C. The correlation coefficients of LST with
building height and density were —0.16 and 0.24, respectively. The correlation
between urban cooling energy demand and building height was —0.17, and
the correlation between urban cooling energy demand and building density
was 0.17. The results indicate that low- and medium-rise buildings consume
more cooling energy.

KEYWORDS

urban heat island, energy consumption, degree-days, neural network, air temperature
inversion

Introduction

Climate change has become a formidable challenge faced by all countries in the world
because of its possible consequences (1). It impacts sea level rise, biodiversity, agricultural
production, frequency of extreme weather, human health, and energy demand (2). There
is a direct relationship between climate change and energy demand. Climate warming
mainly results from the excessive absorption of long-wave radiation from the underlying
surface by greenhouse gases (3). Large quantities of fossil fuels are utilized to meet the

frontiersin.org
13


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://doi.org/10.3389/fpubh.2022.992050
http://crossmark.crossref.org/dialog/?doi=10.3389/fpubh.2022.992050&domain=pdf&date_stamp=2022-08-09
mailto:yangjun8@mail.neu.edu.cn
mailto:wangle@igsnrr.ac.cn
https://doi.org/10.3389/fpubh.2022.992050
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fpubh.2022.992050/full
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Yang et al.

needs of human production and life processes, resulting in the
emission of greenhouse gases (4). Among them, global building
energy consumption accounts for ~20 to 40% of total energy
consumption and ~33% of greenhouse gas emission (5).

To cope with rising temperatures and manage living
standards, residents increase the use of air-conditioning and
other refrigeration facilities to reduce indoor temperatures, but
these measures in turn intensify the heat island effect. The
environmental changes in cities are more complex, owing to
many impervious surfaces and human activities (6). High-
density buildings change the path and quantity of regional
energy absorption and storage, flow and reflection, release, and
consumption (7). The response of energy consumption and
demand to temperature rise is more complicated. There are
differences in the temperature of cities in different regions
and scales, at different times and seasons, and even in the
distribution characteristics of temperature within cities (8, 9).
In general, the growth in expenditure caused by the increase
in cooling demand exceeds the savings brought about by the
reduction in heating demand, especially at low latitudes. For
every 2°C increase in the average land surface temperature
(LST), the global net building energy expenditure will increase
by 0.1% of the total global economic expenditure (10).

The estimation of energy consumption concentrates on the
city scale, and the estimation methods can be divided into
two categories: top-down and bottom-up (11). The top-down
approach is based on statistics and uses regional urban data to
estimate the spatial distribution of energy consumption across
cities, based on macroeconomic indicators such as population
density, income, energy prices and types, and urban morphology
(12). The bottom-up approach is based on each individual
building and can be a statistical or physical-based hybrid model
(13). Previous research has shown that the net energy impact of
the urban environment depends on climate type (14), the urban
context density, and functional and structural characteristics of
buildings (15).

To improve the accuracy of bottom-up methods, some
studies have incorporated local climate into the energy
performance simulation of urban buildings. The urban heat
island (UHI) effect, which refers to the phenomenon wherein
the temperature in cities is higher than that in suburban rural
areas (16), is also considered in the estimation of building
energy consumption. Palme et al. (17) put forward the method
of incorporating the UHI effect into building performance
simulation and found that when UHI is incorporated, the energy
demand increased by 15-200%. However, simulation methods
are often calculation-heavy, and the relationship between urban
features and energy consumption is indirect and unclear.

The intensity of heat islands is generally measured by the
temperature difference between urban and rural areas. However,
there has been no unified statement on how to define urban and
rural areas. Over the past century, many scholars have made
the division based on population density, building density, and
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landscape differences, or used gradients to illustrate problems.
The duality of urban and rural areas has weakened with the
development of cities (18, 19). Stewart and Oke (20) proposed
the local climate zone (LCZ) concept to study UHIs, in which the
city is divided into different areas according to the height density
of buildings and other ground cover. Wong et al. (21) found that
the influence of floor area ratio on temperature in Singapore is as
high as 2°C, and buildings can save 4.5% on energy consumption
by improving urban form. This deconstruction of urban internal
structure divides it into organizational units, which can account
for the internal form of buildings while segmenting urban areas,
and is suitable for studying the influence of urban form on the
thermal environment and energy demand.

The scope of energy consumption is highly complex, and all
climate changes determined by the urban environment should
be considered when performing simulations. For this reason,
some coupling techniques between the building energy model
and microclimate CFD model have been proposed (22, 23).
However, this considers too many measured data (such as
climate, wind speed, temperature, building texture, and thermal
radiation), which require longer calculation times and higher
costs. This is unfavorable for discussing the continuous changes
of heating and cooling energy demand in the future. Invidiata
and Ghisi (24) also emphasized that meteorological data were
not updated in time in the process of estimating indoor air
temperature. Obtaining reliable time-sensitive data to evaluate
energy consumption is a major challenge in this research.

The scope of energy consumption is highly complex.
Cooling energy consumption for the thermal environment
under the UHI effect can be calculated from electricity
consumption and remote sensing inversion data (25), such as
the effective U-value method, degree-days, bin method, load
frequency table method, equivalent full load hours, weighting
factor method, and heat balance method (26). For cities, the
degree-days method is simple and suitable for larger areas
(27); however, traditional degree-days can only describe a
single region at once and cannot analyze the distribution of
energy consumption within the entire city. Combined with local
climatic zone, the influence of different building forms and land
use types on the urban thermal environment and refrigeration
energy consumption can be examined in more detail. This
macroscopic and easy-to-measure method is more universal
and operable.

This new attempt requires more spatial distribution density
of meteorological data, and traditional station data cannot
meet the requirements. Traditional interpolation analysis using
meteorological station data is less accurate. Remote sensing data
is appropriate as continuous data. LST data is used frequently for
calculations of the surface heat island, whereas for the cooling
energy demands of urban dwellers indoors, air temperature
is clearly more appropriate. Mesoscale weather Research
and Forecasting Model and neighborhood-scale microclimate
simulations, for example, are not suitable for urban studies (28).
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Of the methods that can be applied, regression statistics is the
simplest and easiest to build; however, establishing a relevant
model depends on the time and place of data acquisition,
which may cause large errors. The temperature-vegetation index
method is highly dependent on plants; therefore, it is not
suitable for cities with a large impermeable surface coverage.
The surface energy balance method has good portability and
universality, but many physical parameters needed by the model
cannot be obtained directly by remote sensing, and the data
cannot be updated in real time. Such models yield sufficiently
accurate estimates, provided that all the required parameters
are involved in the calculation. The parameters is not always
possible, and thus, the data-driven model was selected. Neural
network machine learning relies on large amounts of sample
data, which can experience difficult modeling problems starting
as a black box and express the nonlinear relationship between
LST and air temperature (29, 30).

This study used remote sensing images, building data,
and meteorological data as parameters and referred to
Oke’s LCZ method to divide urban areas according to the
height and density of buildings and land cover types. The
research attempted to apply neural networks for retrieving air
temperature to calculate cooling energy demand, combining
the number of degree days with the division of local climatic
zones. The aims of the study were to improve energy demand
structure of space and provide a relevant reference for urban
planning under the prerequisite of ensuring the comfort of
urban residents.

Materials and methods

Study area

Shenyang City (Figure 1) is located in Northeast China,
Liaoning (122°24/597-123°48/30 E; 43°2/25"-
41°11’53”N). The terrain gradually changes from hills in the
northeast to plains in the southwest. The region has a temperate,

central

semi-humid continental climate. Rainfall is concentrated in
the summer months, but the area is sunnier than South China,
making it conducive to the acquisition of remote sensing images.
It is the political, economic, and cultural center of the Northeast
region, as well as an important transportation hub. The building
types are diverse and comprised of varying building height
densities. Human activities have affected this area, leading to
local climate change. In recent years, the annual maximum

temperature in Shenyang exceeded 38°C in the summer.

Data sources and processing

The data used mainly included MODIS remote sensing,
temperature, building outline, land cover, and administrative
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division. Table 1 contains detailed information on the remote
sensing platforms and related data processing. In terms of
time selection, according to the “Uniform Standard for Civil
Building Design” GB 50352-2019, building climate zoning uses
the average temperature in July as the main reference for
summer. In traditional Chinese solar terms, dog days, the days
of highest temperature generally start in mid-July. Considering
the availability of data, the study period ranged from mid-
July to early August. The technical flowchart is shown in
Supplementary Figure 1.

Local climate zone

The urban form and nature of the surface are one of the
main reasons for the difference between the urban LST and
air temperature. In this study, we referred the definitions of
Stewart and Oke (20) to divide the city into LCZ A-G according
to the types of natural cover (Detailed classification diagrams
are in the Supplementary material). Vertically, the height of
the building class was divided from low-rise to super high-rise
buildings at consistent intervals of three floors. Horizontally, the
building densities were divided into dense and open building
groups with a boundary of 40%. Accordingly, LCZ 1-10 were
obtained (31). Finally, 17 categories were obtained, as shown in
Supplementary Table 1. The height (BH) and density (BD) of the
buildings were calculated on a 30 x 30m grid using Egs. (1)
and (2).

n

> H;

i=1

n

BH = 1
n

'X:l Shuilding

i=

BD = (2)

Sgrid

Where n represents the number of single buildings in a grid,
H; represents the number of floors of the i-th building in a grid,
Sgrid represents the area of a grid, and Sp,;i4;, represents the
base area of all buildings in the grid.

Heat island effect intensity

The LST was retrieved using Tan Zhihao’s single-
window algorithm, and Landsat was selected for heat
island intensity analysis (32) (see the calculation section
of the Supplementary materials). The intensity of the heat
island effect is usually measured by the temperature difference
between urban and rural areas. Stewart and Oke combined
this temperature difference with the local climate zoning of the
city and defined the formula of UHI intensity as the difference
between a certain type of LCZ (X) and LCZ D (low vegetation,
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such as grass) (33). The intensity of the heat island effect is
shown by Eq. (3).

UHI czx = Trezx — Trezp (3)

Where UHI} czx and Tpczxrepresent the heat island effect
intensity and LST of a certain type of LCZ X, respectively, and
Trczp represents the LST of the LCZ D type.

Cooling energy demand

Using the method of combining cooling degree-days (CDD)
(34) with LCZ, we calculated the change in building energy
demand for different types of LCZ at different summer
temperatures. The basic formula is shown in Eq. (5). According
to previous experience, 23-24°C is the most comfortable
ambient temperature for human life (35), and the difference
between the interior design temperature of a building and the
heat balance temperature of the building is usually 3-7°C (36).
Finally, the base temperature of the cooling day was determined
to be 26°C.

+
cpp26 =Y s (t - t,ef) 4)

Where CDD26 represents the number of cooling degree-
days with 26°C as the base temperature, ¢ is the average
temperature of approximately a month, and tref s the
base temperature.

Weather station data are generally used when calculating
the number of degree-days. However, the meteorological station
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data were discrete point data, and were not detailed enough for
research on urban interior building patterns. Therefore, we used
remote sensing images in this study to retrieve air temperature
as the basic temperature data calculated by CCD to evaluate the
energy demand of buildings in a typical month.

Considering the accuracy and difficulty of calculation,
the four factors, namely remote sensing albedo, normalized
difference vegetation index (NDVI), elevation, and LST, were
selected (37-39). The meteorological station data in the study
area were used as the verification data, and the neural
network regression model (40, 41) was used to train a
model for inversion of air temperature. After several attempts,
the training algorithm was finally settled on Levenberg-
already written in Matlab. For MODIS
the daily surface albedo a of the
be calculated using Eqs. (5) and (6)
formula for calculating the building

Marquardt, a toolbox
MCD43C3 products,
short-wave band can
(42-44). Finally, the
energy demand under a certain type of LCZ is shown in
Eq. (7).

a=ray+(1—r)ap (5)
r=0.122 + 0.5 exp (—4.8 cos 0) (6)
CDD26 = (tyczx — 26)T (7)

In the formulas, oy represents the albedo of the white sky,
aprepresents the albedo of the black sky, r represents the ratio
of the sky scattered radiation to the downward solar radiation,
and 6 represents the solar zenith angle of the study area at noon.
The values required in Egs. (5) and (6) are given in MODIS
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TABLE 1 Data sources and descriptions.

Resolution Data sources

Type Description Time
Remote sensing data MODIS MOD11A2 2018.07.12-  1km
(land surface 20180.8.04
temperature products)
MOIDS MOD13A3 1km
(vegetation
Index Products)
MODIS MCD43C3 0.05 deg
(surface
albedo products)
Landsat 8 OLI 30 m
TIRS
100 m
Meteorologicaldata Daily maximum
temperature
Elevation ASTER GDEM V2 2018 30m
Building outline Building outline and 2018 -
floor number
Land cover Land use cover type 2018 30m
Administrative boundary - 2020 -

MCD43C3. t; czx is the average air temperature within the study
time range of X under the LCZ system.

Results

Spatial pattern distribution of local
climate zones

The main urban area of Shenyang is dominated by low-
rise buildings, which are widely and evenly distributed, followed
by the middle-rise and mid-high-rise buildings, which are
concentrated in the center of the main urban area. The number
of buildings below 40% density is evenly distributed, rising
steeply up to 40%, reaching a peak, and then slowly falling. In
terms of spatial distribution, urban buildings were high-density
and low-density, with low-density buildings dominating, but
with no specific area of concentration. The LCZ distributions are
shown in Figure 2.

LCZ 10 accounted for 11.69% and featured the largest
proportion of building coverage due to the large number
of villages outside the built-up area; LCZ 9 ranked second,
accounting for 1.66%, and contained mostly residential land.
LCZ 2 accounted for the smallest proportion (0.94%) and was
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Process

https://search.earthdata.nasa. Calculate the average daily

gov maximum land surface
temperature within the study

time range.

Obtain the black and white sky
albedo in the shortwave band
(0.3~5.0Lm), also noon solar
altitude angle.

USGS https:

glovis.usgs.gov

http://www.resdc.cn The average daily maximum
temperature corresponding to
the study tie.

China Academy of Sciences Data splicing and clipping
http://www.gscloud.cn
Baidu Map Calculate the height of buildings,
and find the height and density of
the building within a 30 m grid.
http://www.resdc.cn -

concentrated in the city center, around the factory, near the
high-speed railway station, and on the south bank of the Hunhe
River. The proportion of LCZ 7 was slightly higher than that
of LCZ 2. Natural cover was dominated by cultivated land in
the northwest and lush forest land in the southeast, accounting
for 39.21 and 25.99%, respectively; sparse forest land accounted
for the lowest coverage (0.30%). The city center of Shenyang
is surrounded by arable land and woodland, but the center
itself has less green space and is crowded by buildings. The
surrounding development requires strengthening.

Urban thermal environment space

The LST (Figure 3) of the building coverage was generally
higher than that of the natural coverage. The average
temperature of various LCZ overall displayed the following
distribution law: LCZ 4 > LCZ 9 > LCZ 5 > LCZ 8 > LCZ
3>LCZ10>1CZ7>1LCZ2>LCZ6>1LCZ1>LCZE
>LCZF>LCZA>LCZB>LCZD >LCZG>LCZC
(Figure 4).

Among them, the temperature of LCZ D is 33.77°C. The
highest heat island strength, UHIj 7 4, was 8.17°C, and the
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FIGURE 4
s Distribution of LST in LCZ (LST unit:°C). LST, land surface
temperature. LCZ, local climate zone. The results are sampled
and counted according to the calculation results associated
FIGURE 2 with the LCZ grids.
LCZ distribution in study area. LCZ, Local climate zone.
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FIGURE 3
Land surface temperature distribution.

lowest, UHIy c7c, was —0.68. The lowest heat island strength of
the building coverage UHIy 7, was 6.23°C. The LST changes
of LCZ 1 were the most stable, with a standard deviation of
1.96, while LCZ G showed the most dramatic changes, with
a standard deviation of 4.11, and the standard deviations of
the other types were concentrated in the range of 2.8 4 0.96.
LST was negatively correlated with building height, with a
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FIGURE 5

Distribution of CDD in LCZ (CDD unit:°C d). CDD, cooling
degree-days. The results are sampled and counted according to
the calculation results associated with the grid of the different
LCZ plots.

Pearson correlation coeflicient of —0.16, reaching significance
at the 0.01 level, and positively correlated with building density,
with a correlation coefficient of 0.24, reaching significance at
the 0.01 level. These results can be explained by the fact that
although higher buildings accumulate artificial materials and
create more light reflections in three dimensions, they also cast
larger shadows on the ground, which reduce the LST.
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Correlation between LST (CDD) and building height (CDD
unit:°C d).

Urban cooling energy demand

In neural network estimation of air temperature, 70% of the
data were randomly selected as the training sample, 15% as the
verification sample, and 15% as the test sample to invert the air
temperature. The model mean square error was RMSE = 0.32, R
= 0.92, and R? = 0.84 (Supplementary Figure 4). According to
these data, the overall range of air temperature was included in
the distribution interval of the LST, and the value was between
28 and 33°C. The various types of air temperature change ranges
were relatively stable and exhibited low volatility.

The average energy consumption of the building covering
generally presented the distribution law of LCZ 8 > LCZ 3 >
LCZ9>1CZ4>1LCZ2>LCZ7>LCZ5>LCZ6>LCZ1
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CDD of study area. CDD, cooling degree-days.

> LCZ 10 (Figure 5). Among them, the maximum value of CDD
was 7.00°C - d, the lowest value was 2.06°C - d, and the standard
deviation of the different building coverage types varied between
0.232 and 0.76°C - d. The Pearson correlation between urban
cooling energy demand and building height reached —0.17, and
the correlation with building density was 0.17, both of which
passed the 0.01 level two-tailed significance test. Compared with
the distribution of cooling energy demand, LST is more affected
by building height and density.

Discussion

Impact of local climatic zones on cities

The distribution of air temperature is more concentrated
than that of LST, and the temperature is lower; however, the
distribution difference between different local climatic zones is
not so obvious. LST and cooling energy demand are positively
correlated with building density. Compared with cooling energy
demand, LST is more affected by building density (Figure 6);
however, there is a weak negative correlation between LST and
building height (Figure 7). The negative correlation may be
explained by the addition of super high-rise buildings (43-45).
Although the taller buildings accumulate man-made materials
and produce more light reflection in three dimensions, they
also cast larger shadows on the ground, thus lowering the LST.
The correlation with building height is not as high as that with
building density because of these complex relationships.
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Figure 8 shows that the CDD value gradually increases from
the outskirts of the city to the center, but the range greater
than 5.0°C - d surrounds the range of 4.5-5.0°C - d, showing
a concave distribution. This phenomenon was attributed to the
effects of the Hun River, which flows east-to west and appears in
the south-central part of the study area, and Youth Street that
runs north to south and is located in the middle of the city.
The summer winds blow north through the Hunhe River and
pass through Qingnian Street, forming a ventilation corridor
that somewhat controls the regional temperature and reduces
the potential cooling energy demand (46). Based on the dark
red area in Figure 8, for general planning we recommend that
coverage by green spaces (47, 48) or water bodies is increased to
reduce energy consumption, and LCZ8, LCZ3, and LCZ9 should
be focused on and reduced.

The difference of air temperature is not as large as
that of land surface temperature, which also shows the
importance of the material selection of the underlying
surface from the side. It is recommended to increase
vegetation and water area, sprinkle water on the road, and
appropriately reduce the density of urban buildings to reduce
the temperature.

Limitations

The Landsat image for heat island intensity analysis
has relatively high resolution. Although Landsat’s temporal
resolution cannot meet the needs of daily data in the study
time range, the spatial distribution of LST in sunny weather is
still representative.

As a calculation method of cooling energy demand,
the degree-days are simple and effective in characterizing
energy; however, this fully
consider the effect of individual building differences
(49, 50). For the study of overall characteristics, these
parameters are simplified in the modeling process, but for

urban method does not

urban planning, these factors are closely integrated with
energy conservation.

The accuracy of the model used in this study was
mainly limited by the remote sensing data and the number
of meteorological stations in the study area. Because the
calculation of energy consumption requires a high temporal
resolution of remotely sensed images, MODIS products
were finally selected from the available data (51, 52). The
air temperature retrieved by combining various factors
can show the characteristics of distribution in space, but
the improvement of the initial data quality can greatly
improve the accuracy of the results. Due to the limited
availability of data, this study selected provincial capital
cities with richer building data for analysis; however,
there are still missing data in some areas. Future studies
should focus on other thermal environment characteristic
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indicators, simultaneously consider the energy consumption
requirements of cooling and heating, and use long time series
and high-resolution data.

Conclusions

This
data, meteorological data, and other basic data, referring
to Okes LCZ, to divide
the height and density of buildings and land cover
types, of
energy consumption that may be generated by urban
different
following

study used remote sensing images, building

urban areas according to

and explored the distribution characteristics

demand in
The

residents’  refrigeration regional

thermal  environments. conclusions
were obtained.

The main urban area of Shenyang is dominated by low-
rise buildings, which are widely and evenly distributed, and
mid-high-rise buildings, which are crowded in the center.

The distribution of air temperature is more concentrated
than that of LST, and the temperature is lower; thus, the
difference in the distribution among the various local climatic
zones is not evident.

The LST of the building covering is generally higher than
that of the natural covering. The average temperature overall
displays the distribution law as LCZ 4 > LCZ 9 > LCZ 5 >
LCZ 8 > LCZ 3 > LCZ 10 > LCZ 7 > LCZ 2 > LCZ 6 >
LCZ 1> LCZE > LCZF > LCZ A > LCZ B > LCZ D >
LCZ G > LCZ C. Among them, the temperature of LCZ D
is 33.77°C. The highest heat island intensity of UHI} 74 was
8.17°C. The LST is negatively correlated with building height,
with a correlation coefficient of —0.16, reaching significance at
a level of 0.01; and a positive correlation with building density,
with a correlation coefficient of 0.24, reaching significance at the
0.01 level.

The average energy consumption of the building covering
generally presents the distribution law of LCZ 8 > LCZ
3>LCZ9 >1CZ4>1CZ2>1LCZ7 >1CZ5 >
LCZ 6 > LCZ 1 > LCZ 10. Among them, the maximum
value of CDD was 6.997°C - d, and the lowest value was
2.06°C - d. The correlation between urban cooling energy
demand and building height reached —0.17, and the correlation
between urban cooling energy demand and building density
was 0.17, with both correlation coefficients shown to be
statistically significant through a two-tailed significance test (p
<0.01).
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Population aging has become a severe issue facing most nations and areas
worldwide—with Hong Kong being no exception. For older adults, walking
is among the most well-liked travel modes, boosting their overall health
and wellbeing. Some studies have confirmed that the built environment
has a significant (spatially fixed) influence on older adults’ walking behavior.
However, little consideration has been given to the potential spatial
heterogeneity in such influences. Hence, this study extracted data on
older adults’ (outdoor) walking behavior from the 2011 Hong Kong Travel
Characteristics Survey and measured a series of built environment attributes
based on geo-data (e.g., Google Street View imagery). Logistic regression and
geographically weighted logistic regression models were developed to unveil
the complicated (including spatially fixed and heterogeneous) association
between the built environment and older adults’ propensity to walk. We show
that population density, land-use mix, street greenery, and access to bus
stops are positively connected with the propensity to walk of older adults.
Intersection density seems to impact walking propensity insignificantly. All built
environment attributes have spatially heterogeneous effects on older adults’
walking behavior. The percentage of deviance explained is heterogeneously
distributed across space.

KEYWORDS

population aging, physical environment, street greenery, walking behavior, travel
behavior, geographically weighted regression, spatial heterogeneity, spatial non-
stationarity

Introduction

Population aging has become a pressing global concern (1). According to the
United Nations, by 2030, 2050, and 2100, the number of the world’s older populations
(aged 65 years or above) will reach 1, 1.30, and 2.46 billion, respectively. Along
with the sharp increase in absolute numbers, the ratio of older adults to the total
population is constantly booming. This figure reached 9.1% in 2019 and is projected
to increase to 11.7, 15.9, and 22.6% in 2030, 2050, and 2100, respectively (2).
Hong Kong, a global city with ~7.5 million inhabitants, shares this issue with other
metropolises worldwide. In 2020, the proportion of the older population aged 65 years
or above was 18.2%, second in Asia and only behind Japan (28.4%, the highest in
the world). Additionally, it is anticipated that the proportion of the older population
in Hong Kong will progressively increase and is predicted to rise to 34% in 2049.
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It is commonly acknowledged that older adults’ quality of
life is highly correlated with their mobility, a lack of which
leads to lower overall health and wellbeing. Daily mobility is
a prerequisite for improving personal life, promoting social
engagement, and enhancing emotional health (3). Particularly,
older adults become less socially engaged because of life cycle
stage changes (e.g., retirement) or aging-related events (e.g.,
death of the spouse) (4). Conceivably, people need to travel
(mobility) to access urban services and engage in social activities,
ultimately affecting their quality of life.

Walking has been widely recommended due to its economic,
environmental, social, safety, and health benefits (5, 6). Walking
helps reduce the prevalence of cardiac disease, psychosis,
Alzheimer’s disease, and hypertension (7-10). Furthermore,
walking encourages social engagement, activity involvement,
and interpersonal communication, contributing to active
aging (11). Therefore, encouraging walking activities among
older adults is essential for enhancing their quality of life.
Furthermore, in many Chinese cities, limited car access makes
walking a critical and indispensable travel mode for older adults
(11, 12). This is especially true for Hong Kong, a city famous
for its diverse land uses, pedestrian-friendly urban planning, and
high walkability (13).

The built environment is a significant component of
the geographic environment and has received enormous
scholarly attention from many disciplines, including urban
planning, geography, transportation, public health, psychology,
and GIS (14-20). The most popular of these assessment
methods is the “3Ds”/“5Ds”/“7Ds” model, which categorizes the
built environment attributes into either three, five, or seven
dimensions (21, 22). Numerous studies have revealed that the
built environment profoundly affects individuals’ travel behavior
(23), especially for older adults who prefer to travel short
distances due to their functional and cognitive limitations (24).
They have demonstrated that a walkable and mixed urban
form, green spaces, and parks are fundamental to their walking
behavior (25-27).

Identifying the complex relationships between the built
environment and older adults’ walking behavior is the primary
step toward spatial intervention. However, existing studies
have emphasized the spatially fixed correlation between built
environment attributes (e.g., street greenery and land-use mix)
and older adults’ walking behavior while largely ignoring the
potential presence of spatial heterogeneity. Exploring whether
there is a spatially heterogeneous connection between the
built environment and older adults’ propensity to walk is a
crucial point of discussion. A fuller understanding of this
connection serves as an indispensable and crucial reference for
targeted treatments implemented to encourage walking activity
among older adults. Following previous studies on the spatial
heterogeneity in the connection between travel behavior and
the built environment (28, 29), this study hypothesizes that
there are spatially heterogeneous associations between older
adults’ propensity to walk and built environmental variables.
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It extracted the socio-demographic and walking behavior data
from the 2011 Hong Kong Travel Characteristics Survey
(HKTCS) and measured five built environment attributes
based on multi-source geo-data. Notably, Google Street View
(GSV) imagery was assessed through fully convolutional neural
networks to quantify street greenery. Besides, we developed a
logistic regression model to analyze the global relationship and
establish a geographically weighted logistic regression (GWLR)
model [a member of the geographically weighted regression
(GWR) family] to scrutinize the local relationship and the
presence of spatial heterogeneity in the relationship.

This study contributes to the literature by (1) exploring
the global association between built environment characteristics
and older adults’ propensity to walk, (2) spurring further
understanding of the spatial heterogeneity in this connection,
and (3) serving as a reference for studies exploring whether
there is spatial heterogeneity between the built environment and
people’s travel patterns.

The remainder of this paper proceeds as follows. Section
built
environment and older adults’ mobility/travel behavior. Section
“Data” presents the HKTCS 2011 data and built environment
data. Section “Methodology” introduces the logistic regression
model, the GWLR model, and the variables used in this study.
Section “Results” reveals the global and local modeling results.

“Literature review” reviews related studies on the

Section “Conclusions and discussion” concludes the paper and
discusses the implications.

Literature review

Existing studies mainly use the travel survey data collected
by the government or researchers and apply econometric models
(e.g., linear regression models, discrete choice models, and
structural equation models) to identify the factors influencing
people’s travel outcomes and to unveil and assess the marginal
effects or elasticities of attributes which play a decisive role.
Travel outcomes consist of travel frequency, travel propensity
(whether to travel or not), travel time or distance, walking
duration, walking frequency, the propensity to walk (whether to
walk or not), transit travel frequency, etc.

The factors that either promote or hinder people’s travel
behavior can be roughly categorized into individual or
household socio-demographic characteristics and the built
environment. Other factors such as the social environment,
transit service attributes (e.g., priority seats and free bus passes),
attitudes, and preferences received little scholarly attention.

Individual or household
socio-demographic characteristics

to
the

Previous studies often adopt several variables

comprehensively capture, characterize, and control
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socio-economic attributes of individuals or households, in
which both age and gender are the factors receiving the
most attention. Some studies have suggested the consistent
effect of age on older adults mobility and travel behavior.
That is, with advancing age, the mobility of older adults
generally decreases because of the degradation of physical
function. For example, the older the population in Hong
Kong is, the more reluctant they are to go out (30) and the
lower trip frequency (31), which coincides with the evidence
gathered from studies in Washington (32), Hamilton (33), and
London (34).

The effect of gender on the mobility of older adults remains
controversial. Yang et al. (30) concluded that male seniors
in Hong Kong are more likely to go out than their female
counterparts. By contrast, Kim and Ulfarsson (35) concluded
that the travel frequency by motor, bus, and para-transit of
female seniors in Washington is higher than that of their
male counterparts.

Conflicting evidence on the correlation between older adults’
educational attainment and mobility exists. Evans (36) and Kim
(32) deemed that older adults who have a higher education
level are more inclined to travel. However, Feng’s (37) research
elaborated that in Nanjing, there is no significant discrepancy
between the activity frequency of older adults with elementary
school education and those with college education or higher.

The effect of car availability on the mobility of older adults
has also received substantial scholarly attention. Yang and
Cui (31) hold that motor ownership displayed no association
with older adults’ mobility in Hong Kong, coinciding with the
Nanjing-based findings of Feng et al. (38, 39) and Feng (37).
However, this outcome differs from the findings presented in
many studies, especially those from North America, Oceania,
and Europe, where scholars such as Schwanen et al. (40), Paez
et al. (33), and Roorda et al. (41) emphasized that having a car
facilitates older adults’ mobility. The reason for such discrepancy
is understandable. In car-dominant or car-centric cities, most
people regard cars as a decisive means of mobility, which is
largely different from transit-dependent cities in East Asia such
as Beijing, Hong Kong, and Singapore, where the high transit
market share resulted in a low significance of car ownership on
older adults’ mobility.

Other socio-demographic factors such as household size
(39), monthly household income (42), employment status (30),
job type (39), mobile phone ownership (43), living alone or
not (31), housing property rights (36), and race (36) have also
received some scholarly attention.

Built environment attributes
Recently, the impact of the built environment on older

adults’ travel behavior and mobility has increasingly attracted
much attention. Population density, leisure facility density,
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transit accessibility, and green space are oft-discussed built
environment attributes. Analysis methods consist of linear
regression, discrete choice models, order logit/probit regression,
Poisson or negative binomial regression, structural equation
models, and the models incorporating spatial autocorrelation,
spatial heterogeneity, and variable hierarchy (e.g., spatial
regression models and the GWR model). Moreover, these
built environment attributes are mainly measured through GIS
analysis and field survey, with a small portion of the studies
using street view imagery.

Most of these studies looked at North America (the USA
and Canada). Evans (36) utilized stepwise discriminant analysis
to identify characteristics impacting the travel propensity of
older adults without a vehicle and older adults aged 75
years or above using data extracted from the 1995 National
Personal Transportation Survey. Neighborhood housing density
and community environment significantly affected the travel
propensity of older adults, while no evidence of associations
with travel propensity of older adults was found for variables
such as population density and transit accessibility. Kim (32)
used structural equation modeling to examine the variables
influencing older adults’ mobility and concluded that population
density and employment density did not have significant effects
on mobility (after controlling for individual or household
socio-demographic characteristics). Paez et al. (33) found that
the location of residence was significantly related to the
frequency of non-work trips among older adults in Hamilton,
Canada, and that mobility was higher among those living
in the eastern and northern regions of the city. Mercado
and Pdez’s modeling results show that population density
has insignificant effects on travel distance for older adults in
Hamilton, Canada (44). Roorda et al. analyzed the mobility
of those who were transportation disadvantaged in three
Canadian cities using the ordered probit model. They found that
population density improves the mobility of the transportation
disadvantaged (including older adults) in Montreal but gets
otherwise inhibited (41).

Scholars have also conducted similar research in both the
European and Australian contexts. Based on the outcomes of the
order probit model, Schmdocker et al. concluded that older adults
living in central London travel less frequently than those living
in the suburbs. However, when conducting personal business,
few differences are seen in the travel frequency between the two
groups (34). Su and Bell used a nested logit model to scrutinize
the variables affecting the travel mode choice of older adults in
London and found that bus stop density and service frequency
play a decisive role (45). In the Australian city of Adelaide,
Truong and Somenahalli examined the variables determining
the frequency of transit usage by older adults and concluded
that access to the city center and station density had a negligible
impact (43). Additionally, Pettersson and Schmocker discovered
that in Manila, Philippines, older adults made more journeys as
population density rose (46).
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Some studies have recently used Chinese cities as study
areas as well. According to Feng et al., population density
had no discernible effect on the travel frequency among older
adults in Nanjing, but subway accessibility did (39). Yang’s
analysis of HKTCS data revealed that older adults’ trip frequency
is significantly impacted by transit accessibility (31). Unlike
intersection density (which had a negative impact) and land
use entropy (which had an insignificant impact), population
density and retail store density had a positive influence on
older adults’ propensity to walk in Hong Kong; population
density significantly enhances older adults’ walking duration,
while street greenery positively affected both the propensity
to walk and walking duration (47). Using the Poisson and
negative binomial models, Yang and Cui discovered that transit
accessibility positively affects the travel frequency of older adults
in Hong Kong, whereas road network density plays a negative
role. Furthermore, they identified that transit accessibility has a
considerable impact on the travel frequency of younger seniors
(60-75 years) but not on that of older ones (75 years or above)
(31). Yang et al. clarified a significant effect of street greenery
on older adults’ propensity to travel in Hong Kong using data
from GSV imagery (30). However, Cheng et al. indicated that
residential location in Nanjing had a greater effect on older
adults’ travel behavior than it did on younger adults (48).

Some studies concentrated on the built environment with
Chinese characteristics and reached conclusions distinct from
Western studies, thereby enhancing the West-dominated senior
mobility research. Feng et al. assessed the travel distance and
frequency of older adults in Nanjing. They discovered that
the residents of unitary welfare housing traveled frequently
but were still far less than those of mixed communities
and regular commercial housing estates (38). Similarly, Feng
adopted ordered logit and linear regression models to scrutinize
the correlation of the built environment with older adults
travel based on the 2012 Nanjing Resident Travel Survey data
and concluded that chess rooms and parks/plazas are more
attractive to older adults than facilities such as gymnasiums and
museums (37). However, Cheng et al. identified what factors
are related to walking/cycling frequency and duration of older
adults in Nanjing and determined that park/plaza and chess
room accessibility have a significant effect, unlike market and
gym accessibility which did not show any correlation (11).

Thrust of this study

To our knowledge, senior travel behavior and mobility
research first appeared in developed countries (e.g., the US
and Canada). A compelling explanation is that population
aging happens very early in such countries, facilitating social
concerns about related issues. However, the social characteristics
of Western countries starkly differ from those of China. For
instance, many Western countries (e.g., the US, Canada, and
Australia) feature low-density urban development, single land
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use, the predominance of car-based transport, and a meager
transit share. Chinese cities are generally featured by high
density, mixed land use, well-developed transit systems, and
high transit share. Therefore, the Western experience cannot be
directly transposed in China because of vastly different social
and urban traits.

Related research has been recently conducted in China.
Much scholarly attention has been given to variables that
affect older adults’ travel behavior. Generally, their results
are relatively dispersed, and there remains a lack of locally
focused research to seek out more insightful solutions. Besides,
the spatial heterogeneity in the connection between the built
environment and older adults’ travel behavior has received
insufficient scholarly attention, which is the primary focus and
a key task of this study.

Data

Travel data

The Transport Department of Hong Kong conducts the
HKTCS, a thorough and detailed periodical travel survey.
The latest was carried out from September 2011 to January
2012. It consisted of three main dimensions: the Household
Interview Survey to gather 24-h travel data from Hong Kong
residents, the Stated Preference Survey to determine the
variables influencing people’s choice of transportation mode, and
the Hotel/Guesthouse Tourists Survey to collect travel data from
guests staying in hotels/guesthouses.

The Household Interview Survey, similar to many
had three
dimensions: (1) household data (e.g., residence location,

comprehensive government travel surveys,
household size, and residence type); (2) household member
data (e.g., gender); and (3) 24-h travel data. Additionally,
HKTCS 2011 included the respondents’ residence location
information, allowing the geocoding of the data in the
ArcGIS Pro (version 2.8) platform for residence-centered built
environment assessments.

Following international standards, this study extracted
walking behavior data and divided the older adults (65 years
or above) into two groups based on their propensity to walk:
those who made at least one walking trip within 24 h (propensity
to walk = 1) and those who did not (propensity to walk = 0;
Figure 1). Figure 2 reveals the spatial distribution of the sampled

older adults (N = 10,700).
Street greenery data and other built
environment data

Given its perspective that is highly comparable to human

vision, street-view imagery precisely captures a 360° high-
resolution panoramic view of the physical urban environment.
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N = 3961
(37.02%)

N = 6739
(62.98%)

I Propensity to walk = 1

[ Propensity to walk = 0

FIGURE 1
Propensity to walking details of the sampled older adults.

FIGURE 2
The spatial distribution of the sampled older adults.

Compared to conventional data sources, it has the unique
strengths of high geographic coverage, low data bias, cost-
effectiveness, and human-centeredness (49). Introduced in 2007,
GSV was one of the first online street-view services and has since
covered cities in roughly 90 countries (50). GSV data are mainly
collected by GPS-equipped sensing vehicles.

Eye-level street greenery, which reflects actual pedestrian
perceptions of street greenery, has been proven more relevant
to people’s active travel than other green space measures (30).
Hence, this study assessed the eye-level green view index using
GSV imagery to stimulate people’s perception of street greenness
as follows: first, the residence locations were geocoded into the
ArcGIS platform. Second, all street segments in the vicinity of
the geocoded locations were automatically identified. Third, the
generated locations of GSVs were automatically created with
a fixed spacing of 50 m and then recorded in the coordinates.
Fourth, the matching GSV imagery was downloaded. For each
point, four images together represented a 360° panorama (51).
Last, fully convolutional neural networks (FCN-8s) were applied
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to investigate greenfield pixels (Figure 3) (52). The formula for
the green view index at a GSV generation location is,

4| Greenery pixels;
Z?:l Total pixels;

1)

Green view index =

The built environment was assessed in the ArcGIS Pro
platform based on the “3Ds” built environment evaluation
framework and available data. POIs (points of interest) and
region boundaries were crawled from OpenStreetMaps, while
land use, TPU (tertiary planning unit)-level data were obtained
from the government website.

Methodology

A logistic regression model was first employed because
the propensity to walk of older adults is a binary (dummy,
dichotomous, or indicator) variable. Moreover, the availability
of location attributes is a prerequisite for adopting the GWLR
model to analyze spatial heterogeneity. As an advanced version
of the logistic regression model, the GWLR model, using the
geographic coordinates of all observations embedded in the data,
estimated the spatially varying correlation between the predicted
and predictor variables (predictors). Hence, logistic regression
models and GWLR models were developed in this study.

Global model: logistic regression model

Logistic regression analysis is developed to investigate how
predictors affect the predicted variable. The logistic regression
model is widely developed to examine situations where the
predicted variable has exclusively two outcomes. In this study,
it was used to link the propensity to walk with the predictors.
The model is presented in the form below:

Ui
Pp=—— 2
1 1+ eUi ( )
Or likewise,
) P;
U; = logit(P;) = ln(1 — Pi) (3)

where P; is the likelihood that person i takes at least one
walking trip, 1%’,» is often referred to as the odds ratio, and
U; represents the utility of older person i, which reflects the
determinants affecting person 7’s trip. The following statement
describes the connection between U; and the predictors:

Ui = o + ), BiXix + &i @
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FIGURE 3
The estimation of the green view index.

where X is the k-th predictor, B is the coefficient of
Xir» Bo is a constant, and ¢&; is the error, which follows the
logistic distribution.

Local model: GWLR model

In stark contrast to traditional regression models that
employ a single equation to describe the association
between the predicted variable and predictors, the GWR
model creates a battery of equations to account for the
possible spatial heterogeneity in the relationship, making
it possible to visualize broad patterns in the coefficient
estimates. Furthermore, every point has a unique equation
that is assessed using this point and its neighbors. Simply
put, by relaxing the assumption of spatially invariant
associations, the GWR model expands the classical regression
the
parameters. It has been utilized in numerous empirical
studies (53-57).

The GWLR model belongs to the GWR family and is
represented as follows:

framework and permits estimate of point-varying

Ui = Bo(ui, vi) + Zk Br(ui» vi)Xix + &i, ©)

where (u;, v;) stands for the coordinates of point i, B (u;, v;)
denotes the coefficient of Xj, Bo(uj, v;) is the constant
of point i. B(u;, vi) and Bo(u;, v;) are parameters to be
collaboratively calculated.

A kernel function is required to calculate the weights of
nearby points for any given point. Four frequently employed
functions are fixed Gaussian, adaptive Gaussian, fixed bi-square,
and adaptive bi-square kernel functions. For the fixed Gaussian
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and fixed bi-square kernel functions, weights are allocated as
a continuous function of distance. The adaptive Gaussian and
adaptive bi-square kernel functions, in contrast, permit the
geographical extent (bandwidth) to fluctuate over space rather
than maintaining a constant bandwidth. The formulas of the
four kernel functions are as follows.

(6)

Fixed Gaussian kernel: wjj = exp(—dijz/é’z)

Adaptive Gaussian kernel: wjj = exp(—dijz/ei(k)z) (7)

2 .
(1—di?/0%)"  ifd; <6 @

Fixed bi-square kernel: w;; = { 0 -
otherwise

Adaptive bi-square kernel:

2 .
wij = { (1= dy /09> if dij < by
0

where wj; is point j's weight for the local equation of point i,

)

otherwise

djj is the Euclidean distance between points i and j, € is a fixed
bandwidth, and 6y is an adaptive bandwidth depending on the
kth nearest neighbor distance.

Variables
Eight predictors, which were comprised of three socio-

demographic variables and five built environment variables,
were selected in this study. The choice of built environment

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1003791
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Yang et al.

TABLE 1 Summary of the predicted variable and predictors.

10.3389/fpubh.2022.1003791

Variable Description Mean/proportion Std. Dev.
Predicted variable

Propensity to walk = 1 for having walked out in the reference 24 h, = 0 otherwise 0.63

Predictors: socio-demographics

Male =1 for male, = 0 for female 0.49

Age (unit: year) 73.82 6.93
Car =1 for a person with household car availability, = 0 otherwise 0.07

Predictors: built environment

Population density Neighborhood-level population density (unit: 10> people/km?) 47.98 32.95
Land-use mix Entropy for neighborhood land uses. 0.44 0.23
Intersection density Neighborhood-level street intersection density (unit: 1/km?) 72.14 49.75
Street greenery Green view index 0.15 0.03
Access to bus stops Number of bus stops in the neighborhood 20.10 11.34

Number of observations 10,700

D¢’
framework (21). Table 1 shows the summary of the predictor and

variables follows the built environment assessment
predicted variables. Figure 4 shows the spatial distribution of the
five built environment attributes.

Results

A pair-wise correlation analysis was conducted to analyze
whether collinearity exists among the predictors. Figure 5 shows
the outcome. It reveals that Pearson’s correlation coeflicients are
far smaller than 0.7, indicating the absence of collinearity.

Global and local modeling results are shown below.

Global modeling results

A logistic regression model was developed herein to
demonstrate the correlation between the built environment
and the propensity to walk of older adults in Hong Kong.
Table 2 displays the outcomes. Almost all predictors (control
variables and explanatory variables) have a significant effect
on this propensity. Specifically, population density is shown to
increase the propensity to walk of older adults significantly. This
outcome meets our expectations and reinforces earlier research
conducted in the same city (42). A convincing explanation may
be that high population density areas mean that pedestrians are
allocated more road space and amenities, which makes walking
easier, safer, and more enjoyable (58). Moreover, areas with
high population density have various facilities (e.g., retail stores,
chess rooms, and stores), which can better meet the travel needs
(shopping, leisure, fitness, etc.) of older adults, thus promoting
walking trips.

Land-use mix positively affects older adults’ propensity to
walk, reinforcing earlier research showing that older adults living
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in communities with a high land-use mix are more inclined to
walk. This observation is because a high land-use mix typically
indicates that destinations have abundant types of amenities
that meet the walking requirements of older adults, hence
encouraging walking trips.

Street greenery has a positive and statistically significant
connection with older adults walking trips at the 99%
confidence interval. This outcome concurs with most of the
evidence obtained from the existing literature (47, 59, 60),
indicating that older residents living in neighborhoods with
more greenery prefer to walk more.

A significant and positive correlation between bus stop
accessibility and the propensity to walk of older adults is also
identified. Older adults will typically walk to and from the bus
stop if they need to travel by bus, thus increasing their walking
trips (57). Furthermore, regions with high bus accessibility
direct travelers to walk to transit stations, which create a
walkable atmosphere and, from the perspective of perceived
safety, potentially encourage people’s walking trips (58).

However, intersection density has zero or unexpected
correlation with aspects related to older adults’ propensity to
walk. This finding is significantly different from previous studies,
particularly those conducted in East Asia (58). We should know
that the above outcome merely presents an insignificant average
effect of intersection density and thus may be, at least partially,
attributable to spatial heterogeneity.

Local modeling results

The abovementioned findings provide an answer on whether
the built environment does affect older adults’ propensity to
walk. However, they cannot clarify whether there is spatial
heterogeneity in this effect. Simply put, the global model
can examine the average effect, but it cannot discern the
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A
(o]
High
FIGURE 4
The spatial distribution of the five built environment attributes. (A) Population density. (B) Land-use mix. (C) Intersection density. (D) Access to
bus stops. (E) Street greenery.

potential spatial variation effect. Therefore, the GWLR model
was employed in this study to uncover this effect. The software
MGWR (version 2.2.1) (61) was applied to estimate the model.
Table 3 presents the outcomes of the regression model.
The GWLR model has lower AIC and AICc than the logistic
regression model. This observation indicates that the GWLR
model outperforms the logistic regression model in fitting
the data and justifies our shift from global models to local
ones. Moreover, great variations in the coefficients of the built
environment variables are also determined. Furthermore, the
variation range for each predictor seems to be large. Positive
and negative coefficients can be observed for each predictor,
indicating that the variables exert positive effects in some regions
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and negative effects in others. This observation also means that
the global regression estimation is inadequate and echoes the
argument made by Mulley (62) that “inferring policy from a
single, average, global value might well be misleading” (p. 1,722).

As noted above, GWR-family models, including the GWLR
model, have the advantage of ease of visualization. Inverse
distance weighted (IDW) interpolation is used to assign values
to unknown points in the ArcGIS Pro platform. Figure 6
shows the spatial distribution of the percentage of deviance
explained, namely the proportion of the predicted variable
variance accounted for by the predictors. We observed that
the deviance explained is not homogeneously distributed across
space. For example, the deviance explained is highest in the east
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FIGURE 5
Correlation coefficients among the predictors.

of Lantau Island, indicating that the relationships between the
propensity to walk and the eight selected predictors can be better
predicted in the east of Lantau Island, and that the propensity of
older adults in other regions is more likely to be affected by other
unobserved factors.

The spatial distribution of the coefficients of the five built
environment variables is of predominant interest herein. It is
revealed in Figure 7, where IDW interpolation was once again
adopted. We observed that the distribution patterns are highly
irregular, but patterns for a variable remain inapplicable to
other variables.

Figure 7 exhibits the effect of a predictor in affecting the
predicted variable in each location. Population density has the
largest effect in Shatin, followed by Tuen Mun. Access to bus
stops has the greatest effect in Mong Kok and the areas adjacent
to Lo Wu Port. Furthermore, intersection density has positive
effects in places like the east of Lantau Island and Cheung Sha
Wan but has negative effects in places such as Sha Tin and
Tai Wai. This observation provides suggestive evidence for the
insignificance of the average effect of intersection density.
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Conclusion and discussion

A rapidly aging global population will create varying degrees
of socio-economic effects worldwide. Hong Kong, the region
with the second-highest aging rate in Asia, undoubtedly faces
this issue as well. The unstoppable rise in the number and share
of the older population has drawn increasing concern from
the government, society, and academia. Meanwhile, walking
is among the most crucial travel modes for older adults,
and insufficient walking activities have a clearly detrimental
impact on their overall wellbeing. Therefore, it is important
to consider the preferences and needs of older adults and
turn the development of walkable built environments for older
adults into viable areas of focus for future studies. This study
looks at the spatially varying association between older adults’
walking behavior (specifically, propensity to walk) and the built
environment and aims to develop the latter to be able to satisfy
older adults’ walking demands and promote their walking trips.
Based on HKTCS data and geo-data (e.g., GSV imagery), this
study develops a logistic regression model and a GWLR model
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TABLE 2 Global modeling results.

10.3389/fpubh.2022.1003791

Variable Coeflicient Std. Dev. t-statistic p-value
Male —0.285** 0.041 —6.938 0.000
Age 0.045** 0.003 14.347 0.000
Automobile —0.400** 0.084 —4.781 0.000
household income —0.020** 0.005 —4.215 0.000
Population density 0.056** 0.010 5.908 0.000
Land-use mix 0.314* 0.124 2.531 0.011
Intersection density 0.009 0.008 1.232 0.218
Street greenery 3.157** 0.748 4.223 0.000
Access to bus stops 0.009** 0.002 3.864 0.000
Constant —3.595%* 0.284 —12.648 0.000
Performance statistic
AIC 13,593.37
AICc 13,593.39
*Significant at the 5% level.
" Significant at the 1% level.
TABLE 3 Local modeling results.
Variable Coefficient

Mean Std. Dev. Min Median Max
Male —0.312 0.245 —1.218 —0.291 0.320
Age 0.050 0.025 —0.020 0.049 0.125
Automobile —0.237 0.714 —3.337 —0.232 1.737
household income —0.009 0.040 —0.104 —0.011 0.112
Population density 0.157 0.330 —2.650 0.077 1.259
Land-use mix 1.265 8.571 —28.259 1.186 119.403
Intersection density —0.096 0.480 —4.079 —0.012 1.228
Street greenery —8.866 49.562 —410.161 —7.134 109.353
Access to bus stops 0.014 0.032 —0.112 0.010 0.123
Constant —2.702 7.141 —18.229 —3.375 43.185
Performance statistic
AIC 13,113.53
AICc 13,137.73

to determine how the built environment affects the propensity
to walk of older adults and the effect’s spatial heterogeneity.
This study has found that older adults’ propensity to walk was
positively and significantly related to population density, land-
use mix, street greenery, and access to bus stops, but it was
insignificantly related to intersection density. Built environment
attributes were also found to have spatially heterogeneous
effects on walking propensity. Methodologically, this study
assesses street greenery by applying big geographical data,
demonstrating the great necessity of integrating big data into
urban studies. Employing new/big data can greatly improve our
understanding of the relationship between activity behavior and
the built environment and is a valuable addition to traditionally
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built environment measurements, which should become an
important perspective for future studies.

This study presents several theoretical, methodological, and
practical implications for decision-makers, practitioners, and
planners. First, the results can offer crucial theoretical backing
for the development of senior-friendly built environments that
promote their walking trips. Older adults’ propensity to walk
can be enhanced by increasing population density, land-use
mix, and accessibility to bus stops. Moreover, the GSV-based
measure of street greenery strongly influenced older adults’
propensity to walk, indicating its direct ties to their daily
walking trips. These four factors ought to be crucial in the
planning of a senior-friendly built environment in the future
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FIGURE 6
The spatial distribution of the proportion of the predicted
variable variance that is accounted for by the predictors.

to improve the living standards and wellbeing of older adults.
Furthermore, the people-oriented urban design must consider
older adults’ preferences and behavior (63). As an age group
with considerable leisure time, older adults (unlike younger
people) rarely make mandatory trips (e.g., commuting) but often
make optional ones. In China, chess rooms, parks, and grocery
markets are essential destinations for older adults, and making
them accessible by walking is recommended (37). Therefore, in
the development of senior-friendly communities, policymakers
should focus on attributes that are significantly relevant to
promoting older adults’ walking behavior. Finally, since most
studies recently conducted concentrated primarily on the global
(spatially fixed) associations between the built environment and
older adults” travel behavior and ignored spatial heterogeneity,
this study focusing on the local associations deepens our
understanding of the spatially heterogeneous effect between the
built environment and older adults’ walking behavior.
Traditionally, due to the prevalence of regression-based
correlation studies, policymakers and urban planners tend
to assume unidirectional effects between built environment
attributes and peoples travel behavior (42). They prefer to
singularly raise/lower a certain indicator and overlook the
potential non-linear effects. For example, population density
was once thought to affect walking behavior positively and
monotonically. This is because high-density areas always imply
well-equipped neighborhoods and facilities which encourage
walking (42). However, many recent studies based on machine
learning techniques have described the non-linear and threshold
effects of the built environment, thus triggering a change
in conventional wisdom. Cheng et al. (58) countered that
population density above a particular threshold could have a
detrimental impact on walking behavior because ultra-dense
areas induce crowding and a higher risk of injury, thereby
discouraging walking. Therefore, confining built environment
variables to a reasonable (perhaps moderate) interval may
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be the most effective approach. Furthermore, nearly all
machine learning techniques cannot model spatially varying
relationships, although some exceptions exist (64). We believe
the incorporation of spatial heterogeneity into the machine
learning framework is an interesting future research direction.

A voluminous body of literature (including this study)
has been devoted to teasing out the relationships between the
“physical” dimension of the living/neighborhood environment
(i.e., the natural and built environments) and activity behavior.
Nevertheless, very limited scholarly attention has been paid
to the “social” dimension of the environment (i.e., the social
environment), which may also be a determinant of activity
behavior. Currently, due to urban development patterns,
changes in technology, and hectic lifestyles, people are
always separated from their neighborhoods and communities
and detached from their surroundings. Promoting social
interaction, building a sense of community, and creating
an inclusive and cohesive social environment have thus
been extensively advocated. We suspect that many social
environment variables, such as social cohesion and trust, social
support, social interaction, and sense and inclusiveness of
community, influence people’s activity behavior. More studies
are recommended to devote themselves to this issue, where
profound policy and practical implications can be obtained.
Summarily, we continue to urge that the definition of the
neighborhood environment should be considerably broadened,
arguing that the addition of the social dimension advances our
knowledge of the relationships between the living environment
and activity behavior.

Despite some highly insightful conclusions, this study
inevitably has the following shortcomings. First, the models
used in this study presupposed the global and local correlations
between variables. However, employing machine learning
models can accurately identify the complicated non-linear
associations between older adults’ walking behavior and the
built environment without the need to pre-determine variable
relationships (65). Second, this study identified correlations
between variables but could not examine causality given the
cross-sectional nature of HKTCS data. Therefore, conducting
longitudinal surveys is needed to gather multi-wave first-hand
data, obtain causality evidence, and develop more insightful
conclusions. Third, this study exclusively concentrates on the
role of the outdoor environment while ignoring the indoor
environment. The indoor environment is important because
people spend 80% of their time indoors (66, 67). It is likely
to influence people’s outdoor activity behavior. For example,
if living in a cramped and congested home, a person may
prefer to go outdoor. Fourth, older adults are arguably not a
homogeneous group. For example, the oldest people may need
rest facilities on the walking path, but younger seniors may not
need them so urgently. Looking into senior subgroups (e.g.,
male vs. female) can determine diverse demands and preferences
and obtain richer findings (68). Last, Hong Kong is well-known
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FIGURE 7
The spatial distribution of the coefficients of the built environment variables. (A) Coefficient of population density. (B) Coefficient of land-use
mix. (C) Coefficient of intersection density. (D) Coefficient of access to bus stops. (E) Coefficient of street greenery.

as an extremely compact, highly mixed-use metropolis. The Data avallablllty statement
extent to which the findings of this study are externally valid

in mainland Chinese cities and beyond remains to be tested. The original contributions presented in the study are
Further empirical studies in various contexts are required to included in the article/supplementary material, further inquiries
draw more thorough conclusions. can be directed to the corresponding author.
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School of Architectural Engineering, Huanggang Normal University, Huanggang, China

Along with the expansion of city scale, and the increase in the density of
population and buildings, the occurrence of a major public fire safety incident
in cities will lead to a serious threat to the overall public safety and the
sustainable economic and social development of the relevant region. A simple
and practical safety risk assessment method of fire prevention in gas stations
is of great value for disaster prevention and application in key industries.
The constituent elements of a gas station fire prevention safety system are
complex, and include equipment, materials, environment, operation, and other
factors. This element of information has randomness and temporal dynamics.
To promote the transformation of the safety supervision mechanism of gas
stations, realize the dual objectives of risk classification and risk dynamic
management, and control the gas stations’ safety systems the gas stations
safety systems are the objectives of our paper. By taking the “fire” risk point
of fire prevention in gas stations’ system as the research object, this paper
puts forward the cognitive path of fire prevention in gas stations’ safety system
for risk disasters, and explains the coordination between characteristics of
inherent, initial, and real risks and the structure of the risk system's attributes.
A realistic risk assessment model of fire risk with inherent and dynamic risks is
established. An example was introduced to apply the real risk model, and the
results were consistent with the actual prediction results, thereby showing the
effectiveness and practicability of this method. This risk assessment method
can provide a scientific basis for the prevention of fires and control of the
fire prevention safety system, showing the changes in risk levels in different
stages, and providing risk warning for project managers in taking prompt
corresponding risk control countermeasures and improving the efficiency of
risk management.

system security risk, risk characteristics, real risk cognition, evaluation model, fire

Introduction

Fire is the most frequent and destructive disaster in urban gas stations. Most of these
accidents are caused by the corrosion of pipeline equipment (1), inflammable materials,
and dense personnel at the gas stations, causing large casualties and property losses. With
the increase in supply and demand of gas stations, the causes of accidents are diversified,
and there are widespread posts, links, and operations pertaining to out-of-control pipe
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leakage. Therefore, prevention of these major risks requires
advanced control, and must highlight risk prevention and
control of key equipment, technology, materials, places,
and other system attributes to employ effective means of
ensuring urban fire safety. As such, it is key to evaluate
whether prevention of major risks is efficient to strengthen
the control of labor-intensive sites and high-risk processes,
and reasonably define the key parts to be controlled such
as hazardous substances, processes, equipment, sites, and
operations. Therefore, it is of great practical significance to
conduct an in-depth study on the assessment of fire risk at
gas stations and discover assessment indicators that are more
consistent with the actual situation of the city, establishing a
more reasonable assessment system.

Risk has many different definitions (2-4), and often referred
to as the combination of probability and consequences of
a specific hazardous event. Most of the early risk matrix
methods used the description method or scoring method to
determine two grades to measure the degree of risk: the
qualitative scale of possibility and risk severity (5, 6). This
discrete scale limits its application in evaluation (7). Garvey et al.
(8) and Qazi et al. (9) focus on traditional risk identification
technology that emphasizes the necessity of system interaction
between capturing risks. Qazi et al. (10) believed that decision-
makers encountered risks at all stages of risk management,
and proposed that the risk matrix method could effectively
deal with risk dependence and risk bias. Although traditional
risk analysis methods have been widely used, such as formal
safety assessment, event tree, fault tree, and analytic hierarchy
process that have been used for risk analysis and prevention,
there remain some defects, such as insufficient quantification of
risk estimation (11). To resolve the above shortcomings, some
advanced evaluation methods were proposed, such as Bayesian
networks (12, 13), evidential reasoning, and the fuzzy logic
reasoning model (14-18). Although it is beneficial to improve
the integrity of data, it fails to analyze the causal relationship
between risk data. These models are only applicable to risk
assessment at a site or risk point, but not that of security systems.

Through the investigation of major accidents, it is found
that the causes of accidents are often accompanied by new
unknown risks, meaning there is a scenario gap; risks are
accompanied by dynamic uncertainty (19), the unexpected
nature of natural disasters (20), new technologies (21), and other
scenarios that constantly emerge, and their risk consequences
are dynamic. In other words, due to the uncertainty of risk,
its state is dynamic and accompanied by diversified industrial
accident incentives, and the widespread existence of out-of-
control management positions, links, and regions, also makes
decision-making based on risk assessment results uncertain (22—
24). In actual management, there is a gap between known
risks and unknown risks, which leads to inconsistency in the
expected accident scenario. Only by compensating for this
defect and investigating the causal relationship between risk
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changes and the occurrence of major accidents can we effectively
prevent them.

Since the operation process is a dynamic continuous process,
to reflect the changing trend of risk accumulation, most scholars
consider system security risk as the main line and propose
new research methods. Hou et al. (25) discussed and analyzed
the framework of hazardous chemical leakage accidents from
two aspects of the safety management system and emergency
rescue. Merch et al. (26) pointed out that most of the available
risk assessments and occupational health and safety were
originally designed to meet the needs of large enterprises, and
it seems to be widely accepted that the overall accident rate
would be significantly higher when applied to small enterprises,
resulting in a gap. Lindhout et al. (27) proposed that there is a
significant gap between the major accident scenarios predicted
by the company’s safety management department and the actual
situation. This finding points out that there is a gap in the
results of the risk assessment method, and led to proposing
a major risk assessment method for systematically dealing
with “unknown risks;” concluding that making comprehensive
preparations for hazard identification and risk assessment in
safety management was impossible. Lindhout and Reniers (28—
30) analyzed potential hazard scenarios and proposed effective
measures to mitigate these potential hazards through the set
scenarios and a series of management modes related to industrial
processes. Zhang et al. (31) rebuilt the framework of accident
prevention in the construction industry, identified the main
causes of construction accidents as a whole system, and then
decomposed them into 6 sub-systems, 16 hierarchical factors,
and 39 sub-factors. This paper defines the construction accident
causation system model by using accident causation theory and
a system thinking method. Gjerdrum and Peter (32) pointed
out that due to the uncertainty of “risk preference,” the risk
list may be incomplete, meaning that there are many factors
of “unknown risk;” proving once again that risk factors cannot
be fully identified. Existing system assessment methods do not
fully consider online monitoring of risk assessment and new
risks arising from changes in technology, products, operations,
and organizational structure in industrial development (33).
The system risk assessment method has strong applicability.
Although the above research has achieved significant results in
major risk identification, risk structure mode, and assessment
method of specific scenarios of system risk, it is also proposed
to study the prevention of major risks in key industries
considering many risk factors. However, in practice, there
may be risks in operation due to unexpected changes in
equipment or substances, deterioration of process equipment,
and failure of online monitoring (34, 35). Given the problem
that risk identification in complex systems is not hierarchical
and focused enough, and the dynamic correlation of causality
is ignored, there will be a large deviation between the risk
identification results and the actual situation. To highlight
the key prevention and control parts of safety system risk
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identification, and improve the completeness and accuracy
of the identification process, it is necessary to reconstruct
the system safety risk assessment model and apply it to key
industries under control.

According to the new requirements of standards and
regulations related to risk assessment methods of the global
industrial development, risk management pays increasing
attention to simple and widely applicable methods, and
tends to focus on researching for comprehensive risk
assessment methods with high-risk positions and online
dynamic monitoring. For example, Xu and Chen (34)
risk

assessment based on equipment and facilities, materials

proposed a theoretical framework for systematic

or energy, environment, and operation in dangerous
industries, and formed a major risk index system of key
industry safety systems, including inherent risk index,
risk control index and dynamic risk index. Based on this
theoretical system framework, Li et al. (35) established a
quantitative method for assessment of an inherent risk of
system attributes, considering the disturbance caused by the
management state to inherent risk, proposing a correction
method of inherent risk, and forming the realization risk
assessment model. These studies provide a good theoretical
framework, but the systematic quantitative evaluation needs
further research.

To sum up, an increasing number of scholars have adopted
different analysis methods based on different assessment
perspectives for related research on risk identification, index
analysis, and assessment model. Although they provide
certain theoretical and technical support for risk management,
prevention and control, most scholars’ risk assessment is
based on research on humans, property, and management.
Lack of hierarchical and feedback analysis on the inherent
risk of the system, the effectiveness of the management
level, and the influence of external environmental disturbance
index factors. In addition, most of the previous studies
focused on risk identification analysis in the internal or local
system operation stage of enterprises, and lacked systematic
analysis and research on attributes and management status
indicators of fire safety management systems, as well as a
structural description of the construction of these indicator
systems. Consequently, the risk of the fire safety system
based on the analysis of the cognitive and system security
attribute index makes it necessary to explore a suitable
set for fire local static, a dynamic and complex system
as a whole system for the dynamic control theory of
risk identification and evaluation methods, pay attention to
the transfer between elements, a dynamic feedback effect,
make the safety risk identification and the evaluation of
dynamic research appear more valuable for application.
This provides a reference for realizing the online risk
dynamic control platform of the public fire prevention and

safety system.
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System security risk reconstruction
and assessment process

A new approach to system risk regards system security
risk as a whole assessment system. Starting from the risk
source, a study on the inherent attribute risks of equipment,
facilities, materials or energy places, processes, and high-risk
parts of the operation is performed, and is then combined with
the initial risks formed after the protection of existing safety
protection measures, and finally the dynamic risk impact after
the emergence of new information is considered. Consequently,
a series of risks are finally manifested as real risks. Therefore,
the system risk assessment model would be reconstructed before
studying the real risk. To prevent major risks from being pre-
controlled in advance, highlighting and strengthening the key
control of labor-intensive places and high-risk processes, and
reasonably defining the key control parts such as equipment and
facilities, materials or energy, places, processes, and operations
are key to evaluate whether the prevention of major risks
is efficient.

Analysis of system security risk
characteristics

Most studies ignore the inherent properties of system risk,
that is, the uncertainty and dynamic change information in
specific scenes (36). Chen et al. (37) established a risk grading
assessment method for enterprises in chemical industrial parks
based on the source of inherent risks, effective prevention
mechanism, and vulnerability of receptors according to the
risk system theory and characteristics of chemicals, but the
influence factors of dynamic change are weakened. Considering
the inherent risk perspective as the main line, the inherent risk
of system attribute and the dynamic risk related to the complex
system security risk were analyzed again. To understand system
security risks, it is necessary to clarify the main relationship
between system elements, to facilitate the analysis of the
transformation of system risk events in different dimensions.
The concepts of system security risk are defined as follows:

Inherent risk refers to the energy (e.g., electric energy,
potential energy, mechanical energy) inherent in equipment
and facilities, materials or energy, etc. The hazard source exists
objectively, and its attribute determines that the accident will
cause serious consequences, once it happens. Thus, inherent
risks are considered risks that do not take into account existing
control measures. Therefore, the inherent risk is objective,
and the fire prevention system risk refers to the risk of
harmful equipment and facilities, materials or energy, operation,
and others.

The formation of initial risk can be regarded as the inherent
risk of system attributes and the uncertainty of local system
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management state triggered together. It is the risk present after
considering the existing safety protection measures based on the
inherent risk. In other words, the degree of risk depends not only
on the degree of inherent risk, but also on the level of prevention
and control, and the environmental sensitivity of the recipient
(37). Therefore, based on the inherent risks of system attributes,
the frequency index generated in the process of management
and control is introduced to modify the inherent risks, and thus
the initial risks can be obtained. The relationship is expressed
in Equation 1:

Ry = HxG (1)

where Ry is the initial risk, H is an inherent risk, and G is the risk
of key controlled objects.

The uncertainty of risk involves whether the risk and the
subsequent consequences after the risk will occur. Risk is an
objective existence independent of people’s consciousness and
not subject to people’s will. In other words, we can only measure
the risk generated by a certain event and take relevant measures
to avoid or reduce the risk, but we cannot prevent the occurrence
of the risk. However, risk has certain controllability. Under
certain conditions, the risk can be judged by a series of measures
and certain means can be used to avoid or reduce the risk. In
addition to randomness, there is a certain inevitability between
risk and probability. The inevitability of risk in its frequency
is that risky events must have consequences. Therefore, the
operation process is a dynamic continuous process, which
creates real risks.

Actual risk refers to a system under actual control by external
disturbances, and not subjected to subjective control of a
dynamic state that may lead to the occurrence of accidents. That
is, the aggregation of initial risk and dynamic risk constitutes
a real risk. Paying attention to the actual risk assessment of the
system and the transmission and dynamic feedback between risk
elements has more practical value for the research of safety risk
identification and dynamic assessment of complex systems.

The actual risk is represented by R, and its value is calculated
by integrating the initial risk Ry with the dynamic risk correction
coeflicient Kj;. The actual risk can be expressed as a function
in Equation 2:

R = RoxKpm (2)

In the face of a complex safety system, the risk management
model of coordinating major risk system attributes and dynamic
regulation is explored from the inherent risk; initial risk, and real
risk of the system, and the internal, external, and internal logical
relationship between different factors in the occurrence process
of risk events is revealed. General risks can be further discussed
when a mature risk management system integrates a big data
and other technologies to facilitate data acquisition in the future.
Given this situation, focusing on the background of major risk
events in the system, combined with the actual production
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situation of the enterprise in the safety management work,
tracking and tracking, explores the coordination mode between
system attribute risk and dynamic risk structure elements, which
is helpful for clarifying the coordination mode between system
risk elements, risk structure, and evaluation objects.

Different from the traditional simple system risk assessment
method, the system has complex constituent elements and
many evaluation elements. Hence, it is necessary to adopt
the key prevention and control method, that is, a “dimension
reduction” idea. Based on the importance of the system attribute
prevention and control object, the research focus is to adapt
its risk prevention and control ability. To reflect the changing
trend of risk accumulation, build a logic line of risk change as
shown in Figure 1, and explore the changing trend of major risk
system attributes coordinated with dynamic regulation from the
inherent risk, initial risk, and real risk of the system.

System security risk assessment process

System security risk includes static risk and the dynamic
risk of the whole system. The former represents the objective
static characteristics of the system and the control changes of
local risk management status. The latter reflects the dynamic
situation of the system as a whole caused by external influences,
such as online monitoring, early warning feedback results,
continuous rainstorm, earthquakes, special periods, and other
factors affecting the overall risk status of the system with
timely changes. Although the emphasis of the two analyses is
different, there is a certain correlation. From the perspective
of management, the dynamic risk assessment of the system
as a whole is convenient for managers to clarify the dynamic
risk of the whole system, while the dynamic risk analysis of
static risk and local management is convenient for managers
to arrange targeted risk control measures in daily life. Only by
cooperating with them can the risk assessment achieve the best
practical effect. However, most scholars focus on risk analysis
of some common accidents or local system problems, ignoring
the coordination between dynamic risk assessment of the system
as a whole, static risk, and local dynamic risk analysis. Next,
the system attributes are quantitatively analyzed to form a risk
point initial risk and unit initial risk classification model, which
can reflect the causal logic relationship of accident risk points.
Then, according to the input dynamic hidden danger data,
special period data, natural disaster data, and other evidence
of the online monitoring system, the timely and dynamic risk
assessment of the fire prevention system attribute is carried
out to provide a theoretical basis for managers. Therefore, the
key dynamic indicators are used to modify the system attribute
indicators, and the dynamic risk indicators are used to adjust
the risks in each unit of the fire prevention system. In other
words, the initial risks of the unit are modified timely to form the
real risks in line with the actual state of the system. Combined
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Correction coefficient

with system attribute indicators and key dynamic risk indicators,
a realistic risk assessment model is constructed, as shown in
Figure 2.

Firstly, as shown in the system risk assessment process
in Figure 2, a quantitative method of “five key parameters” is
proposed for the equipment and facilities, material or energy,
place, process, and operation compensation coefficient of the
inherent attributes of the risk point to quantify the severity of
the inherent risk index of the fire prevention system. Secondly,
to solve the difficult and static problems of obtaining the
risk analysis data of disturbance factors, the initial evaluation
parameters are obtained by taking the risk control indicators
as the center. Then, the inherent risk severity index and risk
control frequency index are aggregated into the initial risk of
the risk point. Finally, according to the characteristic values of
monitoring items, the key dynamic risk index correction method
is proposed, and the initial risk is dynamically corrected. After
the dynamic timely correction, the real risk assessment model
is integrated to form the timely risk assessment coupled with
system attributes and management status.

Methodology

Our study aims to prevent and defuse major risks and
fire risk point system attributes and management status of
timely risk assessment as the background. Thus, a realistic
risk assessment model is constructed, as shown in Figure 3,
that is different from traditional risk assessment methods,
based on the systematic risk cognitive structure model, analysis
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system property risk point of equipment, materials, place,
process, operation inherent risk indexes and quantitative
methods, to manage state and local controls risk frequency
calculation method, considering the key dynamic risk indicators
of overall risk.

Determination of inherent risk index of
fire risk point

The places or regions that may induce serious accidents
within the unit are considered risk points, and the fire risk points
are often highlighted in the gas station fire prevention system.
The inherent risk of system safety is classified according to the
five major disaster-causing factors of major accidents in order to
solve the inherent risk, and the steps are as follows:

Step 1: Hazardous equipment and facilities are measured by
the intrinsic safety level of storage tanks at risk points.

Step 2: Hazardous substances are determined through the
energy characteristics of the substances in the storage tank at this
risk point.

Step 3: A dangerous place refers to the exposure risk index
of personnel within the risk point.

Step 4: A dangerous process refers to the failure rate of
static eliminators, alarm devices, monitoring videos, and other
monitoring facilities.

Step 5: Dangerous operations refer to high-risk operations
that are involved, such as special operations, dangerous
operations, special equipment operations, etc.
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The inherent risk index & calculation method of risk points
is shown in Equation 3:
h=hs-M-E-KK; (3)
where, hs is an index of dangerous equipment and facilities,
ranging from 1 to 1.7; M is the dangerous material or energy
risk coefficient, ranging from 1 to 9; E is the exposure index of
personnel in dangerous places, ranging from 1 to 9; Ky is the
correction coefficient of monitoring failure rate, with K1 = 1+p,
p being the average value of monitoring facility failure rate; K,
is the risk correction coefficient of dangerous operation, with
K, = 14-0.05¢, q being the number of high-risk operation types
involved in risk points.

Unit high-risk frequency index
calculation

An inherent risk mainly emphasizes the inherent risk of the
objective existence of substances, and the quality of management
only represents the high and low probabilities of risk events.
The greater the accident probability, the greater the risk control
intensity, indicating that the gas station safety system risk events
are more likely to occur. However, the risk of an inherent risk
will not disappear, but the change of the management state in
the process of risk management will make the inherent risk
fluctuate, so the complement of the occurrence probability of
uncontrolled management is used as the risk control to measure
the fluctuation of inherent risk. Unit high-risk management
frequency index is expressed as Equation 4:

G=1+P (4)

where P is the accident risk point event probability.

Dynamic risk correction

The dynamic risk indicator regulation aims to correct the
initial risk by taking the real risk status as the parameter. It
mainly refers to the real-time correction of early warning results
of online monitoring characteristic indexes. Other indicators
contain five key dynamic risk factors including dynamic accident
hidden danger data, the impact of holidays and other special
periods, the impact of natural disasters, and the impact of
governance measures to timely modify the initial risk of the unit.

(1) The inherent risk severity index (h) of risk points
was modified by using the warning signal coefficient Km, a
characteristic index of online risk monitoring. The real-time
alarm of online monitoring items is divided into a level I (low
alarm), a level II (medium alarm), and a level III (high alarm)
alarms. When the online monitoring items reach three level I
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TABLE 1 Values of dynamic risk index correction coefficient.

Initial risk Correction coefficient k; Correction coefficient

(Ro) i=1 i=2 i=3 ke
Tlevel 1.20 1.44 1.73 0.84
1I level 1.30 1.69 2.20 0.67
11T level 1.40 1.96 2.74 0.50
IV level 1.50 2.25 3.38 /

Here, i represents the adjustment times of other dynamic indicators, and direct
adjustment of more than 3 times is considered a major risk.

alarms, it is recorded as one level IT alarm; when the monitoring
items reach two level II alarms, it is recorded as one level III
alarm. Given this, after several rounds of tests, the base number
of the corresponding dynamic monitoring characteristic index
coefficient Km is set to 1.20, and the dynamic risk correction
expression of the online monitoring characteristic index’s early
warning signal is established (Equation 5):

Ky =1.20(a+2b+3¢) 5)

where a is the number of yellow warnings, a =0, 1, 2, and 3; b is
the number of orange warnings, b = 0,1, and 2; ¢ is the number
of red alerts, c =0 or 1.

(2) Other dynamic indicators to modify the initial high-risk
security risks of the unit

i) Dynamic accident hidden danger index correction
According to the accident hidden danger data reported by the
enterprise, if there are only general accident hidden dangers, but
no major hidden dangers, the initial risk (Rg) of the unit shall be
modified according to the number of hidden dangers based on
the accident investigation standard 100: If the number of hidden
dangers is between 1 and 5, k; =1.20; if the number of hidden
dangers is between 6 and 20, k; =1.40; if the number of hidden
dangers exceeds 20 times, the correction rules of major accident
hidden dangers shall be implemented. Aslong as there is a major
potential accident, the dynamic indicator correction coefficient
k; is directly used to correct the initial unit realistic risk (R0). The
value of the dynamic indicator regulation coefficient k; is shown
in Table 1.

ii) Special period index correction Special periods refer to
statutory holidays and important national or local activities.
In the quantification of indicators during special periods, the
initial unit realistic risk (Rg) is corrected by the dynamic index
correction coefficient k;. The value of k; is shown in Table 1.

iii) Correction of natural environment index For the
quantification of natural environment indicators, such as
earthquakes, and debris flow, the dynamic index correction
coefficient k; is used to correct the initial unit actual risk (Rg).
The value of k; is shown in Table 1.

iv) Correction of early warning disposal index If a yellow
warning information appears, then the enterprise failed to
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TABLE 2 Classification of realistic risk levels.

Unit realistic Unit realistic risk level ~ Risk level symbol
risk(Rg or R)

R<48 Low risk IV level

48<R<105 General risk 1II level

105<R<150 Larger risk 1I level

R>150 Major risk Ilevel

dispose within 24h. In the case of an orange warning
information, then the enterprise did not dispose within 12h. The
dynamic index correction coefficient k; is used to correct the
initial unit actual risk (Rg). The value of k; is shown in Table 1.
v) Comprehensive management index revision If the
enterprise adopts the comprehensive management of the closed
and sold gas stations, the system risk will be significantly
reduced. Therefore, the correction coefficient k. is adopted to
reduce the initial unit realistic risk (Rg), as shown in Table 1.

Actual risk of unit

(1) Dynamic correction of unit inherent hazard index As
the gas station is a safety system, it is found that there is
only one major fire risk point in the whole unit. In addition,
since the correction coefficient (Kj;) of the alarm signal, a
characteristic index of dynamic monitoring of high risk, is
dynamically modified for the inherent risk (h) of risk points, as
shown in Equation 6, the dynamic correction of the inherent risk
index of the construction unit is as follows:

H = hKp, (6)
where H is the modified value of the dynamic monitoring index
of inherent risk point.

(2) Unit initial high risk As shown in Equation 7, the high-
risk risk control frequency (G) of the unit is aggregated with the
inherent risk index (H) of the unit to determine the initial safety
risk value of the unit. The risk level is determined in Table 2.

Ro = GH ?)
where Ry is the initial safety risk value of the unit.

(3) Actual risk of system security System actual risk R is the
result of revising the initial high risk (Rp) of the modified unit
by other dynamic risk indicators. Other dynamic risks do not
always exist. If this index does not exist, its modified value is
1. If it does exist, modifying Ry should be done by referring
to Table 1. Finally, the actual safety risk of the fire prevention
system is calculated (Equation 8):

R = Ro*kc™k; (8)
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where k; is to increase the risk correction coefficient. Among
the dynamic indicators, the special period index, early warning
disposal index, and natural environment index appear, which
should and will increase the risk. i is the adjustment times
of these three indicators, i = 1,2,3; while kc is to reduce the
risk correction coefficient. Note, that due to the existence of a
comprehensive management index, when the risk is managed
in time, the dynamic risk is significantly reduced, and should
be corrected.

The values of k; and k. are shown in Table 1. If k; and k. do
not exist, that is, there is no dynamic index, both k; and k. take
the value of 1.

(4) Actual risk level of the unit The risk regulated by the risk
control index and dynamic risk index is regarded as the actual
risk of the final fire event, as shown in Table 2. The realistic safety
risk level of a gas station system is divided into I, II, III, and
IV (38).

Case study

The construction area of a city gas station is about 1,000
square meters, generally used to add fuel oil, lubricating oil, and
so on. There are 5 gasoline tanks with a total of 260t, and the
critical value of gasoline is 200t. The correction coefficient is
2.1, and convenience stores with other convenience measures
are supported. The gas station area is equipped with 7 types
of monitoring facilities, such as an electrostatic eliminator, fire
alarm devices, and video surveillances, with a normal daily
online monitoring system. The risk control frequency index
of fire occurrence is 0.13. The gas station staff of 5 people,
and the fire accident, may affect the number of surrounding
residents reaching 80 people, the daily inspection found 15
hidden dangers, and an emergency plan. Based on the above
examples, the risk point of a gas station fire accident is taken
as the evaluation object, the system risk assessment model is
applied to these examples, and the feasibility assessment analysis
is carried out.

(1) Inherent risk index of fire risk points Gas stations contain
tanks of diesel, gasoline and their attached facilities, which are
high risk. Therefore, the corresponding relationship between the
essential safety level of tanks and the risk index is shown in
Table 3.

According to the “oil tank” and “auxiliary facilities” indices
to classify quantification, each index selects a characteristic value
that is multiplied, with the solution result being a risk index of
high-risk equipment and facilities characteristic value of 1.70.

Regarding the hazard factor of fire incident risk point, the
material coefficient M is determined by the fire, explosion,
toxicity, and other characteristics of dangerous goods at the
event risk point, mainly characterized by the combustibility and
chemical activity of the substance, and it describes the internal
characteristics of the energy released by the fire, explosion
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TABLE 3 The corresponding relationship between intrinsic safety level
of tanks and hazard index.

Indicator Indicator description Characteristic
value
Oil tank Advanced equipment 1.10
The tank is in good condition 1.30
Poor quality of tank body 1.70
Affiliated facilities Fully equipped and in good condition 1
The warning system is in good condition 0.90
Risk index of dangerous equipment and facilities (h) 1.70

TABLE 4 Assignment table of risk point exposure personnel index.

Number of people exposed Characterization value E

More than 100 people 9
30-99 7
10-29 5
3-9 3
0-2 1
Index of Persons exposed to dangerous places(E) 5

and other chemical reactions of the substance. The larger the
quantity of storage, the greater the possible consequences of
instability. Therefore, according to the hazard classification
standard stipulated by the identification of major hazard sources
of hazardous chemicals, the ratio between the actual quantity of
hazardous substances and the critical quantity at the fire event
risk point was determined, and the M was measured by the
sum of the ratio corrected by the correction coefficient S of the
corresponding hazardous chemicals. The dangerous substance
at the fire event risk point is calculated as follows:

q1 9 dn
M = _— —= —— 9
,31Q1+,32Q2+ + B N 9)

where M is the coeflicient of chemical combustibility or
active characteristic substance;qq,q2,---qn are the actual
quantity of each dangerous substance; Qp,Qp,---Qy are
the critical quantity corresponding to
substance;81, B2, - - Bn the
corresponding to each dangerous substance.

each dangerous

are correction  coefficients
In our case, the high-risk item is gasoline, and M is equal to
2.73 as determined by Equation 9.
High-risk sites are refueling areas where residents can be
affected by the fire. A total of 85 people work in the refueling

area due to the number of residents nearby. The corresponding
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relationship between the number of people that can be affected
by the fire and the risk index is shown in Table 4.

A high-risk process is composed of monitoring and
monitoring systems. Considering the high impact and high-
risk characteristics of fire and explosion, effective monitoring
is an important part of ensuring the safety of gas stations,
and the effectiveness of monitoring and monitoring system
technology has an important impact on the refueling area. The
case involved 7 types of monitoring facilities, and the monitoring
status was intact, so K1 = 1 was obtained. A high-risk operation
is determined by the type of operation in the refueling area, and
so K2 is equal to 1.5.

Therefore, the inherent risk index of fire accident risk points
can be obtained from Equation 3, calculated as h and equal
to 48.73.

(2) Probability of risk point control As for the calculation
of risk changes in daily management, the probability index of
fire accident risk point control can be obtained from Equation 4,
calculated as G and equal to 1.13.

(3) Systematic realistic risk assessment Risk dynamic
simulation and risk evolution should be considered for a gas
station. Since the online monitoring system is normal, it can be
seen from Equation 5 that the correction coefficient of the alarm
signal of the characteristic index of dynamic monitoring of high
risk is 1. According to Equations 6 and 7, the result of dynamic
correction of the inherent risk index of the calculation unit is
48.73, and the initial risk result of the unit is 55.07, belonging
to general risk. According to Equation 8, the actual risk result
of system safety is 71.59, belonging to a large risk and the risk
level II. Compared with the actual situation, the realistic risk
assessment results are more consistent with the reality.

Discussion

Inherent risk change law analysis

To verify the effectiveness and feasibility of the method, an
inherent risk assessment was conducted for the fire accident risk
points of 10 gas stations. The assessment results are shown in
Table 5. Because the article takes the inherent risk of fire accident
risk points as the main line, the real risk is calculated after the
two corrections of the control state and dynamic risk. Because
it is difficult to obtain the corrected data, that changes based on
the inherent risk, most of the updated results increase the real
risk data, so the risk change law can be analyzed according to
the main data results of the inherent risk.

(1) The established system security risk assessment model
highlights the focus on prevention and control. Mainly from
“dangerous equipment and facilities, dangerous materials
or energy, dangerous place, dangerous process, dangerous
operation” to highlight the prevention and control role of key
people, equipment, processes, sites, and other risks, that can fully
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TABLE 5 Inherent risk assessment results of fire risk points in 10 gas stations.

10.3389/fpubh.2022.987277

Serial number of 10 gas stations Accident risk point h; M E K; K> h

1# gas station Fire 1.30 3 7 1.10 1.20 36.04
2# gas station Fire 1.70 4 7 1.30 1.30 80.44
3# gas station Fire 1.50 5 5 1.30 1.40 68.25
4# gas station Fire 1.70 6 9 1.50 1.50 206.55
5# gas station Fire 1.70 3 9 1.20 1.20 66.10
6# gas station Fire 1.50 6 7 1 1.30 81.90
7# gas station Fire 1.10 8 3 1 1.40 36.96
8# gas station Fire 1.30 9 7 1.10 1.50 135.14
9# gas station Fire 1.50 2 5 1.60 1.60 38.40
10# gas station Fire 1.70 5 3 1.50 1.70 65.03

TABLE 6 Matching supervision principle of risk classification and risk level.

Risk status, regulatory Level and status of supervision
countermeasures and measures
Unacceptable risk: significant regulatory measures; Unreasonable

First-level warning: strong supervision;

Comprehensive investigation, rectification.

Unacceptable

IT Level Expected risk: large risk regulatory measures; Unreasonable Unreasonable
(higher risk) Second-level warning: strong supervision; Acceptable Unacceptable
High-frequency inspection.
III Level Limited risk acceptance: general risk regulatory Unreasonable Unreasonable Unreasonable
(general risk) measures; Third level warning: medium Acceptable Acceptable Unacceptable
supervision; Local restrictions: limited checks,
warning policies, etc.
Acceptable risk: negligible; Fourth-level warning: Unreasonable Unreasonable Unreasonable
weakening supervision; Attention strategy: Acceptable Acceptable Acceptable

random check, etc.

Red indicates that the risk result is extremely serious and may cause catastrophic consequences. The risk result is unacceptable and prevention and control measures must be

taken immediately.

Orange is second, indicating that the risk result is serious, the risk result is unacceptable, and the prevention and control measures should be taken immediately.
Yellow indicates that although the risk result is not controllable, it is acceptable, and daily control needs to be strengthened.

Blue indicates that the risk result is within the control range, acceptable, and strengthen control.

control the actual situation, further explaining the rationality of
the model evaluation results.

(2) Material hazard index (M) and site personnel exposure
index (E) accounted for most of the assessment, that is, the
higher the mass of the fuel, the higher the M; The greater the
number of people affected by the fire explosion, the greater the E.

(3) The normal operation of online monitoring and
monitoring facilities can effectively control the safe operation
process parameters of the gas station system and reduce the
inherent risk, which would otherwise increase. In addition, the
more types of special operations used, the higher the potential
inherent risks; Reducing the number of high-risk workers is by
implementing automation is one of the effective ways to reduce
the inherent risk at the gas station.
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Risk classification prevention and control

(1) Risk classification supervision According to the
results, the
countermeasures and suggestions for eliminating or weakening

risk assessment technical and supervisory
risks and hazards should be put forward, and prevention and
control measures should be taken to reduce risks until the
risk reduction is within the acceptable range. The risk of fire
is divided into four grades from high to low: red, orange,
yellow, and blue, and the “red, orange, yellow, and blue” safety
supervision and management warning mechanism must be
constructed and implemented. According to the risk value
calculated by the risk classification model and based on as
low as reasonably practicable, the risk assessment level of the
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FIGURE 4
Classified management and control of security risks based on realistic risk assessment technology.

supervised object is graded into four levels, namely, major
risk, higher risk, general risk, and low risk. According to the
scientific and reasonable “matching regulation principle;” the
corresponding level of regulatory measures should be applied
to the corresponding level of risk objects. For example, the
supervision objects of major risk levels should be subjected
to high-level regulatory measures, as shown in Table 6. Safety
supervision departments at all levels should combine their
regulatory power according to different risk levels, formulate
scientific and reasonable law enforcement inspection plans.
Concerning the law enforcement inspection frequency, the
respect such as law enforcement inspection should focus on
differentiation and encourage enterprises to strengthen the
self-management, enhance the level of safety management, and
adopt effective risk control measures and efforts to reduce risk.
(2) Implement inherent risk classification control According
to the evaluation results, we should focus on high-risk processes,
equipment, articles, sites, and operations, and strengthen
dynamic risk control, which is conducive to prevention and
control. Enterprises should implement “three simultaneous”
for dangerous equipment and facilities, strictly follow the
design and safety regulations, and improve the essential safety
level of equipment and facilities. For inflammable materials
that may lead to accidents, strict control of the parameters
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of high-risk materials according to relevant safety standards
and design requirements is required, accompanied by daily
detection and maintenance management. Enterprises should
reduce personnel exposure in dangerous areas, adopt measures
of “automatic personnel reduction and mechanical personnel
replacement;” promote remote inspection technology, and
monitor mobile personnel. Strengthening the control of the
dangerous processes and improving the reliability of key
monitoring dynamic data would also be essential. The employees
would receive education and training on topics pertaining
to production safety, production safety, and safety risk
control measures.

(3) Improve the standard management level of enterprise
safety Establishing hidden dangers and illegal intelligent
identification system, while also strengthening hidden danger
investigation and report would also be important.

(4) Strengthen dynamic risk control According to the
dynamic early warning information, natural disaster, special
periods, and other relevant information must be used to take
timely response measures and reduce dynamic risks. Improving
the real-time effectiveness of risk dynamic index data is
important to avoid data distortion.

Moreover, risk classification control is implemented over
five levels: general risk list identification control, major risk
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control, unit high-risk risk control, dynamic risk control, and
risk classification supervision, as shown in Figure 4. Through
targeted and advanced measures for prevention and control,
improving safety prevention and control ability is possible. This
further indicates that risk assessment technology is beneficial for
enterprises in implementing timely and synchronous dynamic

monitoring and decision-making.

Advantages of realistic risk assessment
method

Realistic risk assessment technology is developed based
on the inherent attributes of the system, and the risk
assessment object is divided over three stages. The first
stage comprises the inherent risk, which mainly evaluates the
risk of equipment, facilities, processes, materials, places, and
operations, and highlights the key prevention and control
parts; The second stage encompasses the unit management and
control risk, which mainly assesses the risk in the management
processes; The third stage is concerned with dynamic risk
regulation, which mainly evaluates the impact of dynamic
changes such as high-risk online monitoring, monitoring-
characteristic indicators, special period indicators, and natural
environment on the initial risk. The realistic risk assessment
tool based on the system accident risk point is helpful to clarify
the coordination between the system risk elements and the
assessment objects.

The results of the realistic risk assessment methods are
usually expressed by the index data obtained from statistical
data or given certain data rules, and are processed and sorted
in a mathematical way to obtain the risk value. This method
can not only reflect the local dynamic variability of risk
management and control indicators, but also facilitate the
proposal of targeted risk management and control measures,
further improving the accuracy of risk management prevention
and control objects. This may also solve the difficult and static
problem of obtaining risk analysis data in the process of complex
and uncertain system management. This evaluation method may
quantitatively analyze the relationship.” This may summarize
the sentence in a more concise manner. Kindly check may
quantitatively analyze the relationship of a given enterprise’s
safety status; The results of risk assessment are convenient for
researchers or risk decision makers to make effective judgments
and interpretations through the comparative analysis of
these data.

Conclusions

Compared to the previous simple risk assessment model, the
fire accident risk point system discussed in this study is taken as
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the main line of risk assessment, and the transformation process
of the risk points from inherent risk, to initial risk, and then
to a real risk is explored, redefining the major risk assessment
model and risk perception path. The static risk characterization
method of the inherent attributes of dangerous equipment,
facilities, materials, places, processes, and operations, in a fire
safety system, is studied. Combined with the possible degree
of occurrence of fire risk points during daily operations and
management, the initial risk of fire risk points under local
dynamic conditions is determined. With the update of a fire
complex system information and abnormal information, the
dynamic risk correction method is proposed again to correct
the initial risk. Finally, a static risk assessment model, a local
dynamic risk assessment model, and a realistic risk assessment
model that can modify the initial risk are established. The
system’s timely risk assessment, combined with system attributes
and management status, is realized, making the enterprise
risk management status timely adjusted, and transparent. The
shortcoming of the study is that there are other types of disasters
besides fires that can occur in gas stations. The previous study
was oriented to curb major accidents and focused on preventing
major risks.
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High urban temperatures affect city livabilty and may be harmful for
inhabitants. Analyzing spatial and temporal differences in surface temperature
and the thermal impact of urban morphological heterogeneity can promote
strategies to improve the insulation of the urban thermal environment.
Therefore, we analyzed the diurnal variation of land surface temperature (LST)
and seasonal differences in the Fifth Ring Road area of Beijing from the
perspective of the Local Climate Zone (LCZ) using latest ECOSTRESS data. We
used ECOSTRESS LST data with a resolution of 70m to accurately interpret
the effects of urban morphology on the local climate. The study area was
dominated by the LCZ9 type (sparse low-rise buildings) and natural LCZ types,
such as LCZA/B (woodland), LCZD (grassland), and LCZG (water body), mainly
including park landscapes. There were significant differences in LST observed
in different seasons as well as day and night. During daytime, LST was ranked as
follows: summer > spring > autumn > winter. During night-time, it was ranked
as follows: summer > autumn > spring > winter. All data indicated that the
highest and lowest LST was observed in summer and winter, respectively. LST
was consistent with LCZ in terms of spatial distribution. Overall, the LST of each
LCZ during daytime was higher than that of night-time during different seasons
(except winter), and the average LST of each LCZ during the diurnal period in
summer was higher than that of other seasons. The LST of each LCZ during
daytime in winter was lower than that of the corresponding night-time, which
indicates that it is colder in the daytime during winter. The results presented
herein can facilitate improved analysis of spatial and temporal differences in
surface temperature in urban areas, leading to the development of strategies
aimed at improving livability and public health in cities.

KEYWORDS

Local Climate Zone, diurnal variation, land surface temperature, ECOSTRESS data,
urban morphology, Beijing
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Introduction

With the rapid development of urbanization, the proportion
of impervious surface in cities is increasing, and these materials
usually have higher heat storage capacity and lower reflectance.
In addition, the increase in population of cities will also bring
about an increase in energy consumption and greenhouse gas
emissions. As a result, the temperature of the inner city is higher
than that of the surrounding areas, which is called the urban
heat island (UHI) effect (1, 2). The UHI affects air quality (3),
vegetation phenology (4), and energy and water demand (5-7),
while also increasing heat-related human casualties (8). By 2050,
68% of the global population is expected to live in urban areas,
according to UN statistics (9). Previous studies have shown that
the change of thermal environment will not only affect people’s
physiological condition, but also have serious psychological
effects (10). Meanwhile, global heat wave events are increasing
in frequency (11-13), and climate warming have also changed
the urban thermal environment to some extent. Therefore,
the spatial and temporal patterns and variability of the urban
thermal environment must be explored to improve livability and
public health in cities for global urban development (14-16).

Based on the location of the heat island, UHI effect can be
divided into Subsurface UHI, Surface UHI, Canopy layer UHI
and Boundary layer UHI (17, 18). The UHI effect is usually
quantified through urban heat island intensity (UHII) (19). It
is defined as the difference between urban surface temperature
and suburban surface temperature (20). The temperature data
are mainly obtained through the temperature data measured
by weather stations or the inversion based on satellite remote
sensing data. Meteorological station data have high temporal
resolution and continuity; however, due to the limitations of
observation instruments as well as the number and spatial
location of meteorological stations, the data cannot reflect the
overall spatial variation of urban temperature comprehensively.
For example, Zhang et al. (19) obtained long-time series
temperature data from 50 stations for 3 years (2014, 2015,
and 2017) to analyze the UHI characteristics of Xi’an during
summer daytime; however, on-site measurement methods are
often labor-intensive. In contrast, remote sensing inversion can
be used to obtain large-scale surface temperature data in a short
period of time and analyze the characteristics of the urban
thermal environment on different scales (21-23). Depending
on the satellite orbit, remote sensing data can be divided into
near-polar orbit satellite remote sensing data and geostationary
satellite remote sensing data (24, 25). The commonly used
MODIS, ASTER, and Landsat data are all near-polar orbit
satellite data, which are acquired in essentially the same amount
of time for a given location. Therefore, near-polar orbit satellite
data can perform long-term comparisons of UHI effects.

The difference of surface temperature between cities and
adjacent non-urban areas is called surface urban heat island
(SUHI), which is usually calculated by land surface temperature
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(LST) measured by satellite (26). Different scholars have studied
the changes of surface temperature from many perspectives,
including seasonal and diurnal surface temperature variation in
cities. From the perspective of spatial scale, these studies are
mainly divided into global scale, regional scale and individual
city surface temperature variation (27-29), and from the time
perspective, mainly into diurnal, seasonal and inter-annual
variation (30-32). Most scholars use MODIS data for research to
ensure good consistency in space and time series (33, 34). Some
scholars combine Landsat data with MODIS data, for instance,
Md. Omar Sarif and Rajan Dev Gupta used multi-time Landsat
and MODIS Terra to study the ecological status of Prayagraj city
and its surrounding environment during summer and winter
(35). However, MODIS data have certain deficiencies when
used in the research of some small-scale areas. First, in terms
of spatial resolution, MODIS data are suitable for large-scale
studies of surface temperature variability (36, 37), while ASTER
and Landsat satellite inversions are more suitable for urban-
level studies of thermal environments (38). In terms of diurnal
surface temperature data acquisition, MODIS and ASTER data
have low spatial resolution and cannot accurately reflect intra-
urban variability, despite the availability of night-time data (39-
41) and good applications for observing UHI effects in large
cities or metropolitan areas (42). In addition to polar orbiting
satellites, geostationary satellites can also acquire diurnal surface
temperature data and have shown good accuracy (43). For
satellites such as the Geostationary Operational Environmental
Satellite (GOES) (44), Meteosat (45), and Meteosat Second
Generation (MSG) (46), it is often difficult to obtain an accurate
picture of the thermal environment inside cities due to spatial
resolution limitations. For example, Chang et al. (20) explored
the diurnal UHII cycle in Boston based on GOES-R surface
temperature data, but its spatial resolution was only 2 km.

In 2018, NASA developed the ECOsystem Spaceborne
Thermal Radiometer Experiment on Space Station
(ECOSTRESS), which is mainly used to study the response
patterns of plant temperature to water. With a short revisit
period of 3-5 days, a resolution of 70m, and the ability to
acquire LST images at different times during the day and night,
ECOSTRESS data have a high spatial and temporal resolution,
and ECOSTRESS LST and emissivity (LST&E) data have been
widely applied to research urban thermal vulnerability (47),
agricultural monitoring (48), and surface temperatures in
volcanic regions (49) with good accuracy. Thus, retrieving
ECOSTRESS data for surface temperature can provide a more
comprehensive understanding of the spatial and temporal
impacts of urban morphology on LST. Understanding the
influence of urban landscape patterns on LST heterogeneity
is essential for improving the urban thermal environment
(50, 51); however, the urban/rural division traditionally only
distinguishes between urban and suburban areas, limiting
research at the local urban scale. To overcome these limitations,
Stewart and Oke (52) proposed the Local Climate Zone (LCZ)
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scheme, which divides the landscape into 10 “built types”
and 7 “natural types,” each of which characterizes land cover,
surface properties, and human activity. Li et al. (53) based
on the classification of LCZ, analyzed the variation rules of
surface temperature (LST) and frontal area index (FAI), and put
forward the suggestion of urban cooling by wind. In addition,
Xie et al. (54) produced the LCZ map of the Guangdong-
Hong Kong-Macao Greater Bay Area for a long time series
to analyze the spatial and temporal changes of urbanization
gradient and urban form from a three-dimensional perspective.
Therefore, the LCZ scheme represents the thermal environment
of homogeneous surfaces within cities in detail and has been
widely applied to the study of urban thermal environments
(36, 55-57) and urban wind environments (58, 59).

In summary, due to the high heterogeneity within cities and
availability of satellite data, the current research on LCZ-LST
is mostly based on near-polar orbit satellite data, and the use
of geostationary satellite remote sensing data is relatively rare.
However, the ECOSTRESS experiment can capture temperature
data at high resolution during the day and night; thus, it can
better observe the heat phenomenon inside the city better.
Therefore, this study mainly includes three objectives: (1)
use 70m resolution ECOSTRESS data to obtain night and
day surface temperatures for all seasons and explore the
spatial variability between surface temperatures; (2) classify
different LCZ types using Geographic Information System
(GIS) identification based on remote sensing and building
data; and (3) spatially overlay LCZ and LST to analyze the
spatial variability of different LCZs between various seasons and
between day and night.

Data and methods

Study area

Beijing is located at 115.7-117.4°E, 39.4-41.6°N. The total
area is ~16,410.54 km?2, This study takes the Fifth Ring Road
as the research area. The main reason for this selection is that
according to the 7th National Population Census (2021), the
permanent population of Beijing is about 21.89 million. The
permanent population in the central urban area, which accounts
for only 4% of the total area, is about 10.99 million and accounts
for 50.2% of the total population. The limited land area and the
increasing population exert great pressure on the urban thermal
environment, especially during summer season. In addition, the
area has little relief and shows minor changes in the form and
function of internal buildings over time (Figure 1).

Data sources
We have combined building vector data with land cover

data to classify LCZ types in Beijing and combined them
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with OpenStreetMap data to obtain the Fifth Ring Road area.
In addition, we downloaded diurnal ECOSTRESS LST data
for different seasons and used ECOSTRESS CLOUD data for
data filtering. At the same time, we selected images with
better quality based on time requirements (In this article, we
describe December, January, and February as winter; March,
April, and May as spring; June, July, and August as summer;
and September, October, and November as autumn). The data
sources and times are shown in Table 1. To quantify the diurnal
and seasonal thermal response of the LCZ, we superimposed
the obtained LST data on the LCZ and produced corresponding
graphs to highlight the differences between and within classes.
We performed t-tests for the four seasons and diurnal LST, and
a one-way ANOVA for the differences between LCZs.

ECOSTRESS LST&E data

The ECOSTRESS experimental mission, which focuses
on measuring plant temperature to better understand plant
water requirements and how they relieve stress, consists of
four levels of data, from which the level 2 product LST&E
data and cloud mask product have been widely used for
agricultural crop monitoring, volcanic surface temperature
estimation, and studies of urban thermal environments with
good accuracy (60, 61). In a systematic and comprehensive
evaluation study of different satellite LST products, Li et al.
(48) found that ECOSTRESS data had the highest consistency
with ground-based observations during the day, with absolute
deviations of <1.89°C at night. In this study, LST and cloud
mask data for the study area were downloaded from the
AppEEARS website (https://appeears.earthdatacloud.nasa.gov/
explore), which allows the extraction of an individual dataset,
as well as data reprojection (60, 62, 63). We selected diurnal
LST images for each of the four seasons. After screening, eight
high-quality images were selected for each day and night.

LCZ division

To maintain spatial resolution consistency with the LST
data, the entire study area was divided into a 70 m x 70 m grid,
and then divided into LCZs 1-9 based on building height and
density. Based on the 2004-2020 urban master plan, most heavy
industries were removed from the study area by 2016; therefore,
LCZ10 is not divided (64). In addition, natural-type LCZ was
classified based on land cover data. Due to the resolution
difference, we reclassified the 10 m resolution land use data to
70 m in ArcGIS 10.5, and the type with the largest area of the
pixel was taken as the attribute of the pixel. In addition, due to
the lack of detailed geometric data on trees, LCZA (dense trees)
and LCZB (sparse trees) were used as a mixed type, while scrubs,
cultivated and grassland, and bare land in the land cover data
were classified as LCZC, LCZD, and LCZEF, respectively; streets
and other impermeable surfaces were classified as LCZE, and
water bodies were classified as LCZG (Table 2).

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1001344
https://appeears.earthdatacloud.nasa.gov/explore
https://appeears.earthdatacloud.nasa.gov/explore
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Shi et al.

10.3389/fpubh.2022.1001344

(]

Diaoyu Islands

v

39°50'0"N

P 2287
. .19

[ 1 District
0 3 km

| S —

116°20'0"E 116°30'0"E

FIGURE 1

data, and (C) satellite images of the study area.

The location of the study area. (A) The red shaded area represents the location of the study area in China, (B) Beijing decorated with elevation

TABLE 1 Data sources and descriptions.

Data type Descriptions Time Sources

Building data Buildings outlines, height and floor 2018 Baidu map

ECOSTRESS LSTE Land surface temperature and emissivity data (70 x 70 m) 2019-2020 https://Ipdaacsvc.cr.usgs.gov/appeears/
ECOSTRESS CLOUD cloud mask product (70 x 70 m) 2019-2020 https://Ipdaacsvc.cr.usgs.gov/appeears/
OpenStreetMap Road location information 2021 https://www.openstreetmap.org/

Land cover data 2017 http://data.ess.tsinghua.edu.cn/

Results

LCZ classification results

Figure 2 shows the LCZ classification results of the study
area, which is divided into 13 LCZ types. Overall, the area within
the Fifth Ring Road of Beijing was mostly covered by building-
type LCZs, while natural-type LCZs were smaller in size. It also
shows a decreasing trend from the center to the periphery, which
is attributed to the height limit policy of Beijing. Meanwhile,
combining with Figure 3, it can be found that LCZ9(sparse low-
rise building) and LCZI(compact high-rise building) are the
dominant and the lowest among building types, with 28,814
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and 1,415 pixels, respectively, while only four natural types are
obtained, which are LCZA/B, LCZD, LCZE and LCZG. LCZC
and LCZF did not appear in the entire study area. In addition,
the combination of Google Earth satellite images shows that
LCZA/B and LCZG are spatially distributed in line with the
location of the park while LCZE mainly consists of a network
of ring roads.

Diurnal and seasonal LST variation

Figure 4 shows the spatial distribution of day and night
LST in the study area during four seasons. Figures 4A-D show
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TABLE 2 LCZ types and description.

LCz Description Examples LCZ type Description Examples
type

LCZ1 Compact high-rise (more LCZA\B (Dense trees) Dense)\ Sparse coniferous

than 9 floors) forest and evergreen forest.

LCZ2 Compact mid-rise(4-8 floors) LCZC (Shrub) Open arrangement of bushes,
shrubs, and short, woody
trees.

LCZ3 Compact low-rise(1-3 floors) LCZD (Low plants) Grassland or herbaceous
plants crops. Few or no trees.

LCZ4 Open high-rise (more than 9 LCZE (Bare soil or paved) ~ Rock or impervious road

floors) surface virtually vegetation
free

LCZ5 Open mid-rise (4-8 floors) LCZF (Bare soil or sand) Featureless landscape of soil
or sand cover.

LCZ6 Open low-rise (1-3 floors) LCZG (Water) Large, open water bodies or
small bodies.

LCZ7 Sparse high-rise (more than 9 LCZ8 Sparse mid-rise (4- 8 floors)

floors)

LCZ9 Sparse low-rise (1-3 floors) LCZ1-3: building density >0.4.

LCZ4-6: building density is between 0.2 and
0.4.
LCZ7-9: building density <0.2.
Frontiersin Public Health frontiersin.org
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TABLE 3 Statistical results of diurnal surface temperature in different
seasons.

Time Max Min Avg

(°O) (°C) (°C)
Spring daytime 38.89 30.95 34.72
Summer daytime 46.58 34.55 40.44
Autumn daytime 35.73 27.98 31.83
Winter daytime —4.47 —14.51 —9.45
Spring nighttime 9.51 1.42 5.37
Summer nighttime 24.35 19.07 21.69
Autumn nighttime 18.83 11.20 14.87
Winter nighttime —1.85 —11.09 —6.49

daytime LST, and Figures 4E-G show nighttime LST during four
seasons. The spatial distribution of land surface temperature
is different between seasons and day and night. Therefore, we
explored the diurnal variation of urban thermal environment.
The daily LSTs of four seasons were measured and ¢-test was
performed, and the results showed that LSTs was significant (P
< 0.05). The results of LST in daytime were in the order of
summer (40.44°C) > spring (34.72°C) > autumn (31.83°C) >
winter (—9.45°C), and the highest LST at night was in summer
(21.69°C). followed by autumn (14.87°C), spring (5.37°C)
and winter (—6.49°C) (Table 3). In addition, combined with
Figure 2, it can be discerned that the high temperature areas
during the daytime are mainly concentrated in the building
area, because the building materials have high heat absorption,
leading to higher surface temperature. However, the areas with
low temperature are concentrated in natural landscapes with
trees and water bodies. Combining Figure 1C and Google Earth
satellite images, it can be discerned that these areas are mainly
composed of parks, such as Beihai Park and Shichahai Park in
the center, the Old Summer Palace and the Summer Palace in
the northwest, and the Olympic Park in the north. The results
show that urban park areas usually have lower LST, which can
mitigate the UHI effect to some extent, which is consistent
with previous studies (41). In addition, different landscapes in
urban parks also have different effects on human comfort (65).
The nighttime temperature in the study area was lower than
the daytime temperature during all the seasons (Table 3). In
addition, the water body absorbs a large amount of heat during
the day, while at night, due to its high specific heat capacity,
it is lost more slowly, resulting in higher temperatures than
surrounding buildings, especially during summer (Figure 4F).

Diurnal and seasonal LST distribution in
LCZs

The statistical analysis results show that the LST and
LCZ spatial distributions were highly consistent. We found
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FIGURE 5
Temperature variation of each day and night LCZ during the
different seasons.

that daytime LST was higher than night-time LST for each
LCZ during the different seasons (Figure 5), and the average
summer LST for each LCZ was higher than that of the other
seasons, except for winter. Furthermore, daytime LST for each
LCZ was lower than night-time LST during winter season,
indicating that it was colder during winter. In addition, we
further analyzed the diurnal LSTs of each LCZ during the
different seasons and visualized their distribution through box
line plots. Figures 6A-D show the box line plots for daytime
LCZs during spring, summer, autumn, and winter, respectively,
while Figures 6E-H show the box line plots for their respective
night-time LCZs. The results were confirmed using one-way
ANOVA (daytime values: F = 3259.696, P < 0.01; night-time
values: F = 3514.9, P < 0.01). However, since LSTs obtained
were for different seasons, we ranked each LCZ according
to its average temperature. In daytime (Figures 6A-D), the
highest LSTs during spring, summer, autumn, and winter
were 35.54°C (LCZ2), 41.90°C (LCZ2), 33.09°C (LCZ3), and
—8.24°C (LCZ1), respectively. Thus, the LSTs of building-type
LCZs were generally higher than those of natural-type LCZs.
The LST of the natural LCZG (water body) was the lowest in all
seasons (except winter). At night, the LSTs of building-type LCZs
did not show an obvious consistent pattern of change, while the
LSTs of the natural LCZD (grassland) were the lowest during
spring, summer, autumn, and winter (4.02°C, 21.33°C, 14.34°C,
and —7.64°C) respectively.

Meanwhile, we studied the distribution of day and night
surface temperature of the same LCZ in different seasons. The
results are shown in the Figure 7. It can be seen from the figure
that the daytime average surface temperature of all LCZ was the
highest in summer, with LCZ3 reaching 41.73°C, and the lowest
LCZG reaching 36.01°C, which indicates that it is necessary to
formulate corresponding heat mitigation measures in summer.
For all LCZ, the surface temperature in daytime was higher
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than that at night in the same season, which was mainly due to
the large amount of heat absorbed by all LCZ during daytime
and heat loss at night. In addition, in the same season, the
LCZ surface temperature had significant difference between day
and night.

Discussion

Changes in LST as a function of LCZ

We inventoried the seasonal variations in the urban thermal
environment as well as diurnal variations due to intra-city
heterogeneity using the LCZ framework in the Fifth Ring
Road area of Beijing. Overall, our results showed significant
differences in the LSTs of the LCZs between the daytime and
night-time as well as in different seasons. The temperature
differences between LCZs (LCZ2 and LCZG) with large
differences in surface material and cover type reached 5.89°C
during the daytime in summer, while the differences were
generally <2.50°C at night (except in winter). Compared with
the building type LCZ, the natural type LCZ had a lower surface
temperature (except in winter). Taking summer as an example,
the daytime surface temperature was LCZG(13) < LCZA/B(12)
< LCZD(11) < LCZE(7), the nighttime surface temperature
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presented LCZD(13) < LCZA/B(12) < LCZG(11) < LCZE(7),
which indicates that in the hot summer, the vegetation and
water bodies have lower surface temperatures in both daytime
and night-time, related studies have shown that vegetation and
water bodies are important components of urban heat island
mitigation in cities (66). Zhou et al. (34) quantified diurnal
and seasonal UHII of 32 major Chinese cities to analyze their
spatial variability and influencing factors, and suggested that
a variety of strategies are needed to effectively mitigate the
UHI effect. However, as cities grow and become increasingly
heterogeneous, targeted solutions are required. LCZ solutions
can be classified into different types based on surface materials,
ground cover, and the influence of human activities. A study
by Zhang et al. (67) on the temporal and spatial variability of
UHI and urbanization in Beijing showed that LCZ conversion
had a significant impact on surface UHIL In addition, Quan
etal. (68) conducted an LCZ classification of Beijing, combining
MODIS data with wind and cloud data at 100 m; the results
showed significant differences in the LCZ diurnal thermal
response with seasonal changes. It is therefore important to use
higher resolution data to study diurnal differences and seasonal
variations in urban thermal environments from the perspective
of the LCZ. In addition, as a core area of Beijing, the Fifth Ring
Road area was divided into LCZ by pixel-based method, and
the whole study area was divided into 13 types. Compared with

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1001344
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Shi et al.

the method of LCZ division based on community units, this
pixel-based method could show the LST differences of each LCZ
more clearly. Further understanding of the spatial heterogeneity
of urban LST caused by the complex intra-city landscape is
required to provide certain references to improve local climate
and for reasonable planning practice.

Use of ECOSTRESS data

The change of urban environment has an important impact
on the improvement of human settlements. Therefore, we used
LCZ scheme combined with ECOSTRESS LST data to study
the urban thermal environment and analyze its changes during
different seasons and between day and night. ECOSTRESS
data can obtain the surface temperature of most parts of
the world from different time periods with the advantages
of multi time points and high resolution. It makes up for
the deficiency of traditional ASTER and MODIS data timing
observations. Taking the Fifth Ring Road in Beijing as an
example, we show the unique advantages of ECOSTRESS
LST data in analyzing the urban thermal environment, and
provide a new perspective for the study of urban thermal
environment. When there are data from multiple time periods
from the same area, we can study the diurnal variation of
surface temperature in urban areas more accurately; such as
the diurnal variation in surface temperature and surface UHII
in three cities in India was analyzed by Siddiqui et al. (69)
using MODIS LST data. Lu et al. (70) combined MODIS and
Landsat images to analyze diurnal differences and seasonal
characteristics of surface UHII variability in Hefei, China.
Compared with MODIS LST data, ECOSTRESS LST data
show higher temporal and spatial resolution and can more
accurately reflect temperature differences. Our study shows
that LST spatial distribution in urban areas varied between
day and night, which is consistent with the findings of
previous studies (71, 72). The daytime differences in LST are
mainly related to the type of ground cover and material;
for instance, building materials and impermeable surfaces
tend to absorb more energy than vegetation. The difference
in nocturnal LST is mainly caused by the discharge of
accumulated energy during the day (73); water bodies that
absorb large amounts of heat during the day release it at
night, leading to higher temperatures at night than during
the day.

Limitations
This study has some limitations. We used the ECOSTRESS

LST data and LCZ framework to study the seasonal and
diurnal differences in LST in Beijing. First, when LCZ
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segmented building vector data, only existing data were used for
segmentation because the latest building data was not available
at that time. There may be some differences with existing
building forms. In addition, although ECOSTRESS can perform
repeated observations of the same area within 3-5 days, due to
the impact on data quality, the day and night LST data are not
guaranteed to belong to the same day, so there may be some
uncertainty in the data accuracy. At the same time, in order to
avoid the influence of extreme weather and diurnal variation of
LCZs, high-quality and time-consistent images should be used
in future studies.

Conclusions

We analyzed the thermal characteristics of different LCZs
in the Fifth Ring Road area of Beijing on both diurnal and
seasonal time scales, constructed LCZs for the study area using
GIS methods, and downloaded diurnal ECOSTRESS LST data
for all seasons to analyze the diurnal and seasonal LST variations
within and between the LCZ classes. The main conclusions can
be summarized in three points.

(1) Overall, the Fifth Ring Road area of Beijing is mainly
composed of building-type LCZs, while natural-type LCZs
are scarce. LCZ9 (sparse low-rise buildings) is an important
part of the built-up LCZs. In addition, natural LCZs, such as
LCZA/B (woodland), LCZD (grassland), and LCZG (water
body), mainly comprise park landscapes, as determined in
combination with Google Earth satellite images.

(2) There were significant differences in LSTs between the
seasons and between day and night; specifically, daytime
LST showed a summer > spring > autumn > winter trend,
while the night-time trend was summer > autumn > spring
> winter. All LST results were highest during summer
and lowest during winter. In addition, high-temperature
areas during the day were concentrated in building areas,
while low-temperature areas were concentrated in natural
landscape areas comprising trees and water bodies, most of
which included park landscapes. At night, the temperature in
the study area was lower than the daytime temperature in all
the seasons.

The spatial distribution of LST and LCZ was highly

consistent. In addition, the average temperature of the LCZs

was ranked according to the seasonal and diurnal LSTs, and
the highest LSTs found during the four seasons were in

LCZ2 (spring), LCZ2 (summer), LCZ3 (autumn), and LCZ1

(winter). The LSTs of building-type LCZs were higher than

those of natural-type LCZs, while the LST of LCZG (water

body) was lowest in all seasons except winter. At night, there

3)

was no obvious pattern of LST change in building-type LCZs;
in contrast, LCZD ranked last among the natural-type LCZs
in all seasons, indicating that its average LST was the lowest.
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Therefore, natural landscapes, such as woodland, grassland,
and water bodies, should be reasonably laid out in urban
planning to improve the urban environment and quality
of life.

Based on the LCZ framework, this paper analyzes the
diurnal surface temperature changes in the Fifth Ring Road
area of Beijing, and has a more comprehensive understanding
of the surface temperature changes under different ground
covers during different seasons and day and night. With
the continuous development of the night economy, while
studying the changes of the urban thermal environment during
the day, the changes in the urban thermal environment at
night should also be paid more attention. The ECOSTRESS
LST product, It can observe the change of night surface
temperature with higher resolution, and use the advantage
of high time resolution to obtain the surface temperature
at multiple time points in a certain area. In future research,
the understanding of diurnal surface temperature changes in
urban areas can be further improved. Extensive ECOSTRESS
data and more detailed LCZ classification will deepen
the understanding of diurnal changes in urban thermal
environment in the future, and shall provide references
for future urban planning and the formulation of heat
mitigation strategies.
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Intergenerational differences in
the urban vibrancy of TOD:
Impacts of the built
environment on the activities of
different age groups

Bingjie Yu, Xu Cui*, Runze Liu, Pinyang Luo, Fangzhou Tian*
and Tian Yang

School of Architecture, Southwest Jiaotong University, Chengdu, China

Transit-oriented development (TOD) has been regarded as an effective way
to improve urban vibrancy and facilitate affordable, equitable, and livable
communities in metro station areas (MSAs). Previous studies placed great
attention on the interplay between the MSA-level built environment and
overall human activities while neglecting the heterogeneity among different
age groups. To address this gap, we leverage the mobile phone signaling
data to quantify the spatio-temporal distribution of the MSA-level human
activities among different age groups as measured by the vibrancy index (VI).
Furthermore, we investigate the impact of the MSA-level built environment
on the VI and its intergenerational differences by employing multiple
linear regressions based on multi-sourced data. To this end, Chengdu—a
TOD-thriving megacity in China—is chosen as a case study. The results indicate
that: (1) Residential and bus stop density are positively associated with the
VI. And the magnitudes of the correlation coefficients are similar among
different age groups. (2) Distance to CBD is negatively associated with the
VI of teenagers (12—-18 years), middle-aged adults (40-59 years), and older
adults (above 60 years) but unrelated to the VI of young adults (19-39 years).
(3) Employment density is positively associated with the VI of young and
middle-aged adults but insignificantly associated with the VI of teenagers
and older adults. (4) The correlations between the floor area ratio and the
VI are positive for all age groups. As age increases, the significance of such
correlations becomes more pronounced. (5) Streetscape greenery shows a
more significant positive correlation with the VI of teenagers and older adults
as compared to those of young and middle-aged adults. (6) Significant negative
correlations exist between housing price and the VI of different age groups. The
findings can inform the development and design of vibrant TOD communities.

mobile phone signaling data, intergenerational differences, urban vibrancy, TOD,
metro, built environment
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Introduction

In today’s society, where urban life is highly socialized,
the value of space is determined by its usage frequency, i.e.,
urban vibrancy (1). The concept of urban vibrancy was first
introduced by Jacobs in her seminal text - The Death and Life
of Great American Cities (2). She regarded urban vibrancy as
the intensity and diversity of human activities in urban space.
Moreover, she argued that the interaction processes of activities
and living places form the diversity of cities. Urban vibrancy
reflects the attractiveness, accessibility, and spatial quality of
urban areas (3). It can facilitate social interactions (4), enhance
cities’ competitiveness, promote cities economic growth and
thus contribute to achieving sustainable urban development
goals (5). Hence, how to stimulate urban vibrancy and improve
the efficiency of space use in urban areas by leveraging built
environment interventions is of great importance to the urban
planning and construction process.

Under the green transport and new-type urbanization
development strategies, urban rail transit is moving from
the basic function of “meeting travel demand” toward the
strategic function of “guiding urban development” (6). Given
metro systems are the backbone of urban public transportation
systems and attract millions of rail commuters every day, metro
station areas (MSA) act as substantial transportation nodes
for cities (7) and the impetus shaping the vibrancy of urban
areas (8). The high density of passenger flows and businesses
around metro stations generates considerable agglomeration
and spillover effects, which in turn frame the MSA to be the
hotspot area for urban activities and interactions (9). Therefore,
research on the relationship between the built environment of
MSA and urban vibrancy will have significant implications for
informing the planning and design process of transit-oriented
development (TOD).

Transit-oriented development concept aims to build vibrant
communities and drive sustainable city development through
high-capacity public transport, mixed land-use, and high-
intensity construction (10). In recent years, the burgeoning
development of information and communication technologies
(ICT) has accelerated the emergence and prevalence of multi-
sourced spatio-temporal data, which possesses great potential
for measuring and quantifying urban vibrancy (11). Besides,
the study of urban vibrancy has received wide scholarly
attention from several disciplines, including urban planning
(3), transportation (12), and urban geography (13). Also,
the focus of integrated transport and land use planning
has shifted from “providing amenities and facilities” toward
“accommodating the needs of residents” (14). Against this
background, MSA, as one of the most important carriers of
urban vibrancy with intensive human activities, is attracting
more and more attention among practitioners and scholars. For
example, Chengdu - a TOD-informed megacity in China - has
carried out initiatives for building 24-h vibrant communities
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in the MSA in its recently-released planning guidelines such as
“Land Management Measures for Comprehensive Development
of Chengdu Metro Rail Transit Stations” and “15-Minute
Living Service Circle of TOD”. In addition, previous studies
also show that the rational design of pedestrian systems (15)
and appropriate layout of functional facilities and land use
(12) can help enhance the intensity of human activities in
the MSA.

It is worth noting that most of the existing studies use
social media data (16), the heat map of mobile applications
(17), economic activity data, and point-of-interest (POI) data
to measure TOD vibrancy. However, these data fail to record
the staying time and activity trajectories of individuals/groups
due to their transient and cross-sectional features, leading to
inaccurate identifications. Besides, previous studies extensively
explore the impact of 5D built environment factors (i.e.,
density, diversity, design, distance to transit, and destination
accessibility) (18, 19). However, it remains uncertain how
refined built environment factors such as the streetscape
and street network topology contribute to TOD vibrancy.
Moreover, there are variation of different age groups in mobility.
Although previous studies placed great attention on the
interplay between the MSA-level built environment and overall
human activities, the heterogeneity among different age groups
has been neglected. This may result in the homogenization
of the construction and residential population structure in
the TOD.

To address these gaps, we set out to investigate the
impact of the MSA-level built environment on the VI and its
intergenerational differences using Chengdu as a case study
based on multi-sourced data. To be specific, we first take
advantage of the cellular signaling data to quantify the spatio-
temporal distribution of the MSA-level human activities among
different age groups as measured by the vibrancy index (VI).
Then, we measure a wide range of refined built environment
factors by leveraging various spatial data such as the POI data,
street view data, and parcel-level land use data. Finally, we
employ multiple linear regressions to model the relationship
between the MSA-level built environment and the VI of
different age groups. The empirical findings are expected to
provide evidence-based guidance for the planning and design
of TOD vibrant communities. The main contributions of
this study are as follows: (1) quantifying the spatio-temporal
distribution of the MSA-level VI among different age groups; (2)
deciphering the impact of the MSA-level built environment on
the VI and its intergenerational differences; (3) providing policy
recommendations for accommodating affordable, livable, and
equitable communities around metro stations.

The following of this paper is structured as follows: Section
“Literature review” reviews and analyzes the literature on the
urban vibrancy and its built environment determinants. Section
“Study area and data” introduces the study area, data, and
methodologies. Section “Results” presents the spatio-temporal
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distribution of the MSA-level human activities among different
age groups and the results of regression analysis. Section
“Discussion” interprets the results and carries out discussions.
Section “Conclusions” concludes and provides evidence-based
policy implications.

Literature review

Definition and measurement of urban
vibrancy

Urban vibrancy is derived from Jacobs’ (2) concept of
street vibrancy. It means the intensity and type of people
and their activities in a given space, which reflects the
attractiveness and diversity of a city. Lynch (20) argued that
urban vibrancy consists of three components: urban spatial
form, functional composition, and social activities. Landry (21)
considered that measures of urban vibrancy reflect the social-
economic situation, physical environment, and interactions
between society and the economy. Montgomery (22) provided a
more comprehensive explanation of urban vibrancy. He treated
urban vibrancy as a continuous and compact flow of people,
efficient space use, and vibrant street cultural life. Moreover,
Chbhetri et al. (23) further suggested that urban vibrancy is an
external manifestation of the interaction between residents and
their surrounding space. From the above scholars’ definitions of
urban vibrancy, it can be seen that although the concept of urban
vibrancy is under development, it is always based on human
activities and interactions.

However, there are no uniform standards to measure or
evaluate urban vibrancy. Some previous studies have used static
data sources, including population censuses, interview surveys,
housing prices, and Nighttime light (NTL) to characterize urban
vibrancy (24-29), while these traditional data only reflect the
static, rather than the dynamic, urban vibrancy. Besides, there
are disadvantages of the traditional vibrancy characterization
data, such as insufficient precision and small spatial coverage
(30, 31). In recent years, with the rapid development of
information and communication technology (ICT), multi-
source big data provides the data basis for calculable and
quantitative analysis of urban vibrancy (32). In this era of big
data, mobile internet users are both the recipients and producers
of data. The “digital geographic footprint” of cell phone users
(33, 34) and social network information form a huge amount
of big data on human spatio-temporal activities. Compared to
traditional community census and survey data, big data has
the advantages of timeliness, high penetration, large sample
size, and abundant activity information (35). In this regard,
many studies have used mobile phone signaling data (36), social
media data (37), smartcard data (38), and POIs (34, 39) to
explore the urban vibrancy. For instance, Chen et al. (1) used
Facebook API to obtain the activity characteristics of residents
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in Hong Kong. They found that the north coast of Hong Kong
Island and the south coast of Kowloon Peninsula were the most
vibrant areas of the city. Yue et al. (40) used the diversity of
POIs to measure the spatial vibrancy of the city. Guo et al.
(41) analyzed the 24-h neighborhood vibrancy distribution in
Xining, China, based on mobile base station communication
records of 560,000 cell phone users. They found that the spatial
and temporal street vibrancy is basically consistent with the
rhythm of residents’ daily life. Plus, other scholars aggregate
a variety of data to reflect the comprehensive urban vibrancy
(34). Xiao et al. (42) constructed a TOD vibrancy aggregation
index using Sina Weibo data, Dianping data, subway smartcards,
and Baidu heat maps. Huang et al. (35) measured pedestrian
density, economic activity intensity, and social activity intensity
in Shanghai through cell phone GPS, public service comments
data, and social media data.

It is worth noting that the studies above all used multiple
sources of big data to reflect urban vibrancy. However, these
data sources are mostly transient, such as online check-in data
(Sina Weibo). Data sources like this are limited in coverage
and fail to reflect the staying time and activity trajectory of
individuals/groups in MSAs due to being transient, which may
lead to inaccurate identification of urban vibrancy. So large
numbers of pass-through and short-time staying people flow
being recorded as urban vibrancy. Meanwhile, these people
do not consume, relax, live or work in MSAs, which cannot
simply be defined as urban vibrancy. Secondly, little has been
done to distinguish the heterogeneity of human activities by
age in these studies. According to related research (43, 44),
there are differences in the activity ability, activity scope,
and activity purpose of different age groups. For example,
the main activity spaces of teenagers are schools and home,
the main activity spaces of youth are mainly home and
employment places, while the main activity spaces of older
adults are mostly home and community parks. Therefore, if we
ignore the intergenerational differences in the impact of MSA-
level built environment features on vibrancy, it may lead to
overestimation/underestimation of the comprehensive influence
of built environment elements on TOD vibrancy.

Impact of the built environment on TOD
vibrancy

The transport-oriented development policies are considered
as the important impetus that enhances urban vibrancy (10).
Related studies indicate that 5Ds built environment indicators
affect the vibrancy of TOD (9, 12, 17, 39, 45). Scholars
have conducted studies on the relationship between the built
environment and TOD vibrancy in cities with developed rail
transit, such as Shenzhen (9, 12, 42, 45), Hong Kong (15, 46),
Shanghai (17), Singapore (9), and Montreal (47). For example,
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Ye et al. (17) explored the linkage mechanisms between the built
environment of Shanghai’s MSA and the Baidu heat map. They
found that the vibrancy of TOD has a significant relationship
with FAR, land-use mix, and bus station density. Zhou and
Yang’s (45) study pointed out that the service ability of TOD
network influences the number of public facilities (POI density).
In Xiao et al’s (42) work, gradient boosting decision trees
were used to explore the nonlinear synergistic effects of the
built environment and TOD vibrancy in Shenzhen’s MSAs.
The study showed that the adequate transit service system,
building density, and land-use mix were the most important
drive factors of TOD vibrancy. They also found that different
built environment indicators had synergistic promotion effects
on TOD vibrancy. Similarly, a study by Yang et al. (12) revealed
anon-linear trend in the impact of the metro station’s proximity
on urban vibrancy in Shenzhen. In the range of 0-810m to
the station, the station proximity negatively correlated with
human activities, and there is no effect when beyond a threshold.
The conclusion is consistent with the basic explanation of
the ground rent theory curve. Moreover, Tu et al. (9) used
multi-source big data such as smartcard data, Weibo check-in
data, Twitter tweets, and EZ-link transaction tweet data as the
characterization of the metro station vibrancy in three cities:
Shenzhen, London, and Singapore. The study showed that the
metro station vibrancy in central urban areas is higher than
that in suburban areas and that cities with higher GDP have
higher vibrancy. They also concluded that built environment
factors such as road density, bus station density, land-use
mix, and gross building area have a significant impact on the
urban vibrancy aggregative indicators. Jacobs-Crisioni et al. (48)
pointed out that built environment indicators, including metro
station, railway station, and business density, have a positive
effect on vibrancy intensity. In addition to the study of human
activities at the ground level of metro stations, some scholars
have conducted studies on a microscopic scale. They study the
interaction among pedestrian systems, spatial structure, facility
distribution, and human activities in the underground space of
metro stations (15, 46, 47).

Most previous studies that have explored the linkage
mechanisms of the built environment in MSAs and vibrancy
are based on 5Ds (18, 19). However, the mechanisms by which
the refined built environment of MSAs affects vibrancy are
unclear. For example, the current residential and employment
density data of the MSA are mainly derived from government
census data (street level, TAZ) (49). However, the range
of TAZ is much larger than that of MSA. It can lead to
coarse measures of population density indicators and biased
estimations. Moreover, the influence of three-dimensional built
environment visual perception indicators such as green view
index and sky rate on vibrancy remains to be explored.
Therefore, it is necessary to extract and quantify more
refined built environment elements in MSAs and analyze their
relationship with vibrancy.
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Study area and data
Study area

Chengdu, the capital of Sichuan Province, China, located
in the Sichuan Basin, is an important central city in the
western region. Chengdu is also an important national high-
tech industrial base and integrated transportation hub. From
2010 to 2021, Chengdu’s total population increased from 14
to 21 million, and the urbanization rate increased from 65%
to 77%. Under the high population growth and urbanization
process, Chengdu has become one of the cities in the world
with the fastest urban rail transit construction. From the
first line (Line 1) in Chengdu officially opened in September
2010 to the latest “five lines” of Chengdu Metro launched
in December 2020, Chengdu metro soon became the fourth
longest railway network in China in operation (only after
Shanghai, Beijing, and Guangzhou). However, in the era of
rapid population, economic development, and rapid urban rail
transit construction, Chengdu’s MSA construction and TOD
vibrancy creation are significantly behind the speed of rail
construction. In addition, since 2021, Chengdu has enacted
urban development strategies, including the “metropolitan area
on the rail” and “TOD city”, TOD has become an important
urban development concept in Chengdu. Therefore, Chengdu-
a TOD-informed megacity in China-is chosen as a case study.

As of November 2019, there are six lines with a total of
156 stations (Figure 1). The rail lines in the study area cover a
total of 10 districts in Chengdu, including five districts in the
central area (Chenghua, Qingyang, Jinniu, Jinjiang, and Wuhou)
and five districts in the periphery (Xindu, Pidu, Shuangliu,
Wenjiang, and Longquanyi). To solve the buffer overlay problem
of MSAs, our study on MSAs follows the work of Li et al. (50),
and we use the 800 m buffer zone of stations as well as the Tyson
polygon to determine the range of MSAs.

Data sources

Considering that the COVID-19 epidemic broke out in
December 2019, the mobile signaling data used in this study
was dated November 2019.The mobile phone signaling data are
obtained from DASS platform of SmartSteps, and we handle
these data through Python and GIS. With the rapid spread
of mobile communication and the Internet, individual/group
mobile user activities generate continuous and abundant spatial
position information. All the information forms the Mobile
Positioning Big Data (MPBD), which records individual travel
chains as well as massive crowd activity trajectories. Mobile
phones have become one of the most important tools in
residents’ daily lives, and mobile communication networks
in major cities have basically achieved full coverage (41). In
2019, the total number of mobile communication users of
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China’s three major operators (China Mobile, China Telecom,
and China Unicom) reached 1.6 billion. Given that mobile
phone signaling data can reflect the spatio-temporal gathering
patterns of the crowd (e.g., the distribution of working and
living populations, user activity patterns), it is an important
data basis for analyzing urban human activities. Compared with
social network data such as Weibo and Facebook, mobile phone
signaling data have larger data volume, more general coverage,
and higher point density. It can accurately reflect the population
attributes of users (age, gender, etc.). In this study, in order to
ensure privacy and security, the mobile phone signaling data
we obtain do not contain personal information. Moreover, our
study divides the population structure into four levels based on
the age classification standard of the World Health Organization
(WHO) and the relevant regulations (e.g., Chinese Law on
the Protection of the Rights and Interests of the Elderly). The
classification in this work is as follows: (1) 12-18 years old
(teenagers), (2) 19-39 years old (young adults), (3) 40-59 years
old (middle-aged adults), and (4) 60+ (older adults).

According to the base station coverage of cell phones and
the scale of neighborhoods (based on literature studies and the
Chinese Ministry of Housing and Urban-Rural Development’s
2022 “Annual report on road network density and traffic
operation in major Chinese cities,” the average street density
in Chengdu has reached 8.4 km/km? and the street spacing
is 250m), in order to present street-level activity travel
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trajectories, we divided the study area into a grid of 250%250 m
(Figure 2).

Firstly, based on the method of Xiao et al. (51), we
used mobile phone signaling data to calculate the number of
residential and employment populations in each grid (Figure 3).
Compared with the traditional census data, these data carved
by mobile phone signaling are more refined. Secondly, we
recorded the change in the population data within each grid,
24h per day from November 11 to 17. It is worth noting that
almost all previous studies based on transient tweets, hotspots,
and other data, which recorded instantaneous population
and integrated this into vibrancy. However, instantaneous
population distributions are highly mobile, and many of the
flows only pass through the area. For example, a person who
drives through an MSA, even if he/she doesn’t work or consume
in the MSA, is still recorded as a vibrant individual. Thus, to
extract the real vibrant users who generate consumption and
staying time in the MSAs, we counted users who stayed in
the MSA for more than 30 min and defined them as people
with vibrancy. Finally, we aggregated the number of people
with vibrancy in each grid to the MSA and calculated the
average number of people with vibrancy per hour for each age
group, recording the average TOD vibrancy index (VI) for each
age group.

In recent POI
representation of the distribution of facilities in the built

years, data become an important
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FIGURE 2
The heat map of population distribution in Chengdu.
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FIGURE 3
The identification and distribution of residential density in Chengdu based on mobile phone data.

environment. POI data record a series of information such layout. The POI data we used in this study includes shopping
as facility classification, name, and address. Compared with facilities (Supermarkets, convenient stores, groceries, and so
traditional land-use data, POI data (https://www.amap.com/) on), park facilities (plazas, parks, scenic areas, and ancillary
can fully reflect the characteristics of functional urban facilities’ facilities). Then we calculate the density of shopping facilities

Frontiers in Public Health frontiersin.org
70


https://doi.org/10.3389/fpubh.2022.994835
https://www.amap.com/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Yu et al.

10.3389/fpubh.2022.994835

FIGURE 4

Street view point distribution in MSA and identification of green view rate.

and park facilities. The CBD of Chengdu is Tianfu Square, so we
calculate the distance to Tianfu Square of each metro station as
the distance to CBD. The above indicators serve as destination
accessibility of MSA-level built environment.

In addition to POI data, the study also used urban spatial
and economic data such as building footprint data (https://www.
baidu.com/), road network data (https://www.openstreetmap.
org/), housing prices (https://cd.lianjia.com), and bus routes and
stops in Chengdu. Using These data, we calculated the FAR,
road network integration index, average housing price, and bus
stop density of MSA. We also calculated the land-use mix of
MSA based on the POI data of Chengdu. Finally, we obtained
the street view map of each MSA sampling point by calling
the interface of Baidu API (Figure 4). Moreover, we calculated
the street green view index of MSA by using a semantic image
recognition tool. The green view index is calculated by

Z?Z 1 GreeneryPixels;
Z;L | Total Pixels;

VGI; = (1)

where VGI is the green view rate and takes values in the range
[0, 1), GreeneryPixels; is the area of green pixel points of the i-th
position in the street view map, and TotalPixels; is the area of the
observed street view image of the i-th position.

Frontiersin Public Health

Variables

The VI of TOD in this study is used as the dependent
variable. Based on the 5Ds principle, and previous research
(12, 17, 37, 42, 50), we selected built environment independent
variables that may affect VL. The independent variables are as
follow: density (residential density, employment density, and
FAR), design (green view index and road network integration
index), diversity (land-use mix), destination accessibility
(distance to CBD, park density, and shopping facility density),
and distance to transit (bus stop density). In addition,
considering the economic attributes of MSA, we added the
indicator of housing price as an independent variable. The
descriptive statistics of the independent variables are shown in
Table 1.

Methodology

Our study explains the intergenerational differences in the
impact of MSA built environment on VI employing a multiple
linear regression model which illustrate the relationship between
the independent and dependent variables (33), and the model is
calculated by

logy =po+pX+e¢ (2)
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TABLE 1 Descriptive statistics of independent variables.

10.3389/fpubh.2022.994835

Variables SD Mean Min Max
Density Residential density (10%/km?) 2.87 4.00 0.10 12.83
Employment density (10*/km?) 4.67 3.51 0.11 29.75
FAR (floor area ratio) 0.61 1.22 0.03 2.93
Diversity Land-use mix 0.08 0.76 0.27 0.89
Design Road network integration index 0.19 0.64 0.08 1.23
Green view index (%) 0.05 0.19 0.05 0.32
Distance to transit Bus stop density (1/km?) 4.74 8.51 0.57 27.36
Destination accessibility Distance to CBD (km) 6.79 9.52 0.00 28.70
Park density (1/km?) 5.50 3.08 0.00 39.13
Shopping facility density (1/km?) 491.56 335.32 0.00 4,258.33
Economic attribute Housing price (10* yuan/m?) 0.49 1.56 0.38 3.54
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Methodological framework.
where y is the VI, X is a vector representing the independent Results

variables, By is a constant, and S is the vector of estimated
coeflicients,e is the residual. To investigate the intergenerational
differences in the impact of the MSA-level built environment on
VI, we employed five multiple linear regression model. Model 1
is a model of the impact on VI of all age groups, and Models
2-5 are models of the impact on the vibrancy of teenagers,
young adults, middle-aged adults, and older adults, respectively.
Separate models were constructed to explain the relationship
between the MSA-level built environment and each age group’s
activities. The research framework of this paper is shown in
Figure 5.
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Spatial distribution of all age group VI
(Vibrancy Index) in MSA

(1) For teenagers (Figure6), the MSAs in the central
districts within the 3t
main concentration areas. Rather, it is the vocational-technical

Ring Road of the city are not the

schools in the outer areas of the city that are the hotspots of
teenagers’ VI. We believe that two reasons may contribute to
the spatio-temporal different characteristics of the teenagers’
activities hotspots. Firstly, cell phones are banned in most
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FIGURE 6

The distribution of TOD vibrancy for each age group (teenagers, young adults, middle-aged adults, and older adults).

Teenagers Teenagers

Chinese primary, middle and high schools during school hours,
while they are not in vocational-technical schools. Therefore, the
recorded mobile phone signaling data of students in vocational-
technical schools are likely to be more active. Secondly, due
to vocational-technical schools’ large student population and
floor area, they are generally set up around MSAs in suburban
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areas. Thus, teenagers’ VI is higher in the outer areas of
the city. (2) For young adults, the Gaoxin South, Tianfu
Square, and the Gaoxin West are the three major concentration
areas. Tianfu 3™ Street Station, Tianfu 5t Street Station,
Financial City Station, Chunxi Road Station, and Century City
Station, which are located in these areas, combine the highest

frontiersin.org


https://doi.org/10.3389/fpubh.2022.994835
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Yu et al.

employment density in the city. Secondly, the central towns
of the satellite cities are also secondary hotspots of young
adults’ VI. The end stations of several metro lines set near
these towns (Xipu Station, Longquanyi Station, Science City
Station, Wansheng Station, etc.) are highly attractive to the
surrounding employment population, driving the employment
of youth in rural. (3) There is some similarity in the distribution
of VI between middle-aged adults and young adults, while
middle-aged adults’ VI is significantly higher in the city center
than in several other age groups. The result may be strongly
related to housing affordability and the consumption level of the
middle-aged adults. (4) The older adults’ VI is mainly located
in the core metro stations in the city’s central areas. Given
that the MSAs within the 3'9 Ring Road have a huge number
of old neighborhoods and high-quality medical services (e. g.
Huaxi Hospital, Sichuan Provincial People’s Hospital, etc.), the
distribution of older adults’ activities reveals a pattern of high in
the center and low in the periphery.

Results of the multiple linear regression
model

Prior to the regression model calculations, we analyze
the correlations between the built environment indicators
through Stata (Figure 7). The results show that the correlation
coefficients between indicators were all below 0.7, implying
that there is no multicollinearity between these indicators. The
results of the regression model reveal that the R? of the overall
model is 0.755 and the R? of each age group model is 0.587
(teenagers), 0.719 (young adults), 0.758 (middle-aged adults),
and 0.799 (older adults), respectively (Table 2). Plus, the model
is relatively good with a high goodness-of-fit. In terms of VI
for all ages, indicators including residential density, employment
density, FAR, bus stop density, and green view index are
significantly and positively correlated. The results of Zhang et al.
(3) and Wu et al. (37) also support these findings. Meanwhile,
indicators such as distance to the CBD and housing prices are
significantly and negatively related to the VI. Surprisingly, land-
use mix is not remarkably related to VI, which is different from
the study by Yue et al. (40).

The model results of each age group show that residential
density (p-value < 0.01) and bus stop density contribute
significantly to VI for teenagers, young adults, middle-aged
adults, and older adults. There is little difference in the size of
the coeflicients. For example, bus stop density is significantly
and positively correlated with VI for all ages, with coefficients
ranging from 0.028 to 0.045. This suggests that residential
density and transportation accessibility have a dominant effect
on TOD vibrancy of all age groups. However, distance to
CBD, FAR, housing price, employment density, green view
index, shopping facility density, and road network integration
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index varies significantly on VI across all age groups. This
finding suggests that there are considerably intergenerational
differences in the impact of spatial construction intensity,
street space design, and economic attributes of MSAs on
TOD vibrancy.

Discussion

Density

Convincingly, residential density is significantly and
positively correlated with VI for all ages. This is consistent with
the conclusion of Yue et al. (40) and Wu et al. (52). Currently,
most schools and companies in China institute an 8-h working
model. For most people, apart from travel activities such as
working, going to school, and hanging out, the remaining time
of daily activities are spent around their living places, including
consumption and leisure. Thus, compared to development
density and employment density, residential density is the
core of human activities that guarantee the basic source of
TOD vibrancy. As we expected, employment density is not
correlated with the older adults’ and the teenagers’ VI but
is positively correlated with young adults and middle-aged
adults’ VI. Moreover, the influence coefficient of young adults’
VI is 0.065 (p-value < 0.01), which is higher than that of
middle-aged adults’ VI (0.023, p-value < 0.05). Consistent with
the employment density distribution in Shanghai, Tokyo, Seoul,
and Hong Kong (7, 53-55), Chengdu’s MSA is the area with the
highest employment density in the city. And both the young
adults and the middle-aged adults are the main population
currently employed. In this regard, it is reasonable to assume
that VI for these two age groups are positively correlated with
MSA employment density. In addition, the working model of
“996” (work from 9 am to 9 pm per day, 6 days per week) is
now common in companies (51). Compared to the middle-
aged adults, “generation oppression” at the workplace (56)
usually extends more overtime work for young adults. So, the
population and gathering time of young adults are more than
other age groups in MSAs with higher employment density.
To be sure, this phenomenon is also common in other East
Asian countries such as Korea and Japan (56). Then, as for the
impact of FAR on VI, there is also a notable intergenerational
difference. And the impact of FAR on VI continued to increase
with age. We believe that this may be strongly related to the
urban spatial and population structure of Chengdu: Firstly,
TOD development in the central areas of Chengdu is earlier,
resulting in a considerably higher MSA development intensity
(FAR) than that in the peripheral areas. Secondly according to
data from the “The seventh census of China,” old neighborhoods
around city center are now the main settlement areas for the
older adults. Therefore, MSAs with a high FAR in the central
part of the city are more active for older adults.
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FIGURE 7
Pair-wise correlation analysis result.
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Diversity

According to the New Urbanism and Smart Growth, the
land-use mix model is important to enhance urban vibrancy
(3, 57, 58). Meanwhile, it is surprising that land-use mix is not
associated with VI in either the overall model or the models
for each age group, which is remarkably different from previous
studies. For instance, some empirical studies in cities such
as Shenzhen and Seoul show that land-use mix and spatial
interaction diversity have a significant contribution to urban
vibrancy (40, 59, 60). The reason may be as follow: People
are able to accomplish their travel purposes in a relatively
small range in TOD with a high land-use mix, which may
restrict the mobility and redistribution of people. The study
by De Nadai, Staiano (36) based on cities in Italy also finds
that there is no significant relationship between land diversity
and urban vibrancy. Thus, the mixed development model
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advocated by New Urbanism should base on the high quality
of space.

Destination accessibility

Distance to CBD is significantly and negatively related to
teenagers, middle-aged adults, and older adults’ activities, and
the coeflicients vary little. The geographic decay function for
urban human activities is also evidenced in studies by Tu
et al. (34) and Yang et al. (61). It is worth noting that young
adults’ activities are less influenced by distance, and there is no
remarkable relationship. We believe that this may be related to
the polycentric development pattern of Chengdu and the spatial
movement patterns of the young adults. Firstly, the employment
centers in Chengdu are located in the MSAs of new urban areas
such as the Gaoxin South, the Gaoxin West, and Tianfu New
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TABLE 2 Results of the multiple linear regression model.

10.3389/fpubh.2022.994835

Variables Model 1 Model 2 Model 3 Model 4 Model 5
(overall) (teenagers) (young adults)  (middle-aged adults) (older adults)
Coefficient SE  Coefficient SE Coefficient SE  Coefficient SE Coeflicient SE
CONSTANT 9.916*** 0.47 4.499*%* 1.066 9.342%%% 0.521 8.724*%% 0.426 7.7564%* 0.481
Residential density 0.123*%* 0.019 0.143*%* 0.044 0.1374%* 0.022 0.083*** 0.018 0.121#%* 0.02
Employment density 0.044*%* 0.013 0.033 0.029 0.065** 0.014 0.023** 0.011 —0.007 0.013
Distance to CBD —0.017** 0.007 —0.039** 0.016 —0.011 0.008 —0.024%%% 0.006 —0.034%*% 0.007
FAR 0.187** 0.089 0.147 0.201 0.121 0.098 0.241+% 0.08 0.332%+ 0.091
Housing price —0.466™** 0.079 —1.073**% 0.18 —0.48*** 0.088 —0.393**% 0.072 —0.495%** 0.081
Bus stop density 0.0314%* 0.01 0.045* 0.023 0.028** 0.011 0.034*4** 0.009 0.040%* 0.01
Shopping facility density —0.001 0.001 0 0.003 —0.002* 0.001 0 0.001 0.001 0.001
Land-use mix —0.163 0.534 —0.478 1213 —0.112 0.593 —0.494 0.484 0.249 0.547
Road network integration index 0.111 0.212 0.926* 0.482 0.149 0.236 0.15 0.192 0.046 0.217
Park density 0.006 0.008 0.011 0.018 0.004 0.009 0.008 0.007 0.012 0.008
Green view index 1.459* 0.85 5.563*%* 1.931 1.098 0.944 1.592%* 0.771 2.3014%% 0.871
Performance statistics
F-statistic 40.416 18.588 33.452 40.930 52.184
R-squared 0.755 0.587 0.719 0.758 0.799
Number of observations 156 156 156 156 156
Akaike crit. (AIC) 195.696 451.599 228.268 165.020 203.085
*p < 0.01.
©p < 0.05.
*p<0.1.

District, while the commercial centers (consumption centers)
are located in the MSAs of old urban areas such as Tianfu
Square and Chunxi Road Station. Secondly, young adults are
more active and mobile compared to other age groups. As
the main population of employment and consumption in the
city, their activities pattern presents a homogeneous distribution
throughout the day. This results in the fact that the young
adults are less influenced by the geographic decay function of
“center-periphery” distance in the city.

Design

The green view index is significantly and positively
correlated with VI for teenagers, middle-aged adults, and older
adults. With coefficients of 5.56, 1.59, and 2.30, respectively.
The existing literature shows that the green view index is an
important impetus to enrich human activities, as greenery can
improve the pedestrian walking experience by increasing shade
and reducing stress (62). Older adults have a more flexible
activity schedule and are more focused on physical health and
physical activities. Thus, MSAs with a high green view rate
are attractive to senior citizens. As for the teenagers, green
space makes up a large part of campus spaces in China, so
teenagers’ VI is also significantly and positively correlated with
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MSA green view index rates. Meanwhile, the effect of the green
view index on the young adults’ VI was not remarkable. This
is a very interesting result, and we think the possible reasons
are as follows: (1) Due to economic pressure, the young adult
group is more concerned with the economic benefits of TOD
rather than spatial quality. (2) Given that MSAs with high
employment density and high development intensity, which
highly attract young adults, are generally new urban areas. The
green view rate of street space in new areas is relatively lower
because of the wider streets and the shorter planting time of
greenery. Therefore, under the combined influence of group
activity preferences and MSA place-making differences, the use
of green space in TOD is “spatially inequity” for young adults.
The road network integration index is an important spatial
design indicator of TOD street networks. Hillier et al. (63)
argued that healthy urban spaces attract pedestrian flows and
further attract specific functional spaces to grow in density,
which in turn leads to a high consistency in the scale of
pedestrian flows and the structure of the street network.
So, integration is the core of functions and pedestrian flows
aggregation. However, the model results show that the road
network integration index is only positively related to teenagers’
VI, but not significantly related to VI for other age groups. We
believe that this may be related to the spatial structure of road
networks in Chengdu. The road network structure within the 3"
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Ring Road in Chengdu has retained small-scale neighborhoods
and complex road networks, resulting in low road network
integration index of MSAs. By contrast, the new areas outside the
3" Ring Road have grid-like and highly integrated road network
structures. The road network integration index of MSA in the
periphery area of the city is higher than that in the central of
the city. The distribution of VI for different age groups shows a
spatial pattern that is high in the center and low in the periphery,
except that the distribution of teenagers’ VI was on the contrary.
In this regard, it is understandable that the other age group
activities do not correlate with the road network integration
index of the MSA.

Distance to transit

The bus stop density is highly consistent for all age group
models, with little intergenerational differences. Compared to
the metro system, bus transit has much greater coverage and is
important for connecting other areas of the city to the MSA.
Besides, transit accessibility has been noted in many studies
to increase metro ridership (64), which is the most important
source of human activities in MSAs. Therefore, MSAs with
higher bus stop density have a greater capability to radiate and
attract people from surrounding areas.

Housing price

Housing prices are negatively correlated with VI for all age
groups, suggesting that high housing prices in MSAs may inhibit
the TOD vibrancy. We think that this may be related to the
“spatial squeezing effect” of high housing costs. High housing
prices in TOD can “squeeze” out non-housing affordable
people from MSAs and urban centers (65). Then, under the
constraints of market choice and payment capability, low- and
middle-income people often have to give up accessibility for
relatively affordable houses. This social phenomenon results
in a spatial mismatch between work and housing and a
significant time spent on commuting. So, it can be explained
that “spatial squeeze” and “jobs-housing imbalance” generates
negative externalities, which in turn inhibit the time and density
of people gathering in MSAs.

Previous studies have shown that urban rail transit has a
positive impact on housing prices (66). On one hand, according
to classical land economics and ground rent theory, urban
metro construction enhances the spatial accessibility of stations
and areas along the rail lines, rising land and housing prices
(67). On the other hand, TOD-related facilities are easily
capitalized into neighboring property values. Because people
are willing to pay a higher price for convenient and efficient
access to public services and infrastructure. Some scholars refer

<

to this effect as “transit capitalization effects” or the “value
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capture” of rail transport. Similarly, in countries such as India,
Korea, and China, where rapid urbanization is taking place,
TODs are more used as a tool for real estate development to
promote urban development and land taxation. In short, this
process of TOD-based real estate appreciation is accompanied
by a continuous division of classes and generations, coming
into “Transit-Induced Gentrification” (68). Chava et al. (69)
have pointed out that the gentrification of MSAs has a
significant relationship with people’s usage frequency of rail
transport.

Surprisingly, MSA housing prices have the most impact
on the suppression of teenagers’ VI. We suggest that this may
be closely associated with the “school district housing” and
“squeeze of land value.” For one reason, China’s policy of the
School District System (70) results in the housing price rising
in MSAs with better educational resources in central areas. This
leads to a large number of teenagers moving with their parents
to study in city peripherals. For another reason, the abundant
added value of land in MSAs with high housing prices will lead
to a tendency to develop commercial and residential facilities,
which will squeeze out space for larger public infrastructure
such as education and sports. This cycle further exacerbates
the suppression on teenagers’ VI in MSAs with high housing
prices.

Conclusions

Transit-oriented development has been touted as an
important integrated transport and urban planning concept
for enhancing urban vibrancy and realizing sustainable urban
development. In this study, we use cellular signaling data to
quantify the spatio-temporal distribution of the MSA-level VI
among different age groups. Meanwhile, multi-sourced spatial
data such as streetscape, parcel-level land use, and POI data are
adopted to measure the MSA-level refined built environment.
Based on these data, we apply multiple linear regressions to
scrutinize the impact of the MSA-level built environment on the
VI and its intergenerational differences.

The findings of the study are conducive to understand the
mechanisms of how the MSA-level built environment affects
urban vibrancy and to inform urban planners on how to create
vibrant TOD communities. Specifically, the visualization results
show that there are evident intergenerational differences in the
spatial distribution of the MSA-level VI. The MSA in new urban
areas, in which plenty of firms are concentrated, accommodates
a large number of activities of young and middle-aged adults.
In contrast, the hotspots of the MSA-level activities of older
adults are mainly located in the well-developed city center with
premium accessibility to public service facilities. Regarding the
impact of the MSA-level built environment factors, the results
of regression analysis indicate that (1) Residential and bus
stop density are positively associated with the VI. Furthermore,
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most of the correlation coeflicients are similar among different
age groups. (2) Distance to CBD is negatively associated with
the VI of teenagers, middle-aged, and older adults, while
it is unrelated to the VI of young adults. (3) Employment
density is positively associated with the VI of young and
middle-aged adults but not significantly associated with those
of teenagers and older adults. (4) The correlations between
the FAR and the VI are positive for all age groups. As age
increases, the significance of such correlations becomes more
pronounced. (5) Green view index shows a more significant
positive correlation with the VI of teenagers and older adults
as compared to those of young and middle-aged adults. (6)
Significant negative correlations exist between housing price
and VI of different age groups. Teenagers are influenced the
most by such spatial-squeezing effects, i.e., transit-induced
gentrification.

Based on these findings, we propose the following planning
recommendations for enhancing TOD vibrancy. First, the
planning and design of the TOD living circle need to take
the intergenerational differences in human activities into
consideration. For instance, TOD communities with a high
fraction of older adults are supposed to provide sufficient
elderly-friendly facilities and improve the streetscape design,
thereby facilitating the mobility and activity of the older
adults in the MSA. Second, to address the adverse effects of
“Transit-Induced Gentrification” on urban vibrancy, we call
for efforts to develop and improve the multi-level housing
support system (e.g., government-subsidized and affordable
rental housing) in the MSA to achieve a systematic spatial
match for the “housing-transportation” system. This will
help reduce the “Spatial Deprivation” suffered by low-and
middle-income residents due to high housing prices (71),
thus contributing to the development of equitable, accessible,
and vibrant TOD communities. Finally, to accommodate
the daily activities of young adults, urban planners need to
improve the quality of public space in the high employment
density MSA by providing adequate leisure facilities like small
community parks.

However, there are limitations in this study. First, Meng and
Xing (5) and Xiao et al. (42) considered urban vibrancy as an
aggregative index, so they aggregated data from social media,
smartcards, and POIs to form a comprehensive urban vibrancy
index. Meanwhile, our study uses mobile phone signaling data,
which mainly responds to the density and duration of people
aggregation. Thus, the calculation of the vibrancy index for each
age group based on this dataset may lead to an incomplete
characterization of urban vibrancy. Secondly, although we use
Tyson polygons to reduce the effect of MSA spatial proximity
on the model results, it is still difficult to solve the problem
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of spatial heterogeneity. In this regard, the next study should
employ a geographically weighted regression model (GWR) or a
geographically temporally weighted regression model (GTWR)
to reduce the effect of spatio-temporal nonstationary on the
model results.
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As a crucial component of urban green space (UGS), urban parks have been
found to be closely associated with the health of urban residents. Drawing on
a large-scale survey, “International First-class Harmonious and Livable Capital”,
in Beijing conducted in 2018, this paper examines the impact of subjective
and objective characteristics of UGS on residents’ self-rated health (SRH) by
using a binary logistic regression model. The results indicate that the overall
SRH status of urban residents in Beijing is relatively good, with 73.8% of the
respondents reporting good SRH. The perceived quality of UGS and objectively
measured accessibility to UGS are positively associated with residents’ SRH, but
the subjective indicator of UGS has a greater impact on SRH than the objective
indicator of UGS. In terms of influencing mechanisms, social interaction and
air quality perception were the two major mediators of UGS that affected
residents’ SRH. The heterogeneity analysis suggests that objective accessibility
to different types of urban parks has mixed effects on residents’ SRH. Access to
high-quality parks is positively associated with residents’ SRH, whereas access
to common parks has a negative impact on residents’' SRH. Our findings provide
important policy implications for optimizing urban park design and improving
the quality of urban park provision according to human needs in the Beijing
Metropolitan Area.

KEYWORDS

urban green space, self-rated health, influencing mechanism, binary logistic model,
Beijing

Introduction

Urbanization is advancing rapidly worldwide, with more than 60% of the global
population living in cities. However, rapid, extensive urbanization in some developing
countries such as China has been accompanied by serious environmental pollution and
a high incidence of chronic diseases (1, 2). Since Healthy China 2030 was proposed
in 2016 by the Chinese government, public health concerns have received widespread
attention from interdisciplinary scholars (3). Most health studies have focused on either

frontiersin.org
81


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://doi.org/10.3389/fpubh.2022.999970
http://crossmark.crossref.org/dialog/?doi=10.3389/fpubh.2022.999970&domain=pdf&date_stamp=2022-09-08
mailto:zhangwz@igsnrr.ac.cn
https://doi.org/10.3389/fpubh.2022.999970
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fpubh.2022.999970/full
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Zhan et al.

objective health (i.e. mortality and morbidity due to various
diseases) or subjective health (i.e. self-rated health [SRH]) (4, 5).
More recently, a growing body of health studies has considered
SRH a useful measurement indicator of public health because
of data availability at a fine spatial scale and its satisfactory
prediction of mortality (6).

The factors that influence individuals” health in the research
community comprise both intrinsic and extrinsic factors.
Intrinsic factors are some physiological factors and behaviors,
for example, daily health behaviors and genetic factors that
are potential determinants affecting individuals’ health. For
instance, health behaviors such as individual dietary habits
and physical activity may directly affect human health (7).
Health tends to vary according to individuals’ behavior and
socioeconomic status (8). External factors such as the natural
environment, social capital, level of economic development,
and the built environment are also associated with health
and can be broadly classified into three levels. At the
macro level, factors such as urbanization level, socioeconomic
development level, and availability of medical facilities exert
To
build a healthy city, the residential environment is also of

different degrees of impact on residents’ health (9).

substantial concern in recent health-related research at the meso
level (10). Evidence has suggested that neighborhood social
capital, community cohesion, and perceived neighborhood
deprivation play important roles in determining the physical and
psychological health of residents (11, 12). Other scholars have
focused on health at the micro level and analyzed the effect of
environmental exposure on residents’ health through individual
spatiotemporal behaviors, such as residents’ travel mode and
commuting time (13). However, most health-related studies at
the micro level have been conducted in developed countries,
such as the United States and the United Kingdom (14, 15),
and there has been scant research on the association between
individuals residential environments and their health in China.

Urban green space (UGS) is green infrastructure, namely,
for example, urban parks, urban forests, public green spaces,
school playgrounds, public rest areas, city squares, and vacant
lots (16), among which urban parks are one of the most
critical components and are widely used by nearby residents.
In recent years, urban construction land has expanded rapidly
due to rapid urbanization, especially in developing countries
(17), encroaching on natural resources and ecological land
within the city limits. The continuous reduction of UGS, has
increased the incidence of various mental illnesses and chronic
diseases (18, 19). With the increasing human demand and
numerous health benefits of green spaces, UGS has also become
an emerging research focus in health studies. However, most of
the urban greenery and health literature has been conducted in
the western context on relatively low-density cities, and their
findings cannot be generalized to Chinese cities that have a
higher population density.
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UGS provides a wide variety of social, economic, and
(20, 21). Existing health-related
studies have found that UGS is positively associated with

environmental benefits

residents’ health through various mechanisms in the physical,
psychological, and social dimensions (22). The typical theories
linking UGS and health are stress reduction theory and
attention restoration theory (23, 24), and the health effects
of UGS are mainly composed of three mediated paths (21).
The first mediated path is the reduction of environmental
stress, which means that UGS can effectively mitigate the
harmful impact of air pollution, noise pollution, and other
types of deleterious environmental exposures in the living
environment (25). The second mediated path is restoring
capacity, which shows that UGS can relieve residents’ physical
and psychological stress and restore their attention, reducing
the prevalence of chronic diseases (26). The third mediated
path is building capacity, through which UGS can improve
the living environment for physical exercise and thus enhance
residents’ physical fitness (27). Additionally, UGS, considered
a high-quality social activity space, can also promote social
interaction, which enhances residents’ social well-being and
mental health (28). Although burgeoning literature has focused
on the relationship between UGS and residents’ health,
few studies have examined the impact of both objectively
measured access to UGS and the perceived quality of UGS on
residents’ SRH.

Research has provided evidence of the UGS-health
association. However, most of the health-related literature
has measured UGS only from an objective perspective, such
as the quantity and accessibility of UGS (29). Widely used
accessibility measurement methods are, for example, the buffer
zone method, shortest distance method, Gaussian two-step
floating catchment area method, and gravity model method
(30, 31). However, evidence showed that proximity to UGS
has a mixed effect on residents’ health. For instance, some
studies have found that the increasing quantity of UGS near
the residence tends to relieve residents’ psychological stress and
thus promote their mental health (32); other studies have found
a negative association between UGS and residents” health after
controlling for their individual characteristics (33). This is in
part due to the fact that there are limitations to only consider
the quantity or accessability of the UGS while neglecting
their quality. Numerous previous studies have reported the
varied health enhancing effects of the UGS among diffent
types of urban parks (e.g., size and quality) (34, 35). Another
possible reason for the inconsistent results may be induced by
spatial mismatch between the distribution of UGS and local
residents’ real needs (36), because utilizing only objectively
measured accessibility to UGS may ignore the actual needs
of residents related to UGS. Therefore, examining residents’
perceived quality of UGS from an environmental psychological
perspective is necessary.
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Research framework for the association between UGS and residents’

SRH

With  the
development, the relationship between individuals’ perceptions

popularity of individual-centered urban
of UGS and their health has received increasing attention,
and the
widely wused. Perceived accessibility generally refers

concept of perceived accessibility has been
to
an individual’s subjective perception of and satisfaction
with the accessibility to public facilities in the physical
environment (37), indicating a comprehensive understanding
of objective accessibility, quality, and other use processes
of the UGS. Although both objective and
characteristics of UGS could potentially affect residents’
actual use behavior of UGS and further affect their health

(38), few studies have focused on the impact of both

subjective

subjective and objective measurement indicators of UGS
on residents’ health.

In filling these research gaps, exploring the association
between UGS and residents SRH using both subjective and
objective perspectives is necessary. As an influential component
of UGS, urban parks have a close relationship with residents’
daily lives and health. Thus, exploring the impact and influence
mechanisms of urban parks on residents’ health to promote
the construction of UGS as well as sustainable and healthy
urban development is important. Drawing on a large-scale
questionnaire survey, “International First-class Harmonious
and Livable Capital”, conducted in Beijing in 2018, this
study combined both objective accessibility indicators and
subjective perceptions of UGS to examine the relationship
between UGS and urban residents’ SRH in Beijing using a
binary logistic regression model while controlling for residents’
socioeconomic attributes.

More specifically, the objectives of this study are to (1)
compare the impact intensity of both objectively and subjectively
measured indicators of UGS in influencing residents’ SRH; (2)
explore the mediating paths through which UGS affects the SRH
of urban residents; and (3) examine the heterogeneous effects of
different types of urban parks on residents’ SRH. Our findings
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provide policy insights into optimizing the allocation of UGS
and improving human health through improved UGS provision.

Materials and methods

Research framework

As shown in Figure 1, this study takes Beijing as a case
study and constructs a research framework for examining the
impact of UGS on residents SRH from both objective and
subjective perspectives, in which subjective perceptions of UGS
reflect respondents’ satisfaction with UGS quality and objective
UGS accessibility (distance from the respondents’ residence to
the nearest urban park). By referring to the literature (21) and
considering data availability, this study focuses primarily on the
mediating mechanisms of both social interaction and air quality
for UGS in influencing residents SRH, and socioeconomic
characteristics are also included as control variables in the
analytical framework (34).Since high-quality parks generally
provide healthier and more enjoyable environmental elements
than common parks, thus the heterogenous effects of different
types of urban parks (e.g., high-quality parks and common
parks) on residents’ SRH is also considered in our study.

Study area and data sources

The
Harmonious and Livable Capital” was conducted in the urban

questionnaire survey “International First-class
areas in Beijing in April 2018. It was performed by the Institute
of Geographic Sciences and Natural Resource Research of the
Chinese Academy of Sciences and covered 184 streets within the
sixth ring road. Surveyed respondents were randomly selected
from the streets with support from the local community council,
and a face-to-face questionnaire survey was conducted with

trained investigators. Because our survey covered many streets,
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Spatial distribution of study area and surveyed respondents in
Beijing.

it is representative of all types of urban residents perceived
living environment quality and SRH in Beijing. The spatial
distribution of the study area and the surveyed respondents are
shown in Figure 2.

The survey covered seven dimensions of living environment
quality (urban safety, life convenience, comfort of the natural
environment, comfort of the human environment, convenient
transport, openness and innovation, and urban management)
and respondents’ socioeconomic characteristics such as
age, gender, marital status, educational attainment, annual
household income, car ownership, household registration, and
occupation type. The survey also included residents’ SRH and
perceived quality of the park near the residential area. At the
same time, in order to explore the mediating role of social
interaction and air quality in the process of park affecting
residents’ health, we also investigated respondents’ satisfaction
with these two items.Our survey also collected the geographic
coordinates of respondents’ residences, with the support of
a location-based service, which can be applied to accurately
identify respondents’ accessibility to UGS. The total number
of questionnaires obtained in our survey was 10,651. After
removing questionnaires with missing data, we finally have

10,011 effective surveys, with an effective rate of 93.99%.

Variables

Self-rated health

SRH is a widely used indicator of public health because of
its easy availability in large-scale surveys (39) and its importance
in predicting mortality (40). Hence, SRH was measured using
a five-point Likert scale to assess the overall perceived physical
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and psychological health of the respondents in this study. All
respondents were asked, “How do you feel about your health
compared with your peers?” The response items comprised five
options related to residents’ health: “very good”, “good”, “fair”,
“bad”, and “very bad”. To avoid the potential bias caused by
sparse data (41), the original five-point Likert scale data were
dichotomised into good SRH (i.e. “very good” and “good”) and
poor SRH (i.e. “fair”, “bad”, “very bad”). In our model, good SRH
was coded as 1, and poor SRH was coded as 0.

Indicators of urban green space

In this study, UGS indicators comprised objective and
subjective aspects (42). Because urban parks are a typical
UGS closely related to residents’ daily lives, this study selected
urban parks as a proxy variable for UGS and examined 384
registered parks in the urban areas of Beijing. The objective
indicator of UGS, focusing on its accessibility, was defined as
the shortest distance to the UGS, measuring the spatial distance
obstacle from a person’s residence to the nearest park. Notably,
objectively measured accessibility was an inverse index, where
a shorter distance indicated higher accessibility. Because urban
parks are daily recreational spaces for residents and essential
green infrastructure in the city, most urban parks are located
within 1 km of residential areas, leading to a low travel resistance
for urban residents to nearby urban parks. The minimum
distance method is suitable for measuring accessibility to a
UGS (Nielsen and Hansen, 2007). For the subjective indicator
of UGS, we used a special question in the questionnaire to
measure participants perceived quality of UGSs. The question
uses a five-point Likert scale, and the respondents were asked,
“How satisfied are you with your surrounding parks and UGS?”
The response items comprised “very dissatisfied”, “dissatisfied”,

» <«

“average”, “satisfied” and “very satisfied”, and their values were 1

to 5 points, respectively.

Mediator variables

In this study, social interaction and air quality were used
as mediator variables, both of which were measured through
respondents’ perceived evaluations of living environment
quality. In terms of social interaction, respondents were asked,
“How satisfied are you with your social interactions in the
community?” As for air quality, respondents were asked, “How
satisfied are you with the air quality around your residential
area?” For both survey questions, response items such as

» «

“strongly dissatisfied”, “dissatisfied”, “fair”, “satisfied”, and “very

satisfied” were assigned a score from 1 to 5, respectively.

Socioeconomic characteristics
The control variables in this study were the socioeconomic
characteristics of the respondents, such as age, gender, marital
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TABLE 1 Descriptive statistics of all variables.

Variables Definition Mean S.D. Min. Max.
SRH Self-rated health 3.928 0.738 1 5
Perceived quality of UGS Respondents’ subjective perception of UGS quality 3.982 0.703 1 5
Accessibility to UGS Distance to the nearest urban park from the respondents’ residence 1.373 1.084 0.024 8.656
Accessibility to high-quality park Distance from the respondents’ residence to the nearest urban 2.778 2.612 0.066 15.16

high-quality park
Accessibility to common park Distance from the respondents’ residence to the nearest urban 1.817 1.235 0.024 8.656

common park

Mediating variables
Social interaction Satisfaction with social interactions in the community 3.849 0.680 1 5
Air quality Satisfaction with air quality around the residential area 3.342 0.904 1 5

Socioeconomic characteristicss

DisCBD Distance to city center 15.210 8.150 0.694 40.36
Male Dummy: 1 = Male, 0 = else 0.480 0.500 0 1
Female Dummy: 1 = Female, 0 = else 0.520 0.500 0 1
Age 1 Dummy: 1 = Under 20 years old, 0 = else 0.040 0.197 0 1
Age2 Dummy: 1 = 20-29 years old, 0 = else 0.189 0.391 0 1
Age 3 Dummy: 1 = 30-39 years old, 0 = else 0.237 0.425 0 1
Age 4 Dummy: 1 = 40-49 years old, 0 = else 0.182 0.386 0 1
Age 5 Dummy: 1 = 50-59 years old, 0 = else 0.169 0.374 0 1
Age 6 Dummy: 1 = 60-69 years old, 0 = else 0.143 0.350 0 1
Age7 Dummy: 1 = 70 years and above, 0 = else 0.040 0.195 0 1
Married Dummy: 1 = Married, 0 = else 0.765 0.424 0 1
Unmarried Dummy: 1 = Unmarried, 0 = else 0.235 0.424 0 1
Edul Dummy: 1 = Middle school and below, 0 = else 0.165 0.371 0 1
Edu2 Dummy: 1 = High School, 0 = else 0.299 0.458 0 1
Edu3 Dummy: 1 = College, 0 = else 0.284 0.451 0 1
Edu 4 Dummy: 1 = University, 0 = else 0.201 0.401 0 1
Edu5 Dummy: 1 = Graduate student and above, 0 = else 0.051 0.220 0 1
Occupation 1 Dummy: 1 = State-owned enterprises, 0 = else 0.156 0.363 0 1
Occupation 2 Dummy: 1 = Non-state-owned enterprises, 0 = else 0.844 0.363 0 1
Income 1 Dummy: 1 = Below 30,000 CNY, 0 = else 0.055 0.228 0 1
Income 2 Dummy: 1 = 30,000-50,000 CNY, 0 = else 0.087 0.282 0 1
Income 3 Dummy: 1 = 50,000-100,000 CNY, 0 = else 0.188 0.390 0 1
Income 4 Dummy: 1 = 100,000-200,000 CNY, 0 = else 0.502 0.500 0 1
Income 5 Dummy: 1 = 200,000-300,000 CNY, 0 = else 0.111 0.315 0 1
Income 6 Dummy: 1 = 300,000-500,000 CNY, 0 = else 0.039 0.195 0 1
Income 7 Dummy: 1 = 500,000-1,000,000 CNY, 0 = else 0.015 0.120 0 1
Income 8 Dummy: 1 = Above 1,000,000 CNY, 0 = else 0.002 0.045 0 1
Car1 Dummy: 1 = Owning at least one car, 0 = else 0.531 0.499 0 1
Car 2 Dummy: 1 = Owning no car, 0 = else 0.469 0.499 0 1
Hukou 1 Dummy: 1 = Beijing Hukou, 0 = else 0.681 0.466 0 1
Hukou 2 Dummy: 1 = Non-Beijing Hukou, 0 = else 0.319 0.466 0 1
status, educational attainment, annual household income, residence was also controlled, which can reflect residents’
car ownership, household registration, and occupation residential location. Table I lists descriptive statistics of
type. The distance to the city center from the respondents all variables.
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Research method

In this study, a binary logistic regression model was used
to examine the effects of UGS on urban residents’ SRH in
Beijing. First, the subjective indicator (respondents’ perceived
UGS quality) was included in the model as the key explanatory
variable (Model 1a). Second, the objective indicator of UGS,
measured by accessibility (the distance to the nearest urban
park from the respondent’s residence), was included as the key
explanatory variable in the model (Model 1b). Finally, both
accessibility to UGS and residents’ perceptions of UGS were
included in the model (Model 1c¢), to test the joint effect of the
subjective and objective measures of UGS on individuals’ SRH.

The control variables were the distance to the city center
and repondents’ socioeconomic characteristics, such as gender,
age, marital status, educational attainment, occupation type,
total annual household income, car ownership, and hukou. The
logistic regression model equation is as follows:

, P
LogitP =Ln (m) = o+ Bixi + Bjxj

where P denotes Y = 1, the probability of occurrence of
0, the
probability of occurrence of respondents with poor SRH; o is

respondents having good SRH; 1-P denotes Y =

the intercept; x; and S; are UGS variables and the corresponding
regression coefficients; Xj and ﬂj are control variables and the
corresponding regression coeflicients.

Results

Socioeconomic characteristics and
self-rated health outcome of
respondents

Table 2 and

socioeconomic characteristics. The respondents were mainly

summarizes respondents demographic
young and middle-aged (20-49 years old): these two groups
accounted for approximately 60% of all respondents. The gender
of the respondents showed little difference: male and female
respondents accounted for 47.9 and 52.1%, respectively. The
percentage of married and unmarried respondents was 76.5 and
23.5%, respectively. In terms of educational attainment, 53.6%
had a college education or above, indicating high educational
attainment among the respondents. Regarding occupation
type, 15.6% of respondents worked in state-owned enterprises.
Additionally, 66.9% of the respondents reported an annual
household income of 100,000 CNY or above, and 53.1% of
the respondents had private cars. Residents of Beijing with
hukou accounted for 68.1% of the respondents, and 31.9%
of the respondents were migrants. Overall, the demographic
and socioeconomic characteristics of the respondents in our
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TABLE 2 Demographic and socioeconomic characteristics of
respondents.

Factors Percentage Factors Percentage
%) (%)

Gender Occupation type

Male 47.9 State-owned enterprises 15.6

Female 52.1 Non-state-owned enterprises 84.4

Age Household income

<20 years old 4.0 <30,000 CNY 5.5

20-29 years old 18.9 30,000-50,000 CNY 8.7

30-39 years old 23.7 50,000-100,000 CNY 18.8

40-49 years old 18.2 100,000-200,000 CNY 50.2

50-59 years old 16.9 200,000-300,000 CNY 11.1

60-69 years old 14.3 300,000-500,000 CNY 3.9

>70 years old 4.0 500,000-1,000,000 CNY 1.5

Marriage status >1,000,000 CNY 0.2

Married 76.5 Car ownership

Unmarried 23.5 Yes 53.1

Education No 46.9

Middle school 16.5 Household registration

and below

High school 29.9 Beijing Hukou 68.1

College 28.4 Non-Beijing Hukou 31.9

University 20.1

Graduate student 5.1

and above

investigation are similar to the characteristics of the general
population in Beijing.

Figure 3 shows the spatial distribution of the respondents’
SRH outcomes. According to the descriptive statistics of
participants’ SRH, the mean score of their SRH is 3.93 with a
standard deviation of 0.703, indicating that urban residents in
Beijing generally have good SRH. After the original SRH variable
was dichotomised, 73.8% of respondents had good SRH and
26.2% had poor SRH.

Objective and subjective characteristic of
urban green space attributes

Table 3 shows the descriptive statistics of participants’
perceived quality of and accessibility to UGS. Their average
distances to the nearest UGS, such as all urban parks, high-
quality parks, and common parks, are 1.37, 2.78, and 1.82 km,
respectively. The mean score of respondents’ perceived quality
of the UGS was 3.98, suggesting that they were generally satisfied
with the UGS in Beijing.
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FIGURE 3
Spatial distribution of SRH among respondents.

TABLE 3 Descriptive statistic of perceived quality and accessibility to
UGS.

Variables Mean St. Dev.
Perceived quality of UGS 3.98 points 0.703
Accessibility to UGS 1.37km 1.084
Accessibility to high-quality park 2.78km 2,612
Accessibility to common park 1.82km 1.235

Impacts of urban green space on
residents’ self-rated health

A binary logistic regression model was used to examine
the effect of UGS on participants’ SRH. In order to compare
the effects of influencing factors, all explanatory variables were
standardized before being introduced into the model. The results
of the multicollinearity test showed that the variance inflation
factor (VIF) values of all independent variables were below 5,
indicating that multicollinearity is not a problem. The results
of the regression model are shown in Table 4. Model 1a shows
the relationship between the perceived quality of UGS and
respondents’ SRH from a subjective perspective. The odds of
participants reporting good SRH is positively associated with
their perceived quality of UGS, with regression coeflicients
and odds ratios of 0.329 and 1.390, indicating that a one-unit
increase in participants satisfaction with the surrounding parks
and UGSs increases the odds of reporting good SRH by 39.0%.
Model 1b shows the relationship between accessibility to UGS
and participants’ SRH from an objective perspective. The odds of
respondents reporting good SRH are positively associated with
accessibility to UGS, with coefficients and odds ratios of 0.049
and 1.050, respectively, indicating that the odds of participants
reporting good SRH increase by 5.0% for each unit increase in
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distance to the nearest urban park. Model 1¢ shows the effects of
the perceived quality of UGS and accessibility of UGS on SRH
from a combined subjective and objective perspective. Despite
the smaller regression coeflicient in Model 1c, both perceived
quality of UGS and accessibility to UGS exerted significant and
positive effects on the odds of reporting good SRH among
respondents, with odds ratios of 1.389 and 1.048, respectively.
By contrast, the impact intensity of perceived quality of UGS
on participants’ SRH is much greater than that of accessibility
to UGS.

In addition, the results of Model 1c show that some
socioeconomic attributes are also associated with respondents’
SRH. Middle-aged and elderly residents had lower odds of
reporting good SRH than residents aged under 20 years.
Respondents with a graduate education or above had a poorer
SRH than residents with a below middle school education, with
a 31.7% lower odds ratio reporting good SRH. Residents with
a higher annual household income had better SRH than the
reference group with annual household income below 30,000
CNY, with the odds ratio ranging from 1.565 in the 300,000
500,000 CNY group to 2.835 in the 500,000-1,000,000 CNY
group. Regarding household registration, respondents with a
Beijing hukou had worse SRH than non-hukou residents, with
a 31.4% decrease in the odds of residents reporting good SRH.

To explore the specific influencing mechanisms of the effects
of UGS on respondents’ SRH, social interaction and air quality
were added as mediating variables in the model. The results are
shown in Table 5. Models 2a and 2b examine the effects of the
subjective and objective indicators of UGS on the mediating
variables of social interaction and air quality, which are also
new dependent variables. The modeling results showed that
respondents’ perceived quality of UGS was significantly and
positively associated with social interaction and air quality, with
regression coefficients of 0.433 and 0.561, respectively. However,
accessibility to UGS was positively associated only with air
quality, with a regression coefficient of 0.203.

Model 2c¢ included two mediating variables, social
interaction and air quality, in the regression analysis based on
the baseline model. The results showed that social interaction
and air quality were significantly and positively associated with
residents’ SRH, with regression coefficients of 0.060 and 0.196,
respectively. The mediating analysis results reveal that social
interaction and air quality are important mediator variables
for the UGS effect on respondents SRH, and UGS affects
respondents’ SRH directly or indirectly by increasing their
satisfaction with social interaction and air quality.

Heterogeneity effects of types of urban
green space

Following the high-quality parks rating standard issued
in Beijing, local authorities have differentiated urban parks
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TABLE 4 Regression model results of the association between UGS and respondents’ SRH.

Model 1a Model 1b Model 1c

Variables Coeflicient OR S.E. Coeflicient OR S.E. Coeflicient OR S.E.
Perceived quality of UGS 0.329%%* 1.390 0.046 0.329*%* 1.389 0.046
Accessibility to UGS 0.049** 1.050 0.024 0.047%* 1.048 0.024
DisCBD 0.036 1.036 0.038 0.013 1.013 0.037 0.028 1.029 0.038
Male 0.075 1.078 0.051 0.081* 1.084 0.051 0.074 1.077 0.051
Age 1 Reference Reference Reference

Age2 —0.463*** 0.629 0.104 —0.479**% 0.619 0.102 —0.464*** 0.629 0.104
Age3 —0.467*** 0.627 0.108 —0.502%** 0.606 0.104 —0.467%** 0.627 0.108
Age 4 —0.694*** 0.499 0.086 —0.714%%% 0.490 0.084 —0.692%** 0.500 0.087
Age 5 —0.789*** 0.454 0.079 —0.832%%% 0.435 0.075 —0.791%** 0.453 0.079
Age 6 —1.3130 0.269 0.047 —1.363% 0.256 0.044 —1.308%* 0.270 0.047
Age7 — 1,406 0.245 0.047 — 15110 0.221 0.042 —1.400%* 0.247 0.048
Married —0.020 0.981 0.074 —0.028 0.972 0.073 —0.023 0.978 0.074
Edu 2 —0.028 0.973 0.070 —0.014 0.986 0.070 —0.024 0.976 0.070
Edu 3 0.101 1.106 0.091 0.113 1.120 0.091 0.102 1.108 0.092
Edu 4 —0.049 0.952 0.093 —0.032 0.969 0.094 —0.045 0.956 0.093
Edu 5 —0.383*** 0.682 0.098 —0.410%** 0.664 0.095 —0.382%** 0.683 0.098
Occupation type 2 —0.082 0.921 0.063 —0.055 0.947 0.065 —0.076 0.927 0.064
Income 2 0.4824%* 1.620 0.192 0.461+%* 1.585 0.186 0.484*** 1.622 0.192
Income 3 0.7244%% 2.062 0.220 0.7104%* 2.033 0.215 0.725%** 2.064 0.220
Income 4 0.718*** 2.051 0.235 0.714*%* 2.042 0.232 0.723*** 2.060 0.236
Income 5 0.9454** 2.574 0.354 0.948*%* 2.581 0.354 0.954*%* 2.596 0.357
Income 6 1.042%%% 2.835 0.499 1.019%# 2.770 0.485 1.058*** 2.879 0.508
Income 7 0.448* 1.565 0.353 0.459* 1.582 0.355 0.457* 1.579 0.357
Income 8 —0.001 0.999 0.485 —0.085 0.919 0.441 0.013 1.013 0.492
Car 1 —0.079 0.924 0.068 —0.083 0.920 0.067 —0.085 0.918 0.067
hukou 1 —0.3770% 0.686 0.038 —0.378%%% 0.685 0.038 —0.377%* 0.686 0.038

"

“p <0.01, "p < 0.05, p < 0.1; reference groups are Age 1, unmarried, edu 1, Occupation type 1, income 1, car 2, and hukou 2.

TABLE 5 Mediating effect of the association between UGS and respondents’ SRH.

Model 2a

Model 2b Model 2¢

Social interaction

Air quality SRH

Coefficient OR Std. Err. Coeflicient OR Std. Err. Coeflicient OR Std. Err.

Social interaction 0.060* 1.062 0.036
Air quality 0.196*** 1.216 0.028
Perceived quality of UGS 0.433%** 1.542 0.085 0.561*** 1.753 0.167 0.269*** 1.309 0.036
Accessibility to UGS 0.026 1.026 0.075 0.203* 1.225 0.114 0.044 1.044 0.022
Covariates controlled controlled controlled

*

“p <001, "p <0.05 p<0.l.

into high-quality parks and common parks based on a set of
criteria since 2002, such as planning and construction, greening
and maintenance, supporting facilities, and order maintenance.
Specifically, high-quality parks must fulfill the following criteria:
(1) a park green space cover rate of over 70%; (2) a satisfaction
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ratio among the visitors that exceeds 90%; (3) the loess in the
park is not open to air; (4) neat, standardized signage; two-star
or higher toilets; (5) no advertising umbrellas or other facilities
that hinder the landscape; (6) no stagnant water, dirt, spitting,
or cigarette butts; no vending stalls within 50 m of the park
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TABLE 6 Heterogeneous effects of urban park types on respondents’ SRH.

Model 3a Park type = high-quality parks
Dependent variable: SRH

Coefficient OR Std. Err.
Perceived quality of UGS 0.377*4** 1.458 0.046
Accessibility to UGS 0.085*** 1.089 0.028
Covariates controlled

"p <0.01,"p <0.05, p <0.1.

entrance; (7) good order in the park; (8) no major complaints or
safety accidents. High-quality parks generally provide healthier
and more liveable environmental elements than common parks.

To examine the heterogeneous effects of types of urban
parks on respondents’ SRH, we differentiated urban parks into
high-quality and common parks for further analysis. Table 6
shows the model results for high-quality parks (Model 3a)
and common parks (Model 3b). The results of Model 3a
show that the accessibility to UGS for high-quality parks is
significantly and positively associated with respondents’ SRH,
with a regression coefficient of 0.085, indicating that the odds
of reporting good SRH increase by 8.9% when the distance to a
high-quality park increases by one unit for residents. The results
of Model 3b show that accessibility to UGS for common parks is
negatively associated with respondents’ SRH, with a regression
coefficient of —0.057, indicating that the odds of residents
reporting good SRH decreases by 5.6% when the distance to
common parks increases by one unit.

Discussion

Main findings and contributions to
existing work

This study explored the relationship between UGS and
respondents’ SRH using data collected in a large-scale survey in
Beijing: the International First-class Harmonious and Liveable
Capital. Our study contributes to the literature on UGS and
health in at least three aspects. First, we combine the objective
and subjective characteristics of UGS in the research framework.
Second, mediating mechanisms such as social interaction and
air quality between the UGS and residents’ health are examined.
Finally, our study adds new empirical evidence on the health
impacts of UGS in developing countries with rapid urbanization,
using Beijing as a case study.

Our study found that the mean value of respondents’ SRH
in Beijing was 3.93 and 73.8% of residents reported good SRH,
indicating that the overall SRH of urban residents in Beijing
was good. This finding is similar to that in many studies (43):
Beijing, the capital of China, has many beneficial conditions
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Model 3b Park type = common parks
Dependent variable: SRH

Coefficient OR Std. Err.
0.3754%* 1.455 0.046
—0.057* 0.944 0.028

controlled

such as a high level of economic development, satisfactory
medical facilities, and conveniently access to UGS. In addition,
urban residents in Beijing, characterized by good education in
general, have a healthy lifestyle and good health knowledge,
which contribute to their reporting a good SRH.

The binary logistic regression model results indicated
that the perceived quality of UGS was positively associated
with respondents’ SRH. This finding occurs because residents’
perceived quality or satisfaction with urban parks originates
from their experience (37), and residents’ physiological health
can be improved by using UGS (44), enhancing their SRH.
Unexpectedly, accessibility to UGS was positively associated
with residents’ SRH in this study, indicating that residents with
a longer distance from the nearest urban park have better
SRH than those with a shorter distance, which was different
from the results in the literature (45). A possible reason is that
park facilities will crowd out the spatial layout of other public
service facilities. Thus, the park layout should consider avoiding
crowding other public service facilities. Different residents
have different perceptions of and satisfaction with the same
environment, and objective UGS accessibility indicators cannot
fully reflect residents’ subjective perceptions of UGS and their
health benefits. Therefore, in the design of park UGS, the
perception factors of residents should be fully considered to
improve the role of park UGS in promoting health.

In line with the literature (46, 47), our findings showed
that social interaction and air quality are important pathways
through which UGS affects respondents’ SRH. Specifically, the
perceived quality of UGS positively contributes to respondents’
SRH by enhancing their satisfaction with both social interaction
and air quality, and accessibility to UGS was only relevant for
respondents’ SRH through satisfaction with air quality. UGS was
shown to abate PM2.5 concentrations and effectively reduce the
health risks caused by air pollution (48). In addition, UGS, as
an area for residents’ daily activities, creates a good public space
for social interaction among residents (49). Increased social
interaction is conducive to improving residents’ social identity
and alleviating negative emotions, such as anxiety (50), and
promoting residents’ physical and mental health.

The results of the heterogeneity analysis revealed that the
effects of high-quality and common parks on respondents’
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SRH differed. Among them, accessibility to UGS for high-
quality parks was positively correlated with respondents’ SRH,
indicating that respondents with a longer distance to the nearest
high-quality park tend to report a good SRH. This result may
be observed because high-quality parks generally occupy a large
area, which, to a certain extent, compresses the space for other
public service facilities, leading to other types of healthy living
needs of residents not being fulfilled and, in turn, affecting
respondents’ SRH (51). By contrast, accessibility to UGS for
common parks was negatively associated with respondents’
SRH, suggesting that a longer distance to common parks for
respondents tends to lead to poor SRH. These results conform
to the results of Xie et al. (52), who also found that a shorter
distance or better access to UGS is beneficial for the health of
nearby residents. Thus, different optimisation measures should
be implemented for high-quality parks and common parks to
fulfill the diverse health needs of residents.

Implications for park planning

The findings of our study provide important policy
implications for improving UGS construction. Firstly, because
the perceived accessibility of UGS plays a significant role
in promoting residents’ self-rated health, the planning and
design of urban parks should pay attention to residents
perception of use and regularly collect residents” feedback on
their satisfaction with urban parks. In addition, the objective
distance of UGS also significantly affects the self-rated health of
residents. Landscape planning departments should give priority
to increasing urban parks with appropriate scale and high
accessibility according to the distribution of residential areas
and the urban road network system without crowding out other
public service facilities.

Second, social interaction and air

quality are

important ways in which UGS affects SRH of respondents.

Therefore, when designing urban parks, landscape
design  departments should not only provide good
internal  environment design and comfortable and

pleasant green landscape to purify the air, but also
create a comfortable atmosphere and provide convenient
and diverse activity facilities to promote residents
social activities.

Finally, in view of the difference in the impact of
high-quality parks and common parks on the SRH of
respondents, the government departments in Beijing should
take corresponding optimization measures for different types
of parks. Specifically, the focus of optimisation for high-
quality parks is to improve their quality, promote the
transformation of high-quality parks into high-quality spaces,
and fulfill the demands of some residents for high-end
UGS. For common parks, the spatial quality and micro
design of UGS in parks should be improved, based on not

occupying land for other types of public service facilities.
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The area of park UGS should be appropriately expanded
to increase fitness facilities and public spaces to fulfill
the diversified needs of different groups with different
social attribute.

Limitations and future studies

This study has several limitations. First, this study used
cross-sectional data, which cannot fully reveal the causal
relationship and changing linkage between UGS and SRH
among respondents. Second, the specific mediating mechanisms
of UGS on respondents’ SRH in our study only considered
their perceived social interaction and air quality. Other potential
mediating mechanisms (e.g., physical activity) were not explored
and should also be included in further research. Finally, the
accessibility to UGS in this study was measured only by the
shortest road network distance without consideration of actual
traffic speed in different grades of road segments and individuals’
transport modes. Further research should focus on the impact
of travel time accessibility to the UGS on residents’ SRH. In
addition, the areas of the original urban parks were aggregated
into points according to their geometric gravity center, which
could also cause some measurement bias in accessibility when
encountering urban parks with a large area.

Conclusions

Unlike developed western countries that have explored the
health benefits of green space under the background of low
population density, empirical evidence of green space and
human health in developing countries with high population
density is still relatively limited, and existing studies tend to
focus only on the objective attributes of green space. Drawing
on a large-scale survey and the spatial distribution of UGS
in Beijing, this study quantified the association between UGS
and residents’ SRH by using a binary logistic regression model.
It focused on the role of objectively measured accessibility to
UGS in influencing residents’ SRH, examined the relationship
between perceived UGS quality and residents SRH, and
comprehensively measured the health benefits of UGS exposure
levels from both the subjective and objective perspectives to
mitigate the limitations of current research on the association
between UGS and residents’ health. In our study case, UGS is
found to be associated with urban residents’ SRH in Beijing.
More specifically, both the perceived quality of UGS and
objectively measured accessibility to UGS are positively related
to residents’ SRH, but the perceived quality of UGS has a much
greater effect on residents’ SRH. In addition, we identified that
social interaction and air quality are important mediating paths
through which UGS affects residents’ SRH. Moreover, the effects
of the types of urban parks on residents’ SRH differed. Among
these differences, accessibility to UGS for high-quality parks
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is positively associated with residents’ SRH, and accessibility
to UGS for common parks is negatively related to residents’
SRH. Overall, this empirical evidence provides novel insights
into optimizing green space,which could help guide planners
and decision-makers to promote green space development for
public health.
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Airliner accidents are often accompanied by incidental aircraft fires, causing
huge casualties and incalculable economic losses. The research on airliner
fire and its emergency evacuation is the focus and difficulty of aviation safety
research, but it is difficult to carry out the research through experiments,
and the use of computer simulation is an effective method. This paper
comprehensively studies the dynamic development of the cabin fire and the
corresponding cabin evacuation when the wide-body airliner Airbus A350-900
is forced to land in two states: horizontal and forward. The spatial distribution
of the remaining evacuation time at each seat is used to analyze and judge the
safety evacuation risk of the airliner cabin. Finally, two evacuation optimization
design ideas based on partition guidance and seat layout are proposed to
improve the spatial distribution of the overall evacuation risk of passengers
in the cabin and provide some reference suggestions for strengthening fire
prevention in the design, manufacture, and use of airliner. Some targeted
countermeasures are put forward for the emergency evacuation of passengers
in the cabin in a fire situation.

KEYWORDS

Airbus aircraft, airliner environment, personal safety, evacuation risk, fire exposure

Highlights

- The influence of the capacity of aircraft emergency slides on passenger evacuation
is considered.

- A spatial representation method of personnel evacuation risk is proposed.

- An unconventional working condition is analyzed when the aircraft is
tilted forward.

- An optimization idea is proposed to optimize the distribution of remaining
evacuation time.
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Introduction

A survey of air accidents in the past 30 years found
that in civil aviation, fires often occur near the landing gear,
cabins, and hangars and are often extremely sudden. The
causes of fire accidents generally include fuel leakage, landing
impact fire of passenger aircraft, the fire of dangerous goods
in luggage, short circuit fire of electrical system, and an engine
fire caused by improper maintenance of passenger aircraft
(1). If a fire occurs inside the cabin, such an accident is
extremely unfavorable for the evacuation of passengers. For
the research on cabin fire, most scholars often use empirical
formulas to calculate the fire development process, use CFD
technology to analyze the temperature field distribution, or
use advanced fire extinguishing equipment to evaluate the fire
extinguishing effect; at the same time, a few scholars use full-
size or small-size aircraft to carry out In experimental research,
some scholars use professional software numerical simulation
tools to study fire. Most of these studies are based on simple
physical models.

As early as 1976, the National Aeronautics and Space
Administration carried out the physical fire resistance
experiment on passenger aircraft (2). In 1979, the Federal
Aviation Administration of the United States put aviation
fuel outside the passenger cabin door to conduct combustion
experiments to analyze the impact of fire on various parameters
in the passenger cabin (3). The National Aeronautical Facility
Test Center in the United States conducted a related aircraft
fire experiment in 1996. Researchers used a full-size transport
aircraft to transform its cabin into an airliner cabin (4).

Wang (1) selected the Airbus A330-300 civil passenger
aircraft as the research object in 2016 and used the modeling
method to simulate and analyze the dynamic development law
of the fire of the Airbus A330-300 passenger aircraft. In 2019, Bai
(5) conducted a risk assessment on a large passenger aircraft, the
Airbus A330-300 passenger aircraft, and proposed a specific fire
risk assessment method for passenger aircraft. Zhang et al. (6)
used the fire simulation software PyroSim in 2012 to simulate
the fire scene in an airtight passenger cabin and obtain the
simulation results for further analysis.

Liu (7) researched and collected information such as the
cabin’s plane layout, established a mathematical model that
restores the real situation as much as possible based on this
information, and finally obtained the model with the fastest
evacuation speed. Yu (8) and others established a passenger
aircraft cabin evaluation system with 5 indicators and 23
influencing factors as the main content and blushed effective,
comprehensive evaluation methods for evacuation capabilities.
Fu (9) used Pathfinder software to simulate the evacuation of
Boeing 777-200 aircraft by setting 5 specific scenarios.

From the above summary, it can be seen that domestic and
foreign scholars have carried out extensive research on aircraft
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fires and personnel emergency evacuation, and the research
has continued to deepen. The research mainly focuses on
mathematical reasoning, simulation, and experimental analysis
of aircraft fire and passenger evacuation.

Modeling

Airbus manufactures the A300, A310, A318, A319, A320,
A321, A330, A340, A350, A380, and other aircraft. Among
them, the A350 series consists of A350-800, A350-900, and
A350-1000, which are small to large and carry 270, 312, and
350 passengers, respectively, as shown in Figure 1. In this
paper, the Airbus A350-900, a large twin-engine ultra-long-
range, two-aisle wide-body airliner, is selected as the object of
study. The cabin layout of this type of airliner is shown in
Figure 2.

Basic parameters of the model

After collecting and sorting out, the main basic parameters
of Airbus A350-900, such as fuselage length, fuselage height,
cabin length, and cabin width, are shown in Table 1.

In the passenger cabin of Airbus A350-900, the seating
arrangement is a typical three-class cabin arrangement
consisting of business class, super economy class, and
economy class. Its seating arrangement is as follows: rows
11-18 are business class, with a total of 32 seats; rows
31-33 are super economy class, with a total of 24 seats;
rows 34-63 are economy class, with a total of 256 seats.
The basic parameters of specific cabin seats are shown in
Table 2 below.

frontiersin.org


https://doi.org/10.3389/fpubh.2022.994031
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Lv et al. 10.3389/fpubh.2022.994031
: E“ illllllllllll F glllllllllllliL
—
|1|l|||||||||r|v‘ [ '
31 32 33 34 35 36 37 38 39 40 41 42 43 44 4546 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62
FIGURE 2
Plane layout of Airbus A350-900 passenger cabin.

TABLE 1 Main parameters of Airbus A350-900.

Parameter Value Parameter Value
Length (m) 66.80 Length of cabin (m) 51.04
Height of fuselage (m) 6.09 Width of fuselage (m) 5.96
Height of cabin (m) 2.2 Width of cabin (m) 5.61
Height of airliner (m) 17.05 Number of doors 8
Wingspan (m) 64.75 Wheelbase (of a vehicle) (m) 28.66
TABLE 2 Basic parameters of cabin interior seats.
Class of cabin Business Premium Economy
class economy class
class
Number of seats 32 24 256
Row of seats 8 3 30
Seat pitch (m) 1.09 0.97 0.81
Width of seat (m) 0.58 0.48 0.44
Maximum seat 180 120 100

reclining angle (°)

Design of fire scene

When building a fire scenario, the known conditions and
potential risks should be taken into account, the parameters of
the airliner should be understood, the safety influencing factors
in the cabin should be identified, and the location of the fire
source should be reasonably set around the purpose of the
study (10). Civilian airliners generally have a central fuel tank
or additional central fuel tank near the center of gravity of the
fuselage. As early as 1989, the Civil Aviation Administration of
the United States carried out a physical simulation experiment
of cabin fire (1). The simulation scenario is: after the plane fell,
the huge impact force destroyed the structure of the plane, the
fuel tank on one side of the wing ruptured, and the fuel leaked,
causing the external fuel to form a pool fire and then cause a
cabin fire through thermal radiation.
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This paper investigates the fire caused by the impact of a
civil airliner on the ground causing damage to the front section
structure of the main body of the airliner, resulting in the spillage
of aviation fuel carried in the additional central tank of the
airliner due to the cracking of the cabin. Further, it investigates
the impact of the fire on the evacuation of passengers in the
passenger cabin of the airliner. The fire scenario is designed
around the issue of cabin passenger evacuation, and the fire
scenario is designed by considering the maximum probability
principle and the least favorable principle through literature
research on airliner fires.

The air pressure in the cabin was set to 1 standard
atmosphere, and the initial temperature was set to 20°C. The
Airbus A350-900 wide-body airliner studied in this paper is a
large airliner with a long fuselage and a large cabin space. The
passenger cabin is a relatively closed, narrow, and long cavity.
The external environment affects only a small area near the door
and does not significantly affect the fire development in the
entire cabin. In the standard case, the property parameters of
aviation fuel are in Table 3.

The cabin bulkhead structure of civil airliner is often
composed of aluminum alloy, which is flame retardant. To
simplify this paper, the passenger cabin bulkhead is set
to aluminum, and other materials such as seats are also
made flame-retardant, and in the standard case, the property
parameters of aluminum are shown in Table 4.

The size of the fire source is set to a rectangular oil pool
of 2.0 x 2.0 m. The fire location is in the middle of the second
pair of evacuation exits connected to the passenger cabin near
the front side of the nose, with the red square representing the
fire source. In contrast, the 4 pairs of doors of the airliner are
numbered for the convenience of description, with the doors
near Quax = m” AH,xm D*/4 the nose side numbered Exit 1
and Exit 2, the doors in the middle section numbered Exit 3 to
Exit 6, and the doors near the tail side numbered Exit 7 and Exit
8, as shown in Figure 3.

According to the plane layout of the Airbus A350-900
airliner, the three-dimensional model of the cabin can be

established after reasonably simplifying the model, as shown in
Figure 4.
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TABLE 3 Main property parameters of aviation fuel (11, 12).

Parameter Heat of Progressive
combustion combustion
MJ-kg™ 1) efficiency
(kg-m_z-s_l)
Aviation fuel 43 0.035

TABLE 4 Main property parameters of aluminum (13).

Parameter Value Parameter Value
Density 2700 Thermal 237
(kg/m?) conductivity

[W/(m-k)]
Specific heat 880 The heat of 1.05 x 107
capacity evaporation
[J/(kg->C)] (J/kg)
Melting point 660.4 Boiling point 2467
0 Q)
The heat of 3.98 x 10° Emissivity 0.9
dissolution
(J/kg)

Fire source parameter settings

In aviation accidents, once the oil tank is damaged and
leaked, it is easy to cause oil injection or dripping, and an oil
pool will be formed. The fire caused by aircraft fuel leakage can
be divided into oil vapor fire, jet fire, and oil pool fire according
to the fuel combustion mode. In practice, the combustion mode
of fuel oil may be single or composite, which constitutes the
complexity of cabin fire. In this paper, to simplify the fire
calculation, only pool fire is considered for calculation. The
calculation formula for the maximum heat release rate of oil pool
fire is as follows (11):

Qmax = 7’””AHCXT[D2/4 (1)

Where, AH; is the combustion heat, k]-kgfl; X is the
combustion efficiency; D is the diameter of the oil pool, m;
m'’is the mass combustion efficiency per unit surface area,
kg~m_2~s_1; The calculation formula is:

" = moy”(1 — eK/D) @)

In the formula, mso” is the progressive mass burning rate
of large-scale oil pool fire, kg-m™2.s71; k' is the effective
absorption coeflicient.

The fire source in the model is set in the middle of the
connecting line between the second pair of hatch doors (Exit 3
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Chemical Density (kg-m™3) Effective
combustion absorption
efficiency coefficient
(L-m™h
0.9 940 17

and Exit 4) on the front side of the airliner. The rectangle with
the size of 2.0 x 2.0 m is regarded as pool fire combustion. The
fuel volume is assumed to be 0.1 m?, and the following formula
can calculate its equivalent diameter:

D = ./4S/pi

Where § is the area of the liquid pool, according to the above, it

3)

can be calculated that the maximum heat release rate of the oil
pool fire in this paper is 5.3011 MW.

The model in this paper sets the fire type as a very fast-
growing fire, and the corresponding fire growth coefficient @ =
0.1878 kW/s2. According to the formula, it can be calculated
that the time when the maximum heat release rate is reached
is 168s, and the combustion efficiency per unit surface area
of the fuel is calculated to be 0.03424 kg-m~2.s72, from the
total volume of fuel in the pool fire and the mass combustion
efficiency of the fuel, it can be calculated that the burning time
of the pool fire is 686s. The decline of sump burning is a
relatively complex process. The time when the fire source begins
to decline is affected by the fire structure and other factors,
and it is difficult to obtain an accurate solution. The decay
rate of most fuels is 0.0001 m/s, and at some point the fuel is
consumed to the point where the combustion cannot support
the maximum heat release rate and begins to decay. At this time,
the heat radiation is generally higher, and the fire decay process
is faster. The schematic diagram of the fire scene’s heat release
rate development curve in this paper is shown in Figure 5.

FDS software simulates and calculates the CO concentration
and flue gas diffusion according to the chemical equivalent
combustion reaction of the specified fuel. Setting the co-
production rate, flue gas production rate, and other parameters
is necessary. Aviation fuel is a complex mixture, and aviation
kerosene was chosen as a typical fuel for simplicity. Under
standard conditions, its thermophysical parameters are as
follows (14). The contents in brackets are the interpretation of
the command line:

&REAC ID = ‘KEROSENE’ (The fuel is called fuel oil)

FYI = ‘Kerosene, C_14 H_30, SFPE Handbook (The
molecular formula is C14H3g)

MW_FUEL = 198.0 (The molar mass is 198)

NU_O2 = 21.5 (The coefficient of O is 21.5)

NU_CO2 = 14.0 (The coefficient of CO; is 14)

NU_H20 = 15.0 (The coefficient of H,O is 15)
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FIGURE 4
3D view of the PyroSim model of the Airbus A350-900 aircraft
and cabin.

EPUMO2 = 12700 (The energy released per unit mass of
oxygen is 12700 kJ/kg)

CO_YIELD 0.012 (The CO generation rate from
combustion is 0.012)

SOOT_YIELD = 0.042/(The soot generation rate is 0.042)

The survey found that most passengers of medium and

long-range wide-body airliners are adults. The average height of
adults in China is about 1.70m. It can be considered that the
mouth and nose of passengers in the cabin during evacuation
movement are about 1.65m from the cabin ground. Therefore,
this paper takes the cabin ground as the reference plane (H =
0m), and the monitor is set at the height of H = 1.65 m, which
is arranged concerning the layout of various types of seats in the
cabin. A total of 312 observation points are set in the model. The
positions of each observation point are shown in Figure 6. In the
figure, the left side is the nose side of the aircraft, the observation
points in business class are numbered from observation point
1 to observation point 32, and the observation points in super
economy class are numbered from observation point 33 to
observation point 56, and the observation points in economy
class are numbered from observation point 57 to observation
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FIGURE 5
Growth curve of heat release rate.

point 312. The numerical CO concentration, temperature, and
visibility changes can be measured at each observation point. In
the following chapters of this paper, these 312 observation points
are selected to evaluate the safety indexes near all types of seats
of the Airbus A350-900 wide-body airliner.

When a fire occurs, there will be many adverse factors that
will cause harm to the human body. In this paper, the commonly
used indicators in the fire are selected to analyze the available
safe evacuation time of cabin fire. To ensure that passengers in
the cabin can complete safe evacuation in the case of a cabin fire,
the following specific quantitative standards are set as the critical
value of danger for further analysis:

(1) The CO concentration in the passenger cabin at the height
of 1.65 m from the ground is <50 ppm, which is converted
into 0.00005 mol/mol commonly used in Pyrosim software;

(2) The flue gas temperature in the passenger cabin at the
height of 1.65 m from the ground is <60°C;

(3) The visibility of the passenger cabin at the height of 1.65m
from the ground is >5m.

Simulation and results

Fire simulation and analysis

After investigation, it is found that the forced landing
of passenger aircraft is often accompanied by incidental fire
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FIGURE 6
Location diagram of 312 observation points of the cabin model.

accidents, and the passenger aircraft is often in a horizontal and
inclined state during the forced landing. Among them, the front
landing gear of the passenger aircraft bears a huge impact force
when landing, and the phenomenon of failure is not uncommon.
When this happens, the passenger plane is often prone to lean
forward, and the dynamic development of the fire at this time
is also quite different from that when the passenger plane is in
a horizontal and normal state. Therefore, it is necessary to carry
out a comparative study of the two states.

When the airframe of the airliner is functioning normally,
the front and rear landing gears are not damaged and can
work normally, and the pilot drives the airliner properly so
that the airliner is forced to land normally without tilting. As
shown in Figure 7, the airliner remains horizontal after the
forced landing. The length of the simulation time considers
the specific simulation objects and scenarios. According to
the relevant airworthiness regulations and practical experience
of civil aviation aircraft, and this paper studies the passenger
evacuation problem in the cabin fire scenario, the fire simulation
time can be set as 200 s.

To obtain the ASET at each seat in the cabin, it is also
necessary to calculate and analyze the time for the three
indicators of CO concentration, temperature, and visibility to
reach the dangerous critical value at the height of 1.65m at
the 312 observation points above the 312 seats under the two
states of the airliner (15, 16). To select the time when any of
the three safety evaluation indicators at each observation point
first reaches the critical value of danger as the available safe
evacuation time for the observation point.

When the airliner is in a horizontal state, the minimum
time when any of the three safety indicators at each seat of the
airliner reaches the critical value is calculated as the available
safe evacuation time there, and the spatial distribution map
of the airliner in the horizontal state is drawn, as shown in
Figure 8.

From Figure 8, the distribution of ASET in the horizontal
state of the passenger aircraft is analyzed as follows:
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(1) Within the area of 6-12m relative to the longitudinal
position of the cabin: this area is mainly business class.
Since this area is relatively close to the fire source, it is
significantly affected by the fire, and the safe evacuation
time is within 70 s. The seat temperature near the sidewall
of the cabin reaches the critical value first, and the ASET
is shorter;

(2) Within the 12-23m area relative to the longitudinal
position of the cabin: this area contains a small number
of business class seats and all super economy class seats.
The fire source is in this area, which is most affected by
the fire. The available safe evacuation time of each seat is
almost all within 60 s, and the temperature and visibility
of most areas reach the critical value first;

Within the area of 23-34m relative to the longitudinal
position of the cabin: this area includes all the economy
class seats set in the middle of the cabin. The area affected
by the fire gradually decreases from the front side to the
rear side, the available safe evacuation time ranges from
60 to 90s, and most areas are also the first to reach the
critical value of temperature and visibility;

Within the area 34 m behind the longitudinal relative
position of the cabin: this area includes all the economy
class seats arranged in the rear section of the cabin. Since
this area is the farthest from the fire source, it is relatively
less affected by the fire. Except for a few seats near the
sidewall of the cabin, the available evacuation time is
shorter, and the ASET of the rest of the seats is >90s. The
seats in this area are generally safe. The visibility index is
the first to reach the critical value of danger.

When the airliner is forced to land, if the pilot does not
operate properly and the uncertainty of the forced landing
position is added, the probability of collision damage and failure
of the nose landing gear is very high. The Airbus A350-900
aircraft studied in this paper adopts the front three-point landing
gear design. The disadvantage of this landing gear design is that
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FIGURE 7
Schematic diagram of an airliner in the horizontal state.
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FIGURE 8
Distribution of available evacuation time under horizontal cabin state.

the front landing gear bears a large load. If the aircraft adopts seat’s available safe evacuation time is mostly within 60s,
an abnormal landing attitude, it can easily cause damage and and the ASET of the seats near the bulkhead is <505s. The

failure. The passenger will lean forward, as shown in Figure 9. indicator reaches the dangerous threshold very quickly;
Similarly, the distribution of ASETs around the cabin when (3) Within the 26-35m area relative to the longitudinal
the aircraft is tilted forward can be calculated, as shown in position of the cabin: this area includes most of the
Figure 10. economy class seats set in the middle of the cabin. The
From Figure 10, the analysis of the ASET distribution in the influence degree of the area affected by the fire from the
forward tilt state of the passenger aircraft is as follows: front side to the backside is not obvious compared with
the horizontal state, and the available safe evacuation time
(1) Within the 6-13m area relative to the longitudinal ranges from 60 to 80s, and most areas are also the first to

position of the cabin: this area is mainly for most of the reach the critical value of temperature and visibility;
seats in business class. Although this area is relatively (4) Within the area 35m behind the longitudinal relative
close to the fire source, under the influence of the forward position of the cabin: this area includes all the economy
tilt of the airliner, the available safe evacuation time is class seats set in the rear section of the cabin. Since this
almost always >70s, which is improved compared with area is the farthest from the fire source, the available
the horizontal state. The available evacuation time for a evacuation time is relatively long, almost all-around 80's.
small number of seats closest to the nose side is >100s. Due to the influence of the forward tilt, it is reduced
The temperature of most seats in this part of the area is compared with the horizontal state, and the temperature
the first to reach the dangerous threshold; and visibility are the first to reach the critical value
(2) Within the 13-26m area relative to the longitudinal of danger.

position of the cabin: this area contains a small number

of business class seats, all super economy class seats, and

a small number of economy class seats set in the middle Evacuation simulation and analysis
of the cabin. The fire source is located in this area, the

most significant area in the cabin affected by the fire. Each 1. Setting of evacuation scenarios
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FIGURE 9
Schematic diagram of the passenger aircraft in a forward-tilted state.
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FIGURE 10
Distribution of available evacuation time when the cabin is tilted forward.
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Through the analysis of the previous fire development
results, it can be seen that after the emergency landing
of the airliner and the fire occurs, the CO concentration,
temperature, and visibility in the cabin are quite different
when the cabin is horizontal and forward. Walking speed
is also affected. When simulating cabin evacuation in this
paper, two scenarios are set accordingly:

(1) Scenario 1: In the fire scenario when the cabin is in a
horizontal state after a forced landing, the evacuation
scenario in which all passengers are at their seats when
the cabin is fully loaded;

Scenario 2: In the fire situation when the cabin is
in a forward-tilted state after the forced landing, the
evacuation scene is in which all passengers are in their
seats when the cabin is fully loaded.

Setting of cabin door conditions

In this paper, the forced landing of the passenger
aircraft is considered to be in a horizontal forward-tilted
state. Under this emergency evacuation condition, all cabin
doors are considered to be able to open normally and
immediately. In this model, the cabin is arranged with
8 cabin doors. However, corresponding to the maximum
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probability principle and the most unfavorable principle
above, the fire occurred the Exit 3 and Exit 4 of the aircraft
cabin near the nose side. It is assumed that people cannot
be evacuated through Exit 3 and Exit 4, and the airliner is
not level or forward. Cause other doors to fail, so this paper
studies the situation where the other 6 Exits can be used
for evacuation. For a large wide-body passenger aircraft
with a huge passenger capacity, this situation is extremely
unfavorable for evacuation. The default direction is the
direction the seat is facing.
Setting of model personnel parameters

When using the software to simulate the evacuation
of passengers in the cabin, the personnel attributes
should be highlighted as much as possible to ensure that
the simulation results are closer to reality. Generally,
different genders and ages are often used in Pathfinder
software to define different categories of personnel. In this
paper Personnel, shoulder width is set to 40 cm. After a
comparative analysis of the quarterly operating data and
passenger turnover and other information released by a
civil aviation airline, it was found that the ratio of male
to female passengers was close to 6:4, and the age range:
was 30-50 years old accounted for about 70%; under 30
years old accounted for 20% about 10%; the rest account
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TABLE 5 Age and gender settings of evacuees.

Passenger Number Proportion (%)
category of passengers

Women aged 29 and younger 25 8.01

Men aged 29 and younger 37 11.90
Women aged 30-50 87 27.90

Men aged 30-50 131 41.93
Women 51 and older 13 4.17

Men 51 and older 19 6.09

Total 312 100

TABLE 6 The empirical formula for the walking speed of personnel on
the level ground (22).

Gender Age (n) Walking speed (m/s)
Women 2-8.3 0.06n 4 0.5
8.3-13.3 0.04n + 0.67
13.3-22.25 0.02n + 0.94
22.25-37.5 -0.018n + 1.78
37.5-70 -0.01n+ 145
Men 2.0-5.0 0.16n + 0.3
5-12.5 0.06n + 0.8
12.5-18.8 0.008n + 1.45
18.8-39.2 -0.01n 4 1.78
39.2-70 -0.09n 4 1.75

for about 10%. The maximum passenger capacity of the
airliner is 312 people, according to which the personnel is
divided as follows. See Table 5 for details.

This paper believes that the main factors affecting the
walking speed of people on the ground in the cabin are
age and gender. After consulting, it was found that there is
no official approved clear regulation on the walking speed
of evacuees in China. Therefore, this paper refers to the
relevant empirical formulas summarized by some foreign
scholars for estimation (17-21). Scholars summarized the
relationship between people’s walking speed on flat ground
and age and gender. Generally speaking, people aged 29
and below walk faster. When the age is the same, the
walking speed of men is often higher than that of women.
The specific empirical formula of walking speed on flat
ground is shown in Table 6.

Referring to the above empirical formula, the walking
speeds of people of different ages and genders in
the passenger cabin passageway can be approximately
estimated, respectively, as shown in Table 7.

In the evacuation situation when the airliner is tilted
forward by 5.6°, due to the complicated cabin conditions,
how to change the overall speed of the personnel has
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TABLE 7 The walking speed of different groups of people in the aisle
when the cabin is horizontal (23).

Passenger Cabin aisle personnel
category walking speed
Minimum Maximum  Average
speed speed speed

Women aged 29 and younger 0.91 1.63 1.27
Men aged 29 and younger 1.08 1.81 1.45
Women aged 30-50 0.78 1.28 1.03
Men aged 30-50 0.92 1.66 1.29
Women 51 and older 0.58 0.97 0.78
Men 51 and older 0.88 1.45 1.17

TABLE 8 The walking speed of different groups of people in the aisle
when the cabin is tilted forward.

Passenger Cabin aisle personnel
category walking speed
Minimum Maximum  Average
speed speed speed

Women aged 29 and younger 0.82 1.71 1.22
Men aged 29 and younger 0.97 1.90 1.39
Women aged 30-50 0.70 1.34 0.99
Men aged 30-50 0.83 1.74 1.25
Women 51 and older 0.52 1.02 0.74
Men 51 and older 0.79 1.52 1.12

become a more complicated problem. In this article, we
reduce the minimum individual speed by 10%, increase the
maximum individual speed by 5%, and the average moving
speed of passengers is appropriately reduced to simplify
processing, as shown in Table 8.

4. Cabin exit settings considering the capacity of
aircraft slides

The passenger cabin of a passenger aircraft is a long

and narrow cavity, the ground in the cabin is flat, and the
evacuation path is relatively simple. It’s the dual aisle in the
cabin. The evacuation Exits are symmetrically distributed
on the left and right sides of the cabin, with a total of 8, and
the width of each Exitis 0.9 m.

In the emergency evacuation scenario of a real aircraft
forced landing, passengers need to be evacuated from the
Exit of the cabin door through the escape slide. Therefore,
the evacuation efficiency of passengers is closely related to
the capacity of the escape slide. The evacuation flow of the
escape slide is generally smaller than that of the cabin door,
which will cause passengers to wait at the cabin door and
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FIGURE 11
Equivalent schematic diagram of the escape slides at each Exit
when the airliner is level.

reduce the evacuation efficiency of the people in the cabin.
Therefore, it is necessary to analyze the evacuation capacity
of the escape slide, but the Pathfinder software does not
support pedestrians escaping by The slide carries out the motion
simulation of evacuation behavior by sliding down, and there
are few evacuation experiments on aircraft escape slides, so the
relevant slide flow experimental data has not been obtained yet.
In the actual situation, there is a large section in the process
of people sliding down the slide in the suspended state and
doing parabolic motion, so the actual friction force is ~0. Based
on this, when the passenger cabin is in a horizontal state, this
paper takes the aircraft escape slide equivalent to a smooth
slope with a depression angle of 40° to carry out the ideal
calculation, and its equivalent schematic diagram is shown in
Figure 11.

In this paper, it is assumed that the length of the slide
is fixed at 7m, and the pedestrian is accelerated by gravity
from the top of the slide with an initial velocity of 0 at
the exit of the passenger cabin at a height of 4.5m from
the ground, and its sliding acceleration a = g x sin[(40
x 1)/180], from this, it is calculated that the time for the
passenger to fall from the top of the slide to the bottom is
about 1.49s. Assuming that the next passenger immediately
falls from the top after the previous passenger leaves the slide,
ignoring the influence of other factors, it is calculated that
The corresponding flow is 1 divided by 1.49 equals 0.68 ped/s.
When the cabin is tilted forward, the calculation method of the
evacuation flow of slides with different angles from the ground
is the same.

In this paper, it is assumed that the length of the slide is
fixed at 7m, and the pedestrian is accelerated by gravity at
the exit of the passenger cabin at the height of 4.5m from
the ground at the top of the slide with an initial velocity of
0. From this, it is calculated that the time for a passenger to
fall from the top to the bottom of the slide is about 1.49s.
Assuming that the next passenger immediately falls from the
top after the previous passenger leaves the slide, ignoring
the influence of other factors, the corresponding flow rate is
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FIGURE 12
Outlet section flow corresponding to different outlet widths
(mean =+ standard deviation).

calculated to be 0.68 ped/s. Therefore, to consider the influence
of the evacuation capacity of the slide on the evacuation
efficiency of the aircraft, it is necessary to perform an equivalent
calculation on the width of the hatch according to the calculated
flow of the slide. In this section, a single-exit room scenario
is established to analyze the evacuation flow of pedestrians
under different Exit width conditions. The room size is 10
x 10m, the personnel density is uniformly set to 2 ped/m?,
and other personnel parameter settings are consistent with
the above.

By setting different outlet widths (the width is shortened
from 09 to 0.4m in turn), the changes in the point
the
widths are obtained, and the average evacuation section

section flow under condition of different outlet
flow of different outlet widths is obtained according to
the statistics of the outlet flow distribution, as shown in
Figure 12.

It can be seen from the figure that when the width of
the exit is 0.7m, the average flow rate of the evacuation
is close to 0.68 ped/s. Therefore, in this paper, considering
the evacuation flow of passengers via the evacuation slide,
the width of the exit of the passenger door is revised
to 0.7. The equivalent width of m is used to carry out
the evacuation simulation of the passenger aircraft when it
is horizontal.

In the same way, after the airliner tilts forward, the
distance between Exit 1 and Exit 2 from the ground is
reduced to about 3m. After calculation, the angle between
the slide and the ground is 26°, and the time it takes for
passengers to slide from the top to the bottom of the slide
is About 1.80s, the corresponding flow is calculated to be
about 0.56 ped/s. The distance from Exit 7 and Exit 8 to
the ground increases, about 5.8 m. After calculation, the angle
between the slide and the ground is 56°, and the time for
passengers to slide from the top of the slide to the bottom
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Statistics of the number of evacuees when the cabin is

horizontal.

is about 1.31s. Calculate the corresponding flow rate of
About 0.80 ped/s. Therefore, this paper also considers the
evacuation flow of passengers through the evacuation slide
when the passenger aircraft is tilted forward, and the width
of the passenger door Exit 1 and Exit 2 is corrected to an
equivalent width of 0.5m, and the width of the passenger
door Exit 7 and Exit 8 is corrected to an equivalent width of
0.8m, and the height of Exit 5 and Exit 6 does not change
significantly when the passenger aircraft tilts forward, so the
equivalent width of 0.7m is still selected, and the following
is the case after the passenger aircraft tilts forward? Personnel
evacuation simulation.

By studying the internal structure of Airbus A350-900
wide-body passenger aircraft, evacuation dual aisles, door
position and passenger seat distribution information, and
related parameters, combined with other parameter settings
above, the construction of the cabin personnel evacuation model
is completed. The schematic diagram of the model is shown in
Figure 13.

When the passenger cabin is in a horizontal state, the
evacuation speed of personnel decreases to a certain extent in
the middle of the evacuation, and the evacuation efficiency of
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passengers in the cabin is not high during some periods. The
specific evacuation situation is shown in Figure 14.

As seen from Figure 14, in the middle of the evacuation,
all passengers moved to the evacuation channel or near
the evacuation exit, which caused a certain congestion
phenomenon, resulting in a decrease in the evacuation rate. At
about 25, the number of people evacuated at Exit 1 and Exit 2
no longer increased, and at about 55, The number of evacuees
at Exit 7 and Exit 8 no longer increased, indicating that the above
four exits were idle at the corresponding time, and the average
utilization rate of the exits was not high. In the later evacuation
period, the remaining passengers were evacuated only through
Exits 5 and 6. The flow at the exit is shown in Figure 15. After
119.8 s, all 312 passengers were evacuated.

The necessary evacuation time consists of three parts: early
warning time, passenger response time, and movement time
(24-26). Figure 16 shows the distribution of the necessary
evacuation time for passengers at different seats in the passenger
cabin when the passenger cabin is in a horizontal state under the
condition of full load. The higher the evacuation efficiency of the
individual, the shorter the time required for evacuation and the
smaller the safety risk borne by the movement of the safety exit.

Combined with the analysis of the evacuation situation
in the horizontal state of the aircraft, it can be seen from
Figure 16 that:
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Distribution of necessary evacuation time when the cabin is horizontal.

RSET(s)

(1) The RSET of passengers in business class is the smallest.
All passengers use Exit 1 and Exit 2 for evacuation. The
RSET of passengers in the cabin is basically within 25s,
which is the safest class in the passenger cabin, and the
evacuation risk is relatively low;

(2) Passengers in the super economy class have the largest
RSET. Under the most unfavorable evacuation conditions
set in this paper, since exits 3 and 4 cannot be used for
evacuation and escape, the super economy class is the
farthest from the evacuation exit, and the people on the
evacuation path are the farthest. The dense and crowded
phenomenon is serious, and the RSET of a small number
of passengers has even reached several times that of
passengers in business class, which is the most dangerous
class in the cabin, and the risk of evacuation is the highest;
(3) The main reason for the short RSET of business class
is that business class with a passenger capacity of 32
people in the class with the most sparse distribution of
people, and there are many evacuations exits available
per capita. At the same time, the RSET of passengers in
seats close to the exits also be significantly smaller than in
other locations;
(4) Passengers in the middle seats of the same class in
the cabin, especially those not adjacent to the aisle,
have unfavorable factors for evacuation, such as long
evacuation paths, dense distribution of people in the area,
and small movement space, which lead to the evacuation
of these passengers. It is easier to be congested, the
evacuation time is longer, the evacuation efficiency is
lower, and the evacuation risk is relatively higher.

Corresponding to the PyroSim fire model of the passenger
aircraft cabin in the forward tilt state, the cabin is tilted forward
5.6°, the nose side touches the ground, and the schematic
diagram of the cabin model in the forward tilt state is shown in
Figure 17.
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Figure 18 shows the distribution of necessary evacuation
time for passengers at different seats in the cabin under full load
when the passenger cabin is tilted forward.

Combined with the analysis of the evacuation situation when
the passenger aircraft is tilted forward, it can be seen from
Figure 18 that:

(1) The forward tilt angle of the cabin is 5.6°, which has little
effect on the spatial distribution of the overall available
evacuation time. Passengers in business class have the
smallest RSET, which is basically within 25s. Similar to
when the cabin is in a horizontal state, business class is
still a relatively safer class in the passenger cabin, with the
lowest evacuation risk;

(2) Super economy class and close to fire sources Some

passengers in economy class seats have the longest RSET,

most of which are several times more than the RSET of
passengers in business class. The necessary evacuation
time for a small number of passengers is about 130s.

This part of the area is the most dangerous area in the

passenger cabin. Evacuation risk is the highest.

There

conditions

is little difference between other evacuation
the

©)

and  when cabin is in a

horizontal state.

Risk analysis of personnel safety
evacuation

When ASET > RSET, that is, ASET-RSET > 0, personnel
can evacuate safely before suffering adverse effects from
emergencies. Define Trem (Trem = ASET - RSET) as the
remaining evacuation time. When Trem > 0, passengers can
evacuate the area before being affected by the fire accident. The
smaller Trem is, the longer the passenger is exposed to the fire
risk, and the greater the risk; the greater the Trem, the earlier the
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Schematic diagram of the model when the cabin is tilted forward.
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FIGURE 18
Distribution of necessary evacuation time when the cabin is tilted forward.

RSET(s)

passenger is away from the danger brought by the fire, and the
smaller the risk (27, 28).

Distribution of remaining evacuation time

When the airliner is in a horizontal state, there are 86 seats
in the three classes of cabins, and the risk of safe evacuation
is high. Figure 19 shows the distribution of the remaining
evacuation time of passengers at different positions in the fully-
loaded cabin.

Combined with the previous analysis of the cabin in a
horizontal state, it can be seen from Figure 19 that:

(1) In the area of 6-16 m relative to the longitudinal position
of the cabin: this area is the area where the business class
seats are located, and the remaining evacuation time is (3)
about 15-55s. between. Although the fire source is close
to this area, the overall safe evacuation time is short, but
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the distribution of people is relatively sparse and there
are many evacuation exits available per person, and the
evacuation of people is faster and the RSET is shorter, so
the overall safety is relatively low. There are 6 passengers
in this area with a high risk of safe evacuation;

In the 16-30 m area relative to the longitudinal position of
the cabin: this area is the area where the super economy
class and the economy class seats set in the middle of the
cabin is located. The remaining evacuation time is <0s,
and the remaining evacuation time at some seats is even
lower than - 65s. It is the most unsafe area in the entire
cabin. The main reason is that the area is close to the fire
source, the ASET of most seats is short, and the failure
of exit 4 resulted in a significant increase in the RSET of
passengers in this area. There are 73 passengers in this
area with a high risk of safe evacuation;

In the area 30 m behind the relative longitudinal position
of the cabin: this area is the area where the remaining
economy class seats in the cabin are located, and some
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FIGURE 19
Distribution of remaining evacuation time when the cabin is horizontal.
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FIGURE 20

Distribution of remaining evacuation time when the cabin is tilted forward.

seats in this area are not adjacent to the aisle. The
remaining evacuation time of the passengers is about —
5s. Although this area is far from the fire source, the
density of people is higher than that of other classes,
resulting in a large load at the evacuation exit and clear
congestion, resulting in a longer RSET for passengers in
the middle. This layout The lower passenger ASET near
the bulkhead is relatively short and more vulnerable to
fire. Seven passengers in the area are at high risk for
safe evacuation.

When the airliner is tilted forward, there are 97 seats

in the three classes of cabins, with a high risk of safe

evacuation. Figure 20 shows the distribution of the remaining

evacuation time for passengers at different positions in the

fully-loaded cabin.

(1)

In the area of 6-13 m relative to the longitudinal position
of the cabin: this area is the area where most of the
business class seats are located near the nose side, and
the remaining evacuation time of passengers is more than
40s. Although the fire source is close to the area, the
overall available safe evacuation time is short, but the
distribution of people in this area is relatively sparse,
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3)

and there are many evacuation exits available per person,
which makes the evacuation of people fast. Spread, the
seat ASET on the nose side away from the fire source is
extended compared to the horizontal state. There are 4
passengers in this area with a high risk of safe evacuation;
Within the 13-35m area relative to the longitudinal
position of the cabin: this area includes business class
seats, super economy class seats, and economy class seats
set in the middle of the cabin, which is close to the fire
source. The remaining evacuation time in the area near
the fire source is less than -the 40s, and some seats are
even less than -the 60 s. Passengers close to the bulkhead
are affected by the fire more quickly. This area is the most
unsafe in the entire cabin. There are 83 passengers in this
area with a high risk of safe evacuation;

In the area 35 m behind the relative longitudinal position
of the cabin: this area is the area where the economy
class seats are located in the rear section of the cabin,
and the remaining evacuation time for passengers in the
middle section of this section is About - 10s, although
the area is far away from the fire source, the speed of the
smoke reaching the area is accelerated under the action
of the forward tilt of the passenger aircraft, which leads
to the shortening of ASET. Similarly, under the “3-3-3”
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FIGURE 21

Schematic diagram of the evacuation optimization scheme for adding guidance.

Aircraft nose

FIGURE 22
Distribution of remaining evacuation time after adding guidance.

Vertical relative position (m)

Trem(s)

horizontal layout of the seats. The area is a den, densely
populated, the evacuation exit is heavily loaded, and the
congestion is also obvious, resulting in a longer RSET for
passengers far from the exit in the middle of the area.
There are 10 passengers in the area with a high risk of
safe evacuation.

To sum up, when the cabin is tilted forward, the safe
evacuation risk in the cabin is higher than the risk when the
cabin is in a horizontal state, and the evacuation situation
when the cabin is tilted forward, and a fire occurs is a
more dangerous situation than the conventional horizontal
state. Therefore, putting forward a targeted cabin evacuation
optimization scheme has important reference significance in the
engineering practice in the field of aircraft safety.

Optimal design scheme for evacuation

The evacuation pressure of Exit 5 and Exit 6 in the middle is
high, and the utilization rate of the four cabin doors available
for economy class passengers is uneven, resulting in different
degrees of congestion, resulting in low overall evacuation
efficiency. Given the above situation, it is proposed to add zoning
guidance to rationally allocate the use of available evacuation
exits instead of using the overall passenger to select exits based
on the nearest principle. In two states, horizontal and forward,
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this section analyzes the optimization method in the horizontal
state of the cabin.

The specific method is to divide the business class into area
A, and guide all passengers in this area to evacuate to Exit 1 and
Exit 2 during evacuation; divide the super economy class and
the economy class set in the middle of the cabin into area B, and
guide all passengers in this area during evacuation. Evacuate to
Exit 5 and Exit 6; divide the remaining economy class into area
C, and guide all passengers in this area to evacuate to Exit 7 and
Exit 8 during evacuation. The specific guidance optimization
scheme is shown in Figure 21.

The distribution of the remaining evacuation time after
optimization is as follows:

It can be seen from Figure 22 that this scheme improves the
evacuation efficiency of this part of the passengers by alleviating
the congestion in the middle section of the cabin where the
risk of cabin evacuation is the highest, effectively reducing the
evacuation risk of passengers in area B, and optimizing the
remaining cabin. Evacuation time distribution. The optimized
cabin evacuation situation is shown in Figures 23, 24:

After adding evacuation guidance, the overall evacuation
time of the cabin is reduced to 111.3s compared with 119.8s
before optimization, and the reduction is 8.5s. As seen from the
above figure, the evacuation flow of Exit 5, Exit 6, Exit 7, and Exit
8 is more balanced, and the utilization rate of available exports
improved. Passengers in area C no longer use Exit 5 and Exit
6 for evacuation, which reduces the evacuation pressure on the
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pair of exits and reduces the congestion of people near the pair
of exits. After optimization, the evacuation situation in area A
has not changed from the previous one. There are 6 passengers
with a high risk of safe evacuation; 64 passengers in area B have
a high risk of safe evacuation; 8 passengers in area C have a
high risk of safe evacuation, with a total of 63 passengers. The
risk of safe evacuation is high, a total of 8 people have been
reduced compared with before optimization, and the reduction
ratio is 9.3%.

Conclusion

In this paper, by setting the fire scene in the cabin of
the wide-body dual-aisle civil airliner Airbus A350-900, FDS
software is used to simulate the fire development process caused
by the second pair of mid-section aviation fuel leakage, and
the impact of changes in relevant parameters on the cabin
evacuation risk is analyzed. According to the time when the 312
observation points corresponding to each seat reach the critical

Frontiersin Public Health

108

10.3389/fpubh.2022.994031

value of any safety evaluation index, the available safe evacuation
time of all seats is calculated, and the ASET distribution of
the entire cockpit is obtained. Then, the Pathfinder software is
used to simulate the evacuation process of passengers in both
horizontal and forward states. When the passenger plane is
fully loaded, the necessary safe evacuation time for passengers
with 312 seats is calculated, and the RSET distribution of the
entire cabin is obtained. According to the distribution of ASET
and RSET, the distribution of the remaining evacuation time
in the cabin is calculated, the safety risks of passengers in
different positions in the cabin are analyzed, and an evacuation
optimization design scheme for optimizing the distribution of
the remaining evacuation time is proposed.

According to the above model simulation results and
analysis, it can be seen that the safety hazards of the Airbus
A350-900 wide-body passenger aircraft mainly include: when
a serious fire occurs in the cabin, passengers may not be
able to complete safety before a certain safety level index
reaches a critical value. The main reasons for this phenomenon
are: in the worst case, the passengers in the cabin far away
from the available evacuation exits have long evacuation paths,
long evacuation time, and long RSETs for these passengers.
Passengers in the cabin close to the bulkhead are more
vulnerable to fire in a fire situation, resulting in their short ASET.

The study found that the forward tilt of the cabin caused the
effects of the fire to spread more quickly into the rear space of
the cabin, and the tilt of the cabin also affected the evacuation
of passengers. The cabin’s forward tilt can significantly adversely
affect safe evacuation.
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E-bike, characterized as a low-carbon and health-beneficial active travel
mode, is gradually becoming popular in China. Although built environment
factors are considered to be key parameters that can facilitate or hinder active
transportation, such as cycling or walking, few studies have explored the
impact of built environment on e-bikes. To fill this gap, this study was the first to
explore the relationship between e-bike usage and built environment factors
based on population level travel survey in central Jinan, China. Both macro
and micro levels of built environment were measured using multi-source
data. We employed ordinary least squares (OLS) and geographically weighted
regression (GWR) models to explore the aggregation patterns of e-bike trips.
Besides, the local Moran’'s | was employed to classify the aggregation patterns
of e-bike trips into four types. The results from OLS model showed that eye-
level greenery, building floor area, road density and public service POl were
positive significantly related to e-bike trips, while open sky index and NDVI had
negative association with e-bike trips. The usage of GWR model provided more
subtle results, which revealed significant spatial heterogeneity on the impacts
of different built environment parameters. Road density and public service POI
posed positive effects on e-bike travel while NDVI and open sky index were
found mainly pose negative impacts on e-bike travel. Moreover, we found
similar coefficient distribution patterns of eye-level greenery, building floor
area and distance to bus stop. Therefore, tailored planning interventions and
policies can be developed to facilitate e-bike travel and promote individual's
health level.

KEYWORDS

built environment, e-bike usage, multi-source data, geographical weighted
regression, LISA, spatial heterogeneity, Jinan
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Introduction

The prevalence of e-bike and its
advantages

For the past few years, the built environment which is
suitable for active transportation have attracted interests from
various of fields including urban design, public health and
transportation. Global economic development has been driven
by the fossil energy consumption which improved human living
conditions but caused air pollution and global warming and
a series of environmental problems (1). Energy-saving, low-
carbon, healthy lifestyle have become the common will of the
government and citizens (2). Governments have implemented
policies including improving energy efficiency, developing fossil
energy substitution technologies, and using biocarbon sink
technologies to reduce carbon emissions (3). In addition, it
is a key intervention to maintain physical activity level and
reduce chronic disease by encouraging residents to adopt active
transportation (i.e., walking and cycling, e-bike) rather than
apply motorized vehicles (4). Therefore, it is vital to understand
the characteristics of active transportation and its driving factors
for planning department and policy makers (5).

As an emerging active transportation mode, the advantages
of e-bike are embodied in several ways. First, compared to
traditional cycling, e-bike is time efficient (6) and aging-friendly
which can help users to overcome obstacles of long distance
and climbing (7). Meanwhile, e-bike travel also combines the
advantages of promoting personal physical fitness and well-
being (8). Specifically, e-bike travel can benefit those who
are unwilling to engage in physical activity (i.e., overweight,
disabled, and elderly) by helping them achieve moderate
vigorous of physical activity (9, 10), which is known to support
individual’s social interaction (11) and mental health (8). Some
studies have shown that e-bike travel improves metabolism (12),
cardiovascular health (13) and allows riders to have lower level of
perceived exercise and higher level of enjoyment (14). Moreover,
e-bike is more economically efficient with lower purchase price,
less operating and maintenance cost than automobile, thus
is becoming a competitive alternative (15). In addition, some
studies have shown that using an e-bike can reduce CO;
emission by about 460 kg per year, which is an impressive social
benefit (16).

The numerous benefits of e-bikes have made them popular
with residents in many countries. It is expected that more than
40 million e-bikes will be sold worldwide in 2023 generating
approximately 20 billion dollars in revenue (17). In some low-
density Western countries such as Italy, Germany and Canada,
residents ride e-bikes primarily for leisure and exercise (18).
These countries often have a unique cycling culture, with
sophisticated cycling facilities and fewer safety barriers. In
the last few years, several countries, e.g., Belgium, Norway,
Netherlands, have started to subsidize the purchase of e-bikes to
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support e-bike assisted commuting (19). Furthermore, majority
cities in Asia are still in the rapid development stage. The
high-density urban environment and high-intensity economic
pressure have raised the great demand for e-bikes. According
to statistics, the sales of e-bikes in countries including China,
Vietnam and Japan are rising year by year, occupying more than
half of the global market share (20). China, in particular, is a
global leader in the manufacture of e-bikes as well as in the
annual and total number of e-bikes sales. By the end of 2019,
China had over 300 million e-bikes and the market size reached
trillions (21). Rising gasoline price, declining e-bike technology
cost and deteriorating road congestion and parking problem are
the main reasons for the tremendous demands of e-bike (22). As
housing price continually rises and the imbalance between job-
housing relationship increases, residents’ commuting distance
has increased, thus e-bike is gradually regarded as a comfortable
and efficient way for daily transportation (23).

Relationship between built environment
and e-bike usage

Built environment is usually defined as man-made buildings
and places which involve physical facilities as well as
abstract elements such as human spatial perception (24). Built
environment is measured in various ways. The macro-level built
environment was first characterized by 3-Ds element (3Ds),
namely density, design and diversity (25). Later studies added
distance to public transportation and destination accessibility to
form the 5Ds assessment framework (26). In addition, micro-
level factors such as open sky, buildings, and greenery visibility
perceived by residents were also included in the studies related
to built environment (27).

Active travel behavior, as a fundamental travel mode of
daily life, has been proven to have strong correlation with built
environment elements. For example, proximity to commercial
facility and low noise level were prove to be benefit for residents’
walking and cycling (28). Pronounced building density and
mixed land use had a positive influence on promoting active
travel instead of automobile travel (29). Moreover, more
residents would choose to travel by bicycle in the areas with high
road density, proximity to green space and abundant bicycle
parking facilities (30).

Currently, few studies have been conducted by scholars
on e-bikes in relation to the built environment. Some studies
showed that e-bike is an alternative vehicle in many Chinese
cities (31). An empirical study revealed a non-linear association
between built environment characteristics and e-bike holdings
(32). E-bike holding has negative correlation to residence density
while is positively related to distance to public transportation
(32). The e-bike usage in China was different among various
urban scales. Longer commuting distance in metropolis made
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e-bike less competitive that public transportation, while e-bike
travel was found to be more attractive in middle-size cities (33).
In addition, some studies showed that the travel patterns of
residents in the rural area differ from those of urban residents.
Certain road level (i.e., major trunk road or city road without
bike lane) have positive effects in facilitating e-bike usage for
rural residents (34).

Multi-source urban big data to assess
built environments

Urban information collection plays a vital role in urban
studies and travel behavior research. In the past, traditional
urban research has long been constrained by field observation
characterized as time-consumption, inefficiency, and small
simple size (35). With the rapid development of big data, studies
on built environment and travel behavior broke through the
limitations of traditional data by applying emerging technologies
which can obtain real-time and accurate data to quantify
complex built environment factors. New urban data, such
as social media data (36), heatmap (37), street view image
(38), point of interest (POI) (39) and building footprint data
(40), provide urban researchers with fine spatial and temporal
granularity. However, the plenty advantages of urban big data
cannot completely replace traditional data in some research.
Urban big data and traditional data are complementary and the
integration of the two is believed to be an inevitable trend (41).
Currently, scholars are actively exploring methodologies and
specific frameworks for urban research that combine traditional
data with big data for the integration of data with various sources
in city studies (42, 43).

Research gap and our study

Despite many studies exploring the relationship between
traditional active transportation (i.e., walking, cycling) and
the built environment, e-bike related studies were rarely
emphasized (44, 45). Previous studies on e-bike travel mainly
focused on the personal perception and travel preference of
e-bike users (22, 46). Since e-bike is becoming a vital active
travel mode in developing countries, clarifying the association
between built environment and e-bike usage will enrich active
transportation research and assist urban planners in developing
more appropriate planning interventions.

In order to eliminate the research gap, e-bike usage was
measured using 2019 residential travel characteristics survey in
Jinan, China. We applied ordinary least squares (OLS) model,
geographically weighted regression (GWR) and Moran’s I to
reveal the spatial distribution pattern of e-bike usage and the
relationship between built environment factors and e-bike usage.
This study makes contribution to the existing research from
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three aspects: (1) Using multi-source data, i.e., street view images
and point-of-interest (POI) data to assess macro and micro
built environment factors and expand 5D built environment
framework. (2) Revealing the global and local effects of built
environment on e-bike travel using OLS and GWR models. (3)
To our knowledge, this study is among the first articles that
attempts to reveal the mechanism of e-bike travel.

Materials and methods

Study area and spatial unit

Jinan, the capital of Shandong Province, is a mega-city
with a long history. In the past 70 years, Jinan has developed
rapidly with the built-up area expanding to 841.2 km? and
the resident population growing to 9.336 million. Currently,
Jinan has 12 county-level administrative districts (47). However,
rapid urbanization has brought many problems to Jinan. The
increasing number of urban motor vehicles aggravates the traffic
pressure and exacerbates air pollution which has become a major
source of urban environmental degradation. In 2020, Jinan
ranked as the most congested city in China and the 11th most
polluted city in terms of air pollution (48, 49). The drawbacks
of motor vehicles have led to a surge in the number of e-bikes
in recent years. According to the statistics, about 30.56% of
Jinan residents choose e-bikes as their daily travel mode and
there are more than 3.6 million e-bikes in Jinan and the number
still grows (50). The growing demand for e-bikes places higher
requirements on Jinan’s future urban construction. Therefore,
to unveil the relationship between urban built environment and
e-bike travel can help to plan and build a better city.

The study area includes the central urban area of Jinan
(116°51'36"-117°12'25"E, 36°32'51"-36°46 5 N) enclosed by
the Jiguang Expressway, the Jingtai Expressway and the Jinan
Bypass Expressway, with an area of 535.96 km? (Figure 1).
Our study area is located at the central area of Jinan’s
master plan, and it serves as the core of Jinan’s economic,
political and cultural center. In the main urban area of
Jinan, e-bikes as a flexible mode of travel play as a vital
part in people’s daily life. This study intends to unveil the
relationship between built environment and e-bike usage in
Jinan city.

With the increasing attention on active travel in various
countries, the government is gradually promoting the
construction of 15-minute city (51), where 500-800m is
considered proximity to neighborhood residents’ activity and
is therefore widely applied in walking- or cycling-related
studies (52). In the study area, a 600 x 600m rectangular
grid was generated as the basic analytical unit which can
facilitate the integration of urban built environment statistics
with e-bike usage data (Table 1), and help to eliminate
the effect of uneven administrative division (53). Then,
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FIGURE 1
Location of the study area.

the data related to e-bike travel behavior and urban built among which the grids that did not contain e-bike travel
environment were processed and imported into the mapping data were removed, leaving a total of 770 grids in the
and analysis software ArcGIS (version 10.6) for geocoding, study area.
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TABLE 1 Definitions of the dependent and independent variables.

Variables (unit)

Dependent variable

Number of E-bike trips (N)
Independent variable

Micro scale built environment
Eye-level greenery

Open sky index

Macro scale built environment
Building floor area (m?)
Land-use mix (>0)

Road density (m)

Commercial POI (N)

Public service POI (N)
Distance to bus stop (m)

NDVI

Data source and variables

Dependant variable

In this study, e-bike travel behavior data were obtained from
the Jinan Resident’s Travel Survey of 2019 (JNRTS 2019), which
was conducted to study the travel behavior of Jinan citizens.
In order to ensure the completeness and representativeness
of the sample, the JNRTS 2019 was conducted in July 2019
by trained interviewers followed a proportional to population
size (PPS) method to obtain the sample. Respondents were
requested to offer one-day elaborate travel records. Taking e-
bike travel as an example, respondents were asked to record
personal travel message such as the start and end times, initial
and final locations. In total, the survey recruited 44,084 adults
from 698 communities in central Jinan. All locations of e-bike
trips were geocoded and relocated in corresponding fishnets
adopting ArcGIS 10.6. At last, the number of e-bike trips within
a gird was used as the dependent variable.

Macro-level built environment features

The independent variables in this study, macro-level built
environment factors, were assessed according to 5Ds framework,
including density, design, diversity, destination accessibility and
distance to public transportation (26). In addition, numerous
studies have shown that urban greenery has a significant impact
on active travel (54).

Density is measured based on the total building floor areas
in every grid. Diversity is calculated by using land-use mix of five
fundamental point of interest (POI) categories (i.e., commercial,
residential, public service, tourism and education) in each grid
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Definition

The total amount of e-bike trips (destination or origination) in each grid

The average ratio of greenery of all SVIs in each grid

The average ratio of open sky of all SVIs in each grid

The total building floor areas in each grid
The ratio of different land-use types in each grid
The total road length (m) in each grid

map.baidu.com)

The distance from the nearest bus stop in each grid

The average NDVI value of each grid

(55). Land-use mix is calculated as follows:

= i (4 (4))

E; =
’ In (N;)

Where Ajj indicates the percentage of POIs of category i in grid
js Nj is the number of POI types in grid j.

Design is measured based on road density, namely the
total road length (m) in each grid. We applied the number of
POlIs in each grid as destination accessibility. Distance to public
transportation is calculated by the shortest physical distance to
bus stop (56).

Finally, we employed normalized difference vegetation index
(NDVI), a commonly used parameter for vegetation assessment,
as indicator of urban greenery (57). NDVI is calculated by
Landsat-8 remote-sensing image acquired in June 2018, the
calculation formula is shown as follows:

NIR — Red

NDVI = ———
NIR + Red

Where Red and NIR denote spectral reflectance measurements
extracted from red and near infrared areas, respectively. The
values of NDVT are between 0 to 1, a high NDVI value suggest a
high level of vegetation.

Micro-level built environment features

We collected the pedestrian’s eye-level streetscape features
via street view image (SVI) as the micro-scale built environment
characteristics (58). Sampling points were obtained every 50
meters along the urban roads by Open Street Map (OSM). Then
four SVIs (1,024*1,024 pixels) with a 90° field of view were
collected for each sampling point through Baidu Maps API
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(https://Ibsyun.baidu.com/). The heading parameters 0°, 90°,
180°, and 270° of the four pictures collected at each sampling
site representing north, east, south, and west, respectively. In this
study, 519,388 street view images were retrieved from 129,847
sampling sites in Jinan. We then performed a Pyramid Scene
Parsing Network (PSPNet) with a Cityscapes model to classify
the foreground objects in the image into 19 categories, calculate
the pixel percentage of every streetscape feature in the image
and finally obtain the average value of each streetscape feature
at each sample point. Since the vegetation (eye-level greenery)
and open sky index are widely used in active-transportation
related studies (59-61), we selected them as micro-level built
environment variables, which were measured by calculating the
average value in each grid (Figure 2).

Statistical analysis

In the research, global Moran’s I and local Moran’s I
were employed to characterize the global and local aggregation
pattern of e-bike usage. We first tested the variance inflation
factor (VIF) between the independent variables. All variables
with VIF >4 were excluded from the subsequent analysis.
Thus, education and residential POI were excluded. OLS and
GWR model were used to better quantify the built environment
elements-e-bike usage association. In addition, we combined
the results of the GWR model with Local Indicators of Spatial
Association (LISA) to further explore the local aggregation
characteristics of e-bike trips (Figure 3).

Spatial autocorrelation

Spatial autocorrelation is an essential indicator to examine
whether the attribute value of a factor is significantly associated
with its value of non-boring unit (62). Global Moran’s I indicates
the overall distribution of data within the study area, while
local Moran’s I assesses the similarities and differences between
neighboring units (63). Global and local Moran’s I are calculated
as follows:

n iy Y @i (% — %) (- %)

i1 21 @ij Yy (i — x)?
Xi—X "
1 —
“g 2o wii(% =)
=1

&2 i1z @i (% — %) 2
B (n—1)

Global Moran'sI =

Local Moran/s I

where x; and x; denote the total e-bike trips of grid i and j,
respectively; n denotes the total count of girds; x is the mean
e-bike trips of n grids; wjj is the spatial weight matrix. The value
of Moran’s I is distributed between —1 and 1. When Moran’s I
index is above 0, it indicates that the attribute values of all girds
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have positive spatial correlation. While Moran’s I index below
0 indicates that the attribute values of all girds have negative
spatial correlation.

Local Indicators of Spatial Association (LISA) is a method
based on local Moran’s I proposed by Anselin, and this method
can reveal the possible spatial heterogeneity (64). We applied
LISA to distinguish the studies into four types i.e., high-high
(H-H), low-low (L-L), high-low (H-L) and low-high (L-H). The
H-H type represents high value clustering and the L-L type
represents low value clustering. The units of H-L type denote
high values surrounded by low values, while the L-H units
denote low values surrounded by high values.

Regression analysis

In this study, OLS and GWR models were conducted to
quantify the relationship between built environment and e-bike
travel. The OLS model is a regression model commonly used
to analyze linear relationships between variables (65). The OLS
model is calculated as follows:

y=Xp+e

where y is the e-bike trips, X is the matrix of the independent
variable, B is a vector of the coefficient, and ¢ is a vector of
random error term (66).

The GWR model is a further extension of the OLS model,
and this model can explore the spatial variation patterns of
influencing factors in different geographical locations (67). The
spatial relationship among multiple built environment variables
can be effectively processed using the GWR model to better
explain the variables affecting e-bike travel. The GWR model is
expressed as follows:

Yi = Bo (uj, vi) + Z Brc (ui, vi) Xj+ei i=1,....n
k=1

where (uj,v;) denotes the coordinates of unit i; By (uj, v;)
denotes the intercept value; and By (u;, v;) is the set of parameter
values at unit i. Different from the spatially fixed coefficient of
OLS model, GWR model allows the parameter estimates to vary
with units and therefore may capture local effects (68).

Results

Descriptive statistics

The descriptive statistics of e-bike ridership and built
environment are shown in Table 2. The average value of e-
bike usage in each grid is 43.30 (SD = 53.980), indicating that
there was an average of ~43 e-bike trips occurred in each unit.
Besides the count span of e-bike usage between spatial units is
substantial, ranging from 1 to 394.
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For the micro-built environment, the standard deviation same. Open sky index had a greater average value than eye-level
(SD) of both open sky index (Mean = 0.254, SD = 0.081) greenery, which indicated that the proportion of open sky was
and eye-level greenery (Mean = 0.147, SD = 0.081) were the larger than that of greenery in most spatial units. In terms of
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TABLE 2 Statistics for all variables within the Jinan study area,
sampled in 2019 (fishnet = 600 x 600 m, N = 770).

Variables (unit) Min.  Max. Mean SD
Dependent variable

Number of E-bike trips (N) 1 394 43.300 53.980
Independent variable

Micro scale built environment

Eye-level greenery 0 0.552 0.147 0.081
Open sky index 0 0.440 0.254 0.081
Macro scale built environment

Building floor area (m?) 0 197,202.304 63,536.748  43,409.640
Land-use mix (>0) 0 1.000 0.696 0.344
Road density (m) 0 17,255.150 3,997.850  2,402.737
Commercial POI (N) 0 189 18.030 25.651
Public service POI (N) 0 227 22.740 30.252
Distance to bus stop (m) 0 1,230 56.620 136.592
NDVI 0.061 0.338 0.164 0.047

N, number; Min., minimum; Max., maximum; SD, standard deviation; POI, point of
interest; NDVI, normalized difference vegetation index.

macro-built environment, the study area had a relatively high
building density (Mean = 63,536.748, SD = 43,409.640) and a
highly mixed land use level (Mean = 0.696, SD = 0.344). In
addition, the study area owned a well-connected transportation
system with a high road density (Mean = 3,997.850, SD =
2,402.737) and convenient proximity of public transit (Mean
= 56.620, SD = 136.592). Moreover, the mean value of public
service POI (Mean = 22.740, SD = 30.252) was higher than that
of commercial POI (Mean = 18.030, SD = 25.651).

Spatial distribution pattern of e-bike
travel volume

The results of global Moran’s I were presented in Figure 4A.
There was a significant spatial autocorrelation (Morans I =
0.579 and p < 0.001) in the distribution of e-bike usage in the
study area.

Figure 4B presented the results of local Moran’s I of e-
bike trips. The results of LISA specifically reflected the local
spatial correlation of e-bike travel volume. H-H clusters were
concentrated in the central part of study area, which is a densely
populated area with plenty of shopping areas. H-H areas were
considered as the core development area of Jinan. Meanwhile,
L-L clusters were distributed at the edge of the study area, which
generally characterized by poor infrastructure configuration,
complex terrain features, and relatively low population density.
We also noticed an aggregated trend in the H-H and L-L
units, respectively. In addition, L-H units were distributed in a
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fragmented form at the edge of the H-H units, while H-L units
occurred randomly within the study area.

Regression results of OLS model

The association between built environment and e-bike travel
was estimated by the OLS model (Table 3). The adjusted R?
of OLS model is 0.428, which indicated that our model could
explain 42.8% of the variation in e-bike trips in all grids.
The VIF of the explanatory factor was <4, so there was no
multicollinearity problem. The results showed that the four
explanatory variables, i.e., eye-level greenery, building floor area,
road density, and public service POI significantly promoted the
e-bike trips, while the open sky index and NDVT significantly
decreased e-bike trips. The relationships between land-use mix,
commercial POI, distance to bus stop and e-bike trips were
insignificant. However, the results did not indicate that these
variables were not associated with e-bike trips, as the OLS model
only calculates the overall effect of the study area.

Regression results of GWR model

The results of Moran’s I revealed that there was significant
spatial autocorrelation of e-bike usage, and the spatial
heterogeneity of drive factors could not be revealed by OLS
model. Therefore, we used the GWR model to further explore
the association between built environment and e-bike usage.
We applied MGWR software (version 2.2.1) for GWR model
estimation (Table 4). The results demonstrated that the AICc of
the GWR model was 1,559.603, which was about 12.1% smaller
than the AICc of the OLS model. In addition, the adjusted R2 of
the GWR model improved from 0.428 to 0.646, indicating that
the GWR model had a better explanation of e-bike variation.
Therefore, it could be illustrated that the fitting results of the
GWR model were better than those of the OLS model.

The positive parameter estimates denoted the independent
variable had positive impact on e-bike travel, and vice versa.
The statistical results of GWR model were presented in Table 4,
the coefficients of all explanatory variables had a wide range
interval, which implied that the impact of built environment
factors on e-bike travel was diverse in different spatial units.
The mean values of the coefficients of the land-use mix and
commercial POI variables in the GWR model (—0.032 and
—0.056) differed significantly from their coeflicient values in
the OLS model (0.009 and 0.054), suggesting that the two
factors had a stronger positive driving influence on e-bike
usage in certain units. In addition, the open sky index had
the largest standard deviation (STD = 0.362), which implied
a large spatial variation in explaining the degree of association
between the open sky index and e-bike trips. Moreover, majority
units of road density and public service POI had positive
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local estimation parameters (1st Quartile>0); while the open
sky index and NDVI had a higher number of negative local
estimation parameters (3rd Quartile<0).

The above statistical data analysis formulated a preliminary
knowledge of the results of GWR model. ArcGIS was used
to map the variable coefficient data of GWR model to realize
the spatial visualization of the local coefficient values, which is
convenient for us to deeply study the factors affecting e-bike
travel from a spatial perspective. The spatial distribution of the
local coefficients of 9 variables was presented in Figure 5, and the
following conclusions can be drawn.

As shown in Figures 5B,], open sky index and NDVI
variables had significantly negative effects on e-bike usage in
all grids. The positive values of the open sky index coefficient
were aggregated in the southwestern part of the study area,
where there were rolling hills and undulating terrain. In contrast
to the open sky index, the positive values of NDVT coefficient
were not densely distributed but fragmented in the eastern part
of the study area. The lowest values of both coefficients were
concentrated in the middle of the study area where belonged
to the old city of Jinan with high building density and a large
number of tourist attractions.

As shown in Figure 5G, the public service POI variable
had globally a significant positive effect on e-bike trips. The
coefficients of public service POI variable demonstrated a
vertical band distribution, with an obvious demarcation line
between positive and negative values. The positive coeflicients in
the central-eastern and western indicated that the public service
POI variable laid a positive influence on e-bike usage in these
regions; the negative coeflicients of public service POI were
concentrated in the eastern periphery of the study area, which
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TABLE 3 Results of ordinary least squares (OLS) model of built
environment and e-bike (fishnet = 600 x 600 m, N = 770).

Variable Coef. P Std. error VIF
Micro-scale built environment

Eye-level greenery 0.106 0.001** 0.031 1.264
Open sky index —0.137  0.000%** 0.030 1.189
Macro-scale built environment

Building floor area 0.148 0.000%** 0.038 1.955
Land-use mix 0.009 0.711 0.033 1.424
Road density 0.133 0.000*** 0.034 1.542
Commercial POI 0.054 0.229 0.045 2.707
Public service POI 0.329 0.000*** 0.045 2.731
Distance to bus stop 0.027 0.399 0.032 1.396
NDVI —0.149 0.000*** 0.036 1.786
Adjusted R? 0.428

Residual sum of squares 435.517

Log-likelihood —873.188

AICc 1,768.724

The numbers in parentheses represent p-values. * and ™" give the significance at the 5%

and 1% levels respectively.

was a developing area in Jinan, with an incomplete public service

support facility.

As shown in Figures 5A,C,H, partially identical patterns in

the coefficient distributions of the three variables of eye-level

greenery, building floor area, and distance to bus stop were

present. It was found that all three variables had both positive

and negative effects on e-bike usage, and the proportions of
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TABLE 4 Results of geographically weighted regression (GWR) model of built environment and e-bike (fishnet = 600 x 600 m, N = 770).

Variables Min 1st quartile
Micro-scale built environment

Vegetation —1.088 —0.016
Sky ~2.070 ~0.230
Macro-scale built environment

Building floor area —1.045 —0.003
Land-use mix —1.195 —0.075
Road density —0.175 0.049
Commercial POI —0.404 —0.157
Public service POI —0.131 0.111
Distance to bus stop —1.034 —0.034
NDVI —1.553 —0.328
Adjusted R? 0.646

Residual sum of squares 226.044

Log-likelihood —620.704

AlCc 1,559.603

units with positive and negative values were similar. In addition,
the distribution of coefficients for all three variables were
found to be concentric circles, expanding outward from the
core area of maximum negative value in the middle with the
coeflicients progressively larger. The distribution of the positive
units of the three variables differs. In the northwestern and
northeastern part, eye-level greenery positively contributed to
e-bike usage, while in the southeastern part, e-bike usage was
positive associated with building floor area. The maximum
positive value of distance to bus stop variable met the eastern
side of the negative core and the distribution was demonstrated
in east-west direction which was stripe-like.

The coefficients of land-use mix, road density and
commercial POI were distributed differently as shown in
Figures 5D-F. The coefficients of land-use mix were distributed
in a binomial pattern, and the coefficients of the core area
had the lowest negative values, and the positive values were
distributed in the central and eastern part of the study area.
In the central part, negative coefficients of road density were
distributed from west to east, and the distribution pattern was
same as the direction and location of the most important traffic
artery in Jinan (Jingshi Road). The positive-coefficient units of
commercial POI overlapped with several important commercial
areas of Jinan, indicating that commercial facilities had a strong
attraction and could promote e-bikes usage to some extent.

E-bike travel aggregation characteristics

In Sections Spatial distribution pattern of e-bike travel
volume and Regression results of GWR model, we investigated
the local spatial effects of e-bike trips and the spatial distribution
of the coefficients of each built environment variable by
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Mean 3rd quartile Max STD
0.049 0.177 0.410 0216
—0.204 —0.005 0.170 0.362
0.089 0235 0.547 0271
—0.032 0.066 0.481 0.196
0.112 0.162 0.423 0.103
—0.056 0.059 0.230 0.139
0.271 0.405 0.905 0.250
0.027 0.099 0.770 0.203
0212 —0.030 0.074 0.270

estimating local Moran’s I and GWR model, respectively. We
found a clear spatial aggregation of e-bike trips. To further
investigate the connection between this phenomenon and the
built environment, we calculated the mean coefficient values
of each explanatory variable of the four types of spatial units
(ie, H-H, H-L, L-H, L-L) from Figure 3B to explore the
built environment characteristics corresponding to four spatial
types (63).

Figure 6 depicted the results. The positive and negative
of the ordinate mean coefficient represented the influence
of built environment factors on e-bike travel; the positive
value represented the promotion effect, and the negative value
represented the prohibitive effect. The average coefficient value
of the built environment factor indicated the influence degree of
this factor on e-bike travel. The larger absolute value denoted
the greater influence degree. The closer the absolute value to
0 indicated faint influence of this factor on e-bike travel. H-
H cluster and L-H cluster had similar numerical distribution
pattern, and the same pattern was found between L-L and
H-L clusters. In addition, H-H and L-H clusters formed the
units with large e-bike trips, while L-L cluster and H-L cluster
represented the units with few e-bike trips. In the areas with large
e-bike trips, the average coefficients of public service POI, open
sky and NDVT had the largest absolute values, which indicated
that these three factors had the strongest impact on e-bike trips,
while other factors had relatively weak impact on e-bike trips.
In the areas with few e-bike travel volume, the average absolute
values of the coefficients of all types of built environment factors
were close, and there was no significant difference among the
coeflicient values of all variables.

This section might serve as a reference for urban planners in
decision making. For example, when creating an e-bike friendly
area, priority can be given to build improved public services,
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reduce sky visibility to achieve the goal of promoting e-bikes
usage. A profound understanding of the built environment
influence can help the government to improve money efficiency
and lay a solid foundation for building a cycling-friendly city.

Discussion
Major findings

As a new mode of active travel, e-bikes are widely accepted
and used worldwide and are even considered to be able to
replace motor vehicles in China (20). The healthful and low-
carbon advantages of e-bikes are in line with the common
consensus on low-carbon and healthy cities. Understanding
the association between the urban built environment elements
and e-bike travel is critical for urban planners. Although there
are plentiful academic studies on the correlation between the
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urban built environment and various modes of transportation,
few study focuses on the built environment effects on e-
bike travel, especially from a global and local level. Moreover,
previous empirical studies on built environment usually
selected macro-level factors, ignoring the micro-level factors
which involve residents’ perception. This study addresses the
abovementioned gap by unveiling the spatial relationship
between built environment and e-bike travel of Jinan, and our
study yields two major findings.

First, the relationship varies between different built
environment variables and e-bike travel. The results of the
OLS model indicate that road density is positively associated
with e-bike usage. A well-connected street network increases
the destination accessibility, thus encouraging e-bike usage.
Pronounced diversity and proximity to bus stops reduce trip
distance and offer a variety of possible transportation options
for the residents (26, 69). In addition, various categories of
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destination accessibility have various correlations to e-bike
trips. Public service POI has a significant positive relationship
with e-bike trips, while commercial POI yields a negative
relationship. Our finding is opposite of previous walking-
related empirical studies, which prove public service POI
has a significant negative impact on pedestrian volume and
commercial POI has a positive impact (58, 70). The possible
explanation is that the parking facilities for e-bikes are not well
configured in most of the commercial establishments in Jinan.
In addition, commercial areas attract a large number of people
and are prone to block traffic, thus inhibiting e-bike trips. At the
micro level, open sky has some inhibitory effect on e-bike usage.
The eye-level greenery shows a positive correlation with e-bike
usage while the NDVI variable shows a negative correlation
with it. The results indicate a mismatch between the human
street greenery perception and the bird’s view greenery obtained
through remote sensing satellites, which is consistent with
previous study (61).

Second, there is significant spatial heterogeneity in the
relationship between various built environment factors and
e-bike usage. The distribution diagram of the GWR model
coeflicient values (Figure 5) indicates that the coefficients of
most variables, except for public service POI, show a negative
clustering at the center of the study area. We believe one reason
for this phenomenon is that the planning of the old urban area is
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mainly centered on the preservation of historic sites, streets, and
buildings, which has resulted in insufficient space to allocate e-
bike related support facilities, including charging posts, parking
areas and carriageways. Moreover, there is narrow spatial scale of
residential areas in old downtown, thus e-bike travel can easily
conflict with other modes of transportation (71, 72). The other
reason to explain the finding is that large commercial complexes
and scenic spots are not suitable for e-bike travel (73). Unlike
small and medium-sized commercial facilities, large commercial
facilities are more friendly for walking and motorized access
because of the dense crowds and complex traffic conditions,
while the high speed of e-bikes poses a greater safety risk in
these areas. In addition, insufficiency in e-bike parking facilities
in large commercial complexes and scenic spots act as a drag
for e-bike riding (32). The old downtown of Jinan has a
well-developed public transportation network which motivates
residents to carry out their daily travel activities by walking and
public transportation rather than using e-bikes (74).

Planning implications
Jinan, as well as many other Chinese cities, is expanding

in the rapid-urbanization context, which is a challenge for
promoting e-bike commuting. This study indicates that when
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planning and building new urban areas, planners can achieve the
purpose of regulating e-bike flows through the flexible settings
of local built environment. In addition, interventions in the
built environment can also alleviate traffic congestion in old
urban areas to some extent. For example, in the areas with
intensive e-bike travel congestion, increasing the sky openness
by controlling the height of buildings and the number of trees
can reduce the e-bike usages. On the contrast, in the areas
without intensive travel congestion, increasing the greenery and
constructing public service facilities along the roads can attract
more e-bikes pass through these areas. Moreover, e-bike facility
policies must also be integrated with vehicle traffic management
policies, for example, setting speed limits, subsidizing the use
of low-pollution vehicles, and constructing related supporting
facilities. E-bike facility policies are also closely related to social
equity and environmental justice. Chinese cities urgently need
to develop long-term policies aimed at building cycling-friendly
cities before they are permanently dominated by motorized
forms of travel.

This study provides an effective decision support framework
for policymakers to identify the most influential built
environment factors associated with e-bike travel so as to
build a healthy and low-carbon city (75). Based on this
framework, tailored policy and planning interventions may
enable residents to have a better e-bike travel experience in
their local urban environment. In summary, planners and
policymakers should take into fully account the positive or
negative effects of different built environment elements on
the e-bike usage and provide tailored planning strategy when
carrying out specific e-bike related planning.

Limitations

Despite of the theoretical and practical implications for
future urban planning and public policy formulation, limitations
of our study should also be acknowledged. First, OLS and GWR
models are linear regression models, which involve only linear
interpolation and have some limitations (37). Therefore, the
relationship between urban built environment and e-bike usage
should be further explored by model improvement. Second, the
spatial scale effect and modifiable areal unit problem (MAUP)
is the most important issues in urban planning and geography
(76). Due to the difference in travel distance per unit time
for choosing different travel modes, the effect of choosing
different grid sizes as the basic unit of study may be sensitive
to the results (53). In future research, the scale effect of built
environment on e-bike usage could be further explored by
transforming the grid size in the spatial dimension. Third,
due to the limitations of data and technology, this paper only
considered eye-level greenery and open sky as representatives of
micro-level built environment variables. Future research hopes
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to further explore the relationship between more micro built
environment elements and e-bike usage. Finally, this study did
not consider the longitudinal variation of e-bike usage, future
studies may work on revealing the effects of built environment
on e-bike travel in different time periods.

Conclusion

This study is the first to reveal the relationship between
the built environment and e-bike travel in Jinan. Specifically,
we designed a framework of built environment variables at
both macro and micro levels using multiple sources of data to
better quantify the built environment and we applied the OLS
and GWR models to compare the coefficients of each variable
globally and locally. The characteristics of built environment
corresponding to different aggregation pattern of e-bike trips are
analyzed using the GWR model and local Moran’s I. The results
of our study indicate key factors that need to be considered
in the planning stage to reduce congestion pressure on urban
traffic. For example, public services facilities and reasonable road
network density can encourage e-bike traveling, while open sky
and NDVT have an inverse impact on e-bike use. However, the
impacts may vary across city level and further research is needed
to identify the specific impacts across different areas. With more
evidence, it would be easier to generalize findings from one
region to others and inform built environment planning in
China and other developing countries.
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The abysmal health of the urban poor or slum dwellers was attributed to
structural inequities such as inadequate housing, water, and sanitation. This
review aimed to assess housing-related opportunities and challenges during
the COVID-19 pandemic among urban poor in low-and middle-income
countries. For study identification, a comprehensive search was performed
in 11 databases that yielded 22 potential studies. The inadequate housing
infrastructure makes the lives of the urban poor more precarious during
COVID-19. Typically, the houses lacked lighting, ventilation, and overcrowding.
This review reflected that it is crucial to reimagine housing policy for the urban
poor with an emphasis on pandemic/epidemic guidelines.

KEYWORDS

housing, urban poor, opportunities, challenges, COVID-19, LMIC

Introduction

Socioeconomic factors, such as the location of the residence and the housing
infrastructure, as well as health-related behaviors, are among the most significant
determinants of human health (I, 2). According to the World Health Organization
(WHO), improved housing with access to water and sanitation, as well as affordable
preventive and curative health care at the doorstep, can empower marginalized groups
and improve the entire community’s health (1). The term “housing” refers to a safe
living space that facilitates daily activities. United Nations-Habitat estimates that ~40
percent of the world’s population will require adequate housing by 2030. While everyone
is at risk from hazardous housing, those with low incomes and members of vulnerable
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groups greatly impacted by structural inequities are more likely
to reside in inadequate or insecure housing or be denied a home
altogether (3). Unmet housing needs have resulted in informal
settlers or unplanned settlements like slums, especially among
the urban poor (4).

The United Nation-Habitat defined a slum household as
a group of individuals living under the same roof in an
urban area that often lacks one or more of the following:
durable housing, sufficient living space, security of tenure,
sanitation, and infrastructure, and access to improved water
sources. The slums result from rapid urbanization with a rise
in urban population. Hence, local governments confronted with
rapid urbanization cannot address the varying requirements
for urban infrastructure to address the needs of the urban
poor (5).

Low- and middle-income countries (LMICs), as defined
by World Bank are those with gross national income (GNI)
per capita less than 12,375 USD (6). With economic distress
and rapid urbanization, there are multitude of challenges faced
by the residents of LMICs. The poorest people, particularly
those who live in slums and are homeless, usually have worse
health status than their compatriots in rural areas, despite the
fact that wealthier urban dwellers can benefit from the “urban
advantage” (7).

The influence of COVID-19 on housing, taking into account
the complex impacts of physical distancing and isolation,
especially among slum inhabitants was challenging. As a
result of the droplet and aerosol transmissions, which both
can spread COVID-19, overcrowding has been linked to the
spread of infections. There was a 50 percent higher risk of
COVID-19 incidence (IRR 1.50, 95 percent CI: 1.38-1.62)
and a 42 percent higher risk of COVID-19 mortality (MRR
1.42, 95 percent CI: 1.25-1.61) for every 5 percent increase
in the percentage of households with suboptimal housing
conditions (8).

The deplorable health of the poor or slum dwellers is
attributable to inadequate and overcrowded housing conditions
triggered by structural inequities. They are also susceptible to
several additional housing-related threats, including hazardous
electrical connections, toxic building materials, kitchenettes
without ventilation, and hazardous infrastructures, such as
inadequate sidewalks (3). In addition, the situation worsened
during the COVID-19 pandemic. With limited resources, it
is difficult for them to implement physical distance and
isolation measures. Thus, in purview of the aforementioned
mentioned housing related-problems among urban poor, it
mandates to conduct research on how the unprecedented
events like COVID-19 worsened the situation. Consequently,
this review aimed to evaluate and assess housing-related
opportunities and challenges during the COVID-19 pandemic
among urban poor residing in low- and middle-income
countries (LMICs).
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Methods

Protocol and search strategies

The study protocol of this review is registered in PROSPERO
(CRD42022300387). We conducted a comprehensive search
to identify studies from the databases-PubMed (MEDLINE),
Embase, Web of Science, WHO Global Index Medicus,
Epistemonikos, ProQuest, EBSCO, Cochrane, MedRxiv and
BioRxiv, 3ie, and Google Scholar for the relevant articles
published from November 2019 till August 2021.

Inclusion exclusion criteria

The studies with slum-dwellers or homeless populations
from urban areas of the LMICs as participants were included.
Studies with housing-related interventions in COVID-19 the
context were included. As we did not look for the effectiveness
of the interventions, thus we did not consider any comparator
in the included study. The housing-related studies in the
context of COVID-19 were included. Any primary research
viz. Randomized Controlled Trials and Non-Randomized
Studies of Interventions, such as cohort studies, case-control
studies, controlled before-and-after studies, and interrupted-
time-series studies, were included. The study selection was
not restricted to the language of the studies. However,
we did not include any secondary data analysis, reviews,
commentaries, editorials, and primary studies in the non-
COVID-19 context.

Study selection

Two reviewers screened the studies based on the titles and
abstracts. Furthermore, full texts of the potential studies were
retrieved and reviewed to check their eligibility for selection.
We resolved any disagreements during study selection with
discussion and mutual consensus with the other reviewers. The
study selection was done independently and in duplicate.

Quality assessment of the included
studies

The quality assessment of the included articles was assessed
independently and in duplicate by reviewers based on the criteria
mentioned in MMAT (Mixed Methods Appraisal Tool) (9). The
disagreements were resolved through discussion and mutual
consensus with the other authors. The quality assessment was
conducted independently and in duplicate. Methodologically, 9
of 22 studies were in concordance with the MMAT criteria for
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quality appraisal. The remaining included studies (13 of 22) were
of compromised quality, as they deviated and did not fulfill the
required criteria of the MMAT tool.

Data extraction and synthesis

Two reviewers extracted data in a Microsoft Excel sheet
template comprising study characteristics (author, year,
country, study design, sample size, study setting, data collection
methods), and results (outcome measures, conclusion,
recommendations. We resolved the disagreements at any stage
via discussions with the authors. Furthermore, the author
(KCS) reviewed all the studies, open-coded the information,
and prepared a codebook—a thematic framework that emerged
from the data for selective coding in MAXQDA Analytics Pro
2020 (VERBI GmbH, Berlin). The author SD extracted all the
information in MAXQDA using the selective coding approach.

10.3389/fpubh.2022.1029394

Finally, the authors (SD, KCS) synthesized and prepared the
results using thematic framework analysis.

Results

We identified 6,490 studies, including 1,482 duplicates.
Based on the title and abstract, 5,008 studies were screened,
resulting in 134 potential studies for full-text review. Out of 134,
22 studies met inclusion criteria and were finally included in the
review. The PRISMA flow diagram is provided to illustrate the
entire study selection process in Figure 1.

Characteristics of included studies

Of the 22 included studies, nine were qualitative, eight were
quantitative, and five were mixed-method studies. Most of the

[ Identification of studies via databases and registers ]
M
Records identified: Records removed before screening:
PubMed (n=1258) Duplicate records removed (n =1482)
Embase (“,=385) > Records marked as ineligible by automation
= Web of Science (n=1190) tools (n1=0)
= WHO GIMedlcus (n=155) Records removed for other reasons (n=0)
é__i Epistemonikos (n=85)
= ProQuest (n=1121)
§ EBSCO (n=1015)
- Cochrane (n=103)
MedRxiv and BioRxiv (n=113)
3ie (n=0)
Google Scholar (n=1065)
:
( =)
= o Records excluded** Manually (n=4874)
Records screened (n=5008) Antomation toal (5=0)
on
i
§ Reports sought for retrieval (n=134) 7] Studies not retrieved (n=0)
St
9
£2 Reports excluded: 112
¥ Non-peer reviewed (3)
Not COVID related housing outcome (5)
Reports assessed for eligibility (n | Not in COVID-19 context (5)
=134) Not in Housing context of urban poor (5)
Not in LMIC context (9)
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s
=
)
=
=
Studies included in review (n =22)
- 5/
FIGURE 1
PRISMA flow diagram (10).
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included studies were from India (n = 8) followed by Bangladesh
(n = 6), Nigeria (n = 3), South Africa (n = 2), Vietnam (n =
1), Turkey (n = 1), and Mixed (N = 1). The urban poor in
the included studies comprised refugees, slum dwellers, migrant
workers, and the urban homeless (Table 1).

Three main themes emerged: (1) Housing infrastructure and
existing facilities, (2) Challenges related to housing conditions
during COVID-19 pandemics, and (3) Coping mechanisms,
social support, and expectations.

Theme 1: Housing infrastructure and
existing facilities

Usual population density of the households
and community

The poor urban environment’s unplanned housing and
spatial organization make it unconducive to a healthy lifestyle.
In general, it was reported that the dark and unventilated houses
with leaky roofs and damped walls increased the vulnerability
of the residents. The non-paved narrow lanes measuring
about 1 to 1.25 meters with large gatherings contribute
to life-threatening congestion while exposing residents to
airborne virus transmission. These congested lanes contribute to
insufficient indoor lighting and ventilation. As far as crowding
is concerned, 4-5 individuals dwell in houses with dimensions
ranging from 9.29 to 13.243 meters square. They are bound to
improvise a wall in their small rooms to create a living and
bedroom. It is challenging for the slum residents to maintain
their temporary dwellings as they face adversity due to heavy
rain and flooding. The housing units lacked connectivity to
basic sanitation infrastructure (11-14, 17, 28). In refugee camps,
houses were orthogonal and normal in 10 square feet. These
houses were made of concrete and tin with slender and unpaved
pathways provided with free electricity and water (15). Most
housing units failed to meet the minimum housing lobby
standard of 6 feet, as they were even smaller than 4 feet (20).

The study revealed that the houses were constructed in
rows with rooms ranging from 80 to 100 square feet. These tiny
houses were permanent, with shared bathrooms and metered
water taps set at a distance. Twenty families were forced to share
a single bathroom and three toilets, which was a clear indication
of the facility’s high loads. The housing alleys were crowded
with diverse populations (24). In slums, an average of 3.2 people
resided in a single room, but in non-slums, 2.9 people resided in
a single room. In slums, 1.7 rooms were shared by 4.7 people.
The majority of urban slum dwellings lacked separate kitchens.
Cooking and sleeping in the same room made maintaining
physical distance difficult (27). Most slum residents who lack
housing amenities reside on sidewalks, putting their health
and way of life at risk (30, 32). According to the data, a little
shelter was filled by 10 to 11 people, which equates to 1.6 to
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2.9 square meters per person, which is below the Humanitarian
Charter’s suggested standard of 4.5 square meters per
person (11-13, 23).

Lack of living space and internal WASH facilities
in household

Along with the lack of living spaces, the urban slum residents
encountered other problems: they didn’t have access to safe
and sufficient water facilities for hygiene practices in their
households. Most of these cohorts relied on ordinary communal
tap water, borewells, or water tankers for their water needs
(14). The slum residents had to share toilets and water sources
to carry out their daily chores. It is evident from the findings
that crowding is significantly high in households sharing both
bathing and toilet facilities (median=2.9 m?/person, 95% CI,
2.63-2.93) (23). Typically, eight to 10 individuals share a tiny
150 sq. ft. shack without natural light or ventilation and no
access to safe drinking water, sanitation, or other basic amenities.
They did not have separate toilet facilities in their homes and
had to rely on dirty, unhealthy, and risky communal lavatories.
Moreover, it was more challenging for maintaining hygiene
among women and girls. They were even bound to urinate and
defecate in the open. They lacked a kitchen in their households.
They even had to leave their homes to fetch water from
communal taps or tube wells, thus risking infection. Restricted
and timed water supplies make it impractical to practice hand
hygiene (28).

Theme 2: Challenges related to housing
conditions during COVID-19 pandemics

Major challenges during COVID-19

There were many challenges faced by the urban poor due
to poor housing conditions. Temporary refugee camps in the
lowlands make them more vulnerable to seasonal flooding and
calamities like COVID-19. Poor infrastructure and crowding
make it challenging to practice physical distancing or follow
quarantine measures (11-13, 22). As a respondent stated:

“We cannot maintain physical distance within and
outside our shelter. Due to the roofing materials, tarp,
insufficient sun fans, and natural ventilation, our room
becomes extremely warm during this scorching summer. Due
to the overcrowding and the risk of contracting Coronavirus,
we were unable to remain in a room for an extended
period.” (11)

Migrant communities reported struggling to make their
living and pay housing rents, which were further aggravated, by
food insecurity and stringent lockdown during the COVID-19
infection (19). Lack of apparent government policy concerning

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1029394
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Lp1eaH 211gnd Ul s1anuo.y

BJo uISISUOLY

TABLE 1 Characteristics of included studies.

References Country  Urban Population Study type Data collection Data Analysis Result
Poor (N) method
Akter etal. (11) Bangladesh Refugee 66 Qualitative In-depth interviews Thematic analysis Insufficient built infrastructure and unhygienic living conditions, including improper
WASH management, increase their risk of COVID-19.
Akter et al. (12) Bangladesh Slum dwellers 42 Qualitative In-depth interviews Thematic analysis Infrastructural, and health-related issues had affected slum dwellers’ COVID-time
vulnerabilities.
Anandetal. (13)  Vietnam Migrant 31.4 million Quantitative ~ Secondary data (PLFS, Not reported The majority (51%) of the slum population reside in a single room while 45% of single
workers NSSO) rooms were shared by 3-4 members. Thus, the slum population was densely packed
making it difficult to comply with the social distancing norms.
Auerbach et al. India Slum 321 Quantitative ~ Telephonic survey Descriptive statistics The housing in slums has dense living conditions making social distancing impractical
(14) to some extent. They lacked taps in their homes and rely on communal taps or water
tankers.
Bercegol et al. India Slum Not reported Qualitative Telephonic In-depth Not reported The housing in the refugee camps is orthonormal planned with narrow alleys and
(15) interviews without pavement.
Budak et al. (16) Turkey Refugees 414 Quantitative ~ Questionnaire Descriptive statistics Tents are more sensitive against pandemics while the ones who stay in pre-fabricated
houses, tents, and detached houses have lower levels of combating pandemics.
Bueno etal. (17) Nigeria Informal 510 Quantitative ~ Interviews Inverse probability Basic sanitary infrastructure is lacking
settlement reweighing
Bui et al. (18) Nigeria Urban slum 445 Quantitative Self-administered Cumulative risk About two third of the migrant workers lived in a small houses (<36 m?) with their
questionnaire assessment families.
Cloete et al. (19) South Africa  Sex workers 60 Qualitative Informant interview, Thematic analysis Closely-packed houses and shacks in informal settlements make physical distancing
and homeless Focus Group impractical. The spatial organization of the slum settlements makes it unconducive to
Discussion maintain social distancing.
Ebekozien et al. Nigeria Informal 40 Qualitative In-depth interviews Thematic analysis The majority of informal settlements spread COVID-19 as the dwellings were densely
(20) settlement packed with a dimension lesser than 4 feet against the minimum standard of 6 feet
with inadequate basic amenities, making individual or group quarantine difficult.
Enwerekowe et al.  Bangladesh Urban slum Not reported Mixed- Structured and Photograph and Overcrowding, multi-generational homestead composition, extreme poverty, and
(21) method non-structured narratives unchecked mixed-usage of residential spaces as major challenges to effective social
interview distancing (and self-isolation).
Gibson etal. (22)  Bangladesh Informal Not reported Quantitative ~ GIS Data analysis Descriptive statistics The dwellings are denser in fashion making it impractical to practice social and
settlement physical distancing while staying at home or outside in the selected settlements.
Hasan et al. (23) Bangladesh Urban slum 588 Quantitative ~ Survey Exploratory and Most households were single-room dwellings (80.4%). Median crowding ranged from

secondary analysis of

World Bank data

0.55 m? per person up to 67.7 m? per person. A significant positive relationship

between crowding and the use of shared facilities.
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TABLE 1 (Continued)

References Country  Urban Population Study type Data collection Data Analysis Result
Poor (N) method
Mohan etal. (24)  India Slum 113 Mixed- Interviews Descriptive statistical Pre-existing vulnerabilities (lack of safe drinking water, decent housing, and
method analysis sanitation) of the workers have amplified and become more visible during the recent
COVID-19 pandemic.
Napier-Raman India Slum 122 Mixed- The rapid survey, Descriptive and Housing insecurity was a crucial effect of the lockdown, with no clear government
etal. (25) method in-depth Thematic analysis. policy on rent waiving affecting many families.
semi-structured
interview.
Nyashanu et al. South Africa  Informal 30 Qualitative In-depth interviews Interpretive Overburdened infrastructure in the informal settlement, lack of savings- loss of
(26) settlement phenomenological income and shortage of food, anxiety depression made it difficult to practice social
analysis distancing.
Patel (27) India Slums Not applicable ~ Mixed- Media reports analysis Quantitative analyses When rooms are shared by multiple family members (overcrowding) and used for
method multiple purposes, extremely challenging to follow home quarantine.
Sahu and Dobe India Slum Not applicable  Qualitative Document analysis Document analysis Overcrowding without provision for safe drinking water, sanitation, or other basic
(28) services, make the life of the urban poor challenging.
Saldanha (29) India Slum 1 Qualitative Narrative Self-reported Crowding and lack of running water made it difficult to practice social distancing and
hygiene among residents.
Spiritus-Beerden  Global Refugees and 20,742 Quantitative  online survey Descriptive and The mental health of refugees and migrants during the COVID-19 pandemic was
etal. (30) migrants exploratory factor significantly impacted particularly by insecure housing situations and residence status
analysis
Wasdani et al. India Slum 6 Qualitative Case study Self-reported The slum’s close quarters and communal areas served as ideal breeding grounds for a
(31) virus that spread through close physical contact.
Williams et al. Bangladesh Urban poor 525 Mixed- Telephonic interview Descriptive statistics Overcrowding made it difficult to practice preventive measures.
(32) method
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rent waiver, many families faced housing insecurity due to the
lockdown (25). The anger and outrage among the informal
settlements were marked by the Government’s impractical
policy toward COVID-19 containment (20). As quoted by
the respondents

“They [Government] are talking about social distancing
and regular handwashing, please ask them if there is a water
supply for regular handwashing. Many of the houses in this
neighborhood have challenges with toilets, water supply, and
adequate housing to the best of my knowledge. So, how can
I comply with the physical distancing of about six feet apart
when my next neighbor is directly opposite my room with a
lobby of about three to four feet wide and shared facilities such
as toilet, kitchen, bathroom, etc.?” (20)

Abiding by the physical distancing norms was a major
challenge among the poor urban cohort as they had to
deal with overcrowding and homestay orders (20, 21). Due
to overcrowding, many inhabitants were compelled to seek
refuge under trees and in makeshift outdoor seating places
(21). The housing and basic amenities were not optimal,
and the rent-seeking mechanism was unjustified. Women had
no safe location to meet and socialize, and children had
no space to play due to crowded areas, thus deteriorating
their health and living with time (24). COVID-19 left many
homeless slum dwellers to move into makeshift shelters as the
administration forcibly moved them from their usual sleeping
spaces (32).

Increase in usual population density,
challenges in physical distancing, and
overcrowding associated with infection

The overcrowding worsened during COVID-19 as the slum
infrastructures were not conducive to maintaining physical
distancing and abiding by the quarantine norms due to
lockdown enforcement (11, 12). The houses were not optimally
apart in slums; they depended on a common water source.
Overcrowding was not just confined to homes; it was even
seen in minibuses or taxis, making physical distancing among
informal settlers impossible (19). The rented house was
also overcrowded during COVID-19 due to lockdown and
movement restrictions imposition, making it challenging to
practice physical distancing, resulting in fear and anxiety
of catching an infection (21, 22, 26). Furthermore, women
in slums fared worse than their male and female non-
slum counterparts in terms of access to secure housing for
isolation and physical distance. Most slum women work,
but it is usually low-paying, transitory, and exploitative,
making them more likely to perform poorly. Many domestic
workers could not provide services remotely, resulting in
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a loss of income that allowed them to feed their families.
The concern over the impracticality of taking containment
measures among the slum residents was quite evident from the
respondents’ statements.

“I cannot imagine how residents would practice social
distancing and hygiene, given crowding and the lack of
running water.” (29)

“Sadly, the tight quarters and the communal spaces of the
slums are natural conduits for a virus that relies on physical

closeness to spread.” (31)

Challenges concerning isolation—social
conflict and stigma

Any crisis comes with loads of challenges. The cramped
housing spaces (both indoor and outdoor) make it difficult
for refugees to adhere to COVID-19 restrictions as prescribed.
The same was evident from the stated statement by a
female respondent.

“We cannot maintain social distancing in our shelter
and outside as well. Our room becomes very hot during
this hot summer due to the roofing materials, tarpaulin,
insufficient solar fans, and natural ventilation. Therefore,
we cannot stay in a room for long and cant stay
outside also because of overcrowded people and the risk of

Coronavirus.” (11)

The slum’s spatial layout and infrastructural instability made
it difficult to maintain social distance. Around 16-30 households
share one toilet/bath, while 25-30 families share a tube well.
Similarly, about 20 people who had access to water with
compromised water quality shared a tap. The lanes in the urban
poor residential area were so compact that they found it very
difficult to move. The dense living conditions are the biggest
challenge in maintaining physical distancing norms (11, 12, 14,
19). A resident stated

“The lanes are so narrow that we can barely cross each
other; we rub shoulders...We need to travel outside to use
common toilets... It is hard to maintain quarantine as we
don’t have sufficient space and lack (attached) toilets...” (12)

The poor urban residents felt stigmatized for contracting
the infection due to their overcrowded living conditions. Apart
from making it impractical to practice physical distancing, they
were under threat of getting a disease as a shack measuring 6
to 15 meters square was shared by around 10 individuals (26).
The poor and compacted housing infrastructure significantly
affected the anxiety level and exacerbated levels of gender-based
violence (16).
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Theme 3: Coping mechanism, social
support, and expectations

Mal-adaptive practices

Due to the enforcement of stringent lockdowns, physical
distancing was hindered as the residents with staggering
work in the poor urban regions were compelled to stay at
home; consequently, overcrowding worsened more. Insufficient
spacing and overcrowding lead residents to take refuge under
trees or opt for makeshift seating spaces outdoors (21).
Deterioration in health conditions was reported among the
residents with the insecure residence. Furthermore, people
residing in perilous environments like asylum, streets, or
insecure areas were experiencing daily stressors, discrimination
along with degrading in their mental health (30).

Social support and community members’
expectations

The crises dealt with community engagement and
involvement. The rural childcare center, educational institution,
community center, and train coaches were transformed into
isolation centers to ensure physical distancing (15). Migrant
workers were supported with personal protective equipment,
food, and housing by the company (18). Investing in decent,
affordable, and resilient housing needs was to be prioritized as it

could deliver healthcare and prosperity to the individuals.

Discussion

The findings demonstrated that the inadequate housing
infrastructure makes the lives of the urban poor more
precarious during unprecedented events such as COVID-19.
Typically, the houses lacked enough lighting and ventilation.
The overcrowding was visible, as the houses and camps in urban
poor areas had disproportionate dimensions and clogged streets.
The quality of the homes was so low that they could barely
withstand harsh conditions such as rain and flooding.

Throughout COVID-19, housing with inadequate WASH
infrastructure in urban poor settlements posed a difficulty.
Typically, this population lacked personal bathrooms and water
taps, requiring them to rely on unreliable communal or shared
water supplies and community toilets. During pandemics, this
deficiency makes it more challenging to adhere to infection
control standards such as physical separation, hand hygiene, and
isolation. In a few instances, planned housing with amenities for
the urban poor was reported; however, the facilities were sadly
shared. According to the results, a handful of the urban poor did
not have the luxury of four walls and a roof and was forced to
sleep on the streets. The results also indicate that overcrowding
worsened due to the lockdown, as the restricted movement
made it difficult to adhere to physical distance restrictions.
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With the increase in population, the stigma of catching the
infection increased inside and beyond the home. This increased
domestic violence, a problem regardless of gender, as working
family heads were forced to remain at home (33-35). Frequently,
women in urban slums experience violence (36). Their lives
are endangered by maladaptive behaviors like sheltering on or
beneath trees.

According to the facts, there was very little social or
communal support. However, a temporary effort was made by
converting train coaches or institutions into isolation centers.
The community’s expectations for basic facilities from the
government were not realized. Housing insecurity is widespread
in LMICs, particularly in urban slums where many urban
residents live. According to the data, housing-related problems
increased among urban poor inhabitants during unanticipated
pandemics. The inclusion of just studies from LMICs limits
the generalizability of the findings. As the inequalities and
discrepancies among the urban poor regarding access to
housing and essential utilities become apparent amid this
horrific pandemic, it serves as a wake-up call for concerned
authorities worldwide.

There is an urgent need to scale up the implementation of
initiatives such as Prime Minister Housing Scheme and JAGA
mission of India, Housing microfinance and Participatory Slum
Upgrading Program (PSUP) of African countries, Argentina’s
Slum Housing Upgrade Program across all LMICs. These
housing schemes provided accommodation for the urban poor
or slum dwellers living in cramped conditions with inadequate
infrastructure, hygiene, and drinkable water, thereby improving
their quality of life and health (37-42). These are based on
in-situ slum redevelopment concept that uses slum-occupied
land to incentivize the creation of formal settlements for slum
residents by private actors. Researchers and policymakers must
comprehend and address the housing needs of this vulnerable
population. There is little evidence of the impact of housing
infrastructure on the overall health of the urban poor. In
the context of LMICs, understanding the problem of slum
growth and urban housing shortage is crucial. As slums grow
as a result of systemic failure, their transformation necessitates
a combination of political will, committed leadership, and
empowered communities to enable urban changes that are
consistent and inclusive.

The incidence and effects of COVID-19 can vary
substantially across space and time, with urban populations
initially being severely affected. Effective support for poor
and vulnerable households will require substantial additional
financial resources. In addition, the older adults, children,
disabled, and women are prone to have the worst effects.
The COVID-19 pandemic is wreaking havoc on women’s
health and social and economic well-being worldwide. As
the pandemic expands to LMICs, the response must address
the underlying injustices that put women and girls at greater
risk in slums. Women also bear a disproportionate share
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of the load at home due to school and childcare facility
cutbacks, as well as long-standing gender disparities in
unpaid labor. During times of crisis and quarantine, women
suffer heightened risks of employment and income loss
and increased dangers of violence, exploitation, abuse, or
harassment. Policy solutions must be quick and take into
account the concerns of women (43, 44). Fundamentally,
all policy responses to the crisis must incorporate a gender
lens and consider women’s distinct demands, responsibilities,
and viewpoints.

It is crucial to reimagine housing policies for the urban
poor, particularly in LMICs, emphasizing pandemic and
epidemic management protocol. The COVID-19 Pandemic
highlights and exacerbates existing structural inequities and
endangers the lives of the urban poorest segments of the
population. The pandemic criteria did not align with existing
housing, water, and sanitation facilities. The urban slum
encountered many obstacles, but in light of the gravity
of the situation, they overcame them with patience and
diligence. Urban planning and policies should also ensure
that the urban poor’s housing infrastructure complies with
basic housing and health criteria. Urban areas demand
a healthy and sustainable housing strategy for the urban
poor. Along with other essential utilities, the urban poor
should be granted housing rights on humanitarian grounds.
A time-bound plan is necessary to support the envisioned
urbanization program.
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Urban green space can supply a range of ecosystem services and general
health benefits for people. This paper reviewed and analyzed 607 papers
related to urban green space and health behaviors from 2002 to 2021 in
the Web of Science core collection by using Citespace 6.1.R2 software.
The scientifically bibliometric analysis and visual analysis were conducted
to analyze the basic characteristics, literature co-citation analysis, research
hotspots, and frontier trends. The findings show that 11 co-citation clusters
indicate the research intellectual base. Also, 19 main keywords with a high
frequency and 20 main keywords with a high centrality were extracted.
Burst detection analysis reveals three research frontier trends: the correlation
between urban green space and health behavior; the driving and impact
factors; and the study of environmental justice and social equity. This paper
aims to systematically review the progress and basic situation of urban green
spaces and health behaviors research around the world, which helps to gain
a comprehensive understanding of this field, as well as provide value and
references for subsequent research.

KEYWORDS

Citespace, knowledge mapping, bibliometric analysis, urban green spaces, health
behaviors

Introduction

Globally, there is no such universal definition of urban green space. Its definition
varies according to context or geographic range. Generally, urban green space (UGS)
includes parks, gardens, street greenery, wetlands, community green spaces, natural
woodland, etc., which is recognized as the optimized mechanism for human living
environments and life quality (1, 2). UGS can deliver varieties of ecosystem services and
general health benefits for people, especially for women and the old (3, 4), by encouraging
various physical activity behaviors and nature contact (5-8).

World Health Organization (9) (WHO) defined “health” as “a state of complete
physical, mental and social wellbeing, not merely the absence of disease or infirmity”.
Currently, the increasing frequency of global public health events, such as COVID-19
(confirmed 504.4 million by April 20, 2022), and the huge burden of disease, such
as there were 13.1% age-standardized prevalence of obesity among adults in 2016
(10), has gained more international attention and academic concern. A number of
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studies have explored and explained the relationship between
UGS and human health behavior (HB), concerning physical and
mental health. Most studies proved that UGS has a positive
influence on HB. For example, a previous WHO report states
that UGS can positively affect physical activity and mental health
(11). More specifically, greater use and coverage of UGS in
residential communities can improve behavioral development,
reduce rate of Attention of Deficit Hyperactivity Disorder in
children (12), help restorative psychological effects (13), and
reduce the feelings of loneliness (14). Also, streetscape greenery
positively affects old adults’ walking propensity and travel ability
(15-17). Urban wildscapes are positively associated with adults’
perceived restoration, stress, and mental health (18). Besides, the
complex UGS system (i.e., the horizontal, vertical greenery, and
proximity of green levels) could reduce residents” obesity (19).

Yet, existing reviews mainly focus on the factors that affect
the relationship between UGS and HB, such as the exposure to
UGS air pollution and health (20), certain ecosystem services
and health (21), UGS and walking (22, 23). The literature on
integrating research of UGS and HB in the review article group
remains limited. A scientifically bibliometric analysis of the
general UGS and HB research is required. In this paper, the
publications related to UGS and HB from 2002 to 2021 were
analyzed by using Citespace 6.1.R2 software, while contributing
to the ongoing discussion. The remainder of this paper is
organized as follows. Section Materials and methods presents the
methodology of this study. Section Results provides a coherent
knowledge base regarding the basic characteristics (distribution
of years, journals, disciplines, areas, countries, and institutions),
literature co-citation analysis, research hotspots, and frontier
trends combined with the visual knowledge maps. In conclusion,
implications and limitations, and future development prospects
are discussed in section Discussion. The main findings in this
paper were concluded in section Conclusion. This study aims
to systematically review the progress and basic situation of
UGS and HB research around the world, in order to provide a
scientific reference for the related research.

Materials and methods

Data collection

A preliminary search in the Web of Science Core Collection
(WoSCC) database was conducted to select the keywords. Then,
the retrieval type was: (TS = “urban green space” AND “health
behavior”) OR (TS = “urban park” AND “health behavior”) OR
(TS = “urban green infrastructure” AND “health behavior”) OR
(TS = “urban green” AND “health behavior”), only concerning
the original research article and review. Timespan (almost 20
years): 2002-01-01—2021-12-31 (since there is no product in
2001), language = English. Search time was July 19, 2022.
Finally, 607 publications were obtained, including 553 articles
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and 54 review articles, according to relevance and then removed
the duplications.

Methods

Citespace (Citation Space) is a software that combines
scientometric analysis and visual analysis, which can present the
structure, rules, and distribution of scientific knowledge. Also
known as the “Mapping Knowledge Domains, MKD” (24, 25).
Six hundred and seven references were imported into Citespace
6.1.R2, and then were further analyzed regarding the publication
output and journal distribution, the development of disciplines
and research areas, distribution by countries and institutions,
co-citation analysis, research hotspots, and frontiers analysis, by
setting and modulating the relevant parameters (see Figure 1).
Figure 1 shows that the process of research methodology in
this paper.

Results

Profile of publication

Publication output and journal distribution

As can be seen from Figure 2, literature publication generally
shows a growing trend from 2002 to 2021, consisting of two
periods: a slow growth period and a rapid growth period. First,
from 2002 to 2013, it showed a slow growth trend, during
which there were three times of decline (2006-2007; 2010~
2011; and 2012-2013). During this period, only 83 articles
were published, accounting for 13.67%. But in the period of
rapid growth (from 2014 to 2021), there were 524 publications,
increasing by as much as 8-fold compared to the first period.
This may be related to people’s increasingly strong pursuit of
health awareness and outcomes.

Regarding the study of UGS and HB, the papers were
mainly published in journals concerning public, environmental
& occupational health, environmental research, and urban
studies. Table 1 shows the main productive source publications.
International Journal of Environmental Research and Public
Health, Urban Forestry Urban Greening, and Landscape and
Urban Planning are the top three productive journals. Among
these, Science of the Total Environment has the highest impact
factor (10.753). Articles were published in these ten journals that
accounted for about 32% of the total.

Development of disciplines and research areas

Although the amount of literature obtained from the
retrieval results is small, the studies involve 93 disciplines in
total. There are six categories with articles over 40: Public
Environmental Occupational Health (194), Environmental
(148), Studies (116), Urban

Sciences Environmental
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FIGURE 1
Flow chart of analytical methods.
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FIGURE 2
Literature distribution by years concerning the study of urban green space and health behaviors. Graphical representation based on WOS Core
Collection search on July 19th, 2022.

Studies (82), Green Sustainable Science Technology (43), Distribution by countries and institutions

and Geography (40), respectively. Moreover, the research The publications are from 74 countries and regions in
field involves 73 research areas, of which, the area of the world. Table2 presents the top ten most productive
Environmental Sciences Ecology accounts for the highest countries. Although the United States had the highest number
occupation (247 articles). of publications (193), it ranked fifth (0.18) in terms of
Frontiersin Public Health frontiersin.org
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TABLE 1 Top 10 productive source publications.

Source titles

International Journal of Environmental Research and Public Health
Urban Forestry Urban Greening

Landscape and Urban Planning

Sustainability

Health & Place

International Journal of Behavioral Nutrition and Physical Activity
Journal of Physical Activity & Health

PLoS ONE

Science of the Total Environment

BMC Public Health

JCR, journal citation reports.

TABLE 2 The top ten productive countries or regions.

Countries/regions  Record count % Of607  Centrality
USA 193 31.796 0.18
Peoples R China 98 16.145 0.18
England 91 14.992 0.22
Australia 66 10.873 0.37
Canada 38 6.260 0.04
Netherlands 35 5.766 0.21
Germany 34 5.601 0.04
Spain 33 5.437 0.14
Scotland 26 4.283 0.02
Italy 18 2.965 0.34

betweenness centrality value, as the same as China (0.18).
Australia ranked fourth regarding the record count (66). Its
betweenness centrality value was the highest (0.37), indicating
that Australia is in the most critical position in the cooperative
network. Italy (0.34), England (0.22) and the Netherlands
(0.21) followed. Also, from Figure 3, we can see that European
countries form the most important network of cooperative
relationships. In addition, China is the only Asian country in
the top 10 countries/regions. “the National Natural Science
Foundation Of China” ranked fourth among the top scientific
research funding institutions. This may be related to the fact that
the Communist Party officially put forward the “consciousness
of advocating a community with a shared future for mankind”
at its 18th National Congress in 2012. The mainstreaming of
this consciousness has led scholars to pay more attention to
human health.

A cooperation network of institutions produced 120 nodes
(Figure 4), indicating the authors are from 120 research
institutions. The top three productive institutions are the
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Impact factor Record % Of 607
(JCR 2021) count publications

4.614 51 8.402
5.766 35 5.766
8.119 21 3.460
3.889 18 2.965
4.931 16 2636
8.915 15 2471

3 12 1.977
3.752 12 1.977
10.753 12 1.977
4.135 11 1.812

University of Hong Kong (14), the University of Exeter (14),
and the University of Melbourne (11). The top 50 are dominated
by the United States (15), Europe (13), Asia (9), Australia (6),
Canada (3), New Zealand (3), and Brazil (1). It can be seen
that the related studies are almost concentrated in European
countries, North America, Australia, and Asia. A few in Latin
America. The results are evenly distributed in space. Figure 4
also shows that a relatively close cooperative network has been
formed among various academic institutions.

Analysis of reference co-citation

A and B are the co-cited relationship when papers A
and B appear together in the reference list of a third cited
paper (25). Similar studies can be aggregated by literature co-
citation analysis to form major research areas, which shape
the citation network that can trace the development context
forward and explore the research frontier backward, as well as
form the knowledge base of the specific research field. In all,
607 publications were analyzed in Citespace. Eleven clusters
were extracted by using the clustering algorithm. They were
labeled by the first term from the LLR (log-likelihood ratio, p-
level) algorithm, numbered from #0 to #10 (Table 3). In Table 3,
the silhouette value of each cluster is >0.7, indicating that
the clustering reliability is very high. It is worth mentioning
that the larger the silhouette value, the higher the similarity
of the cluster members. Among the 11 clusters, the average
year of nine clusters was 2015 or later, indicating that most
of the clusters (related research) are relatively new. The mean
year of publication in Cluster #6 and Cluster #9 was 2020,
named “COVID-19” and “utilizing big data”, which is related to
COVID-19 pandemic in 2019, and the increasing use of internet
big data. Moreover, 11 clusters actually reflect the intellectual
basis of the UGS and HB research. The largest top three clusters
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Countries of origin of articles.

are “human health”, “park use”, and “residents’ perception”,
showing that the main research base is under the human health,
park use, and residents’ perception research fields.

The co-citation analysis map was achieved (Figure 5). In
Figure 5, different colors represent different clusters. Nodes
represent different publications, and lines represent network
relationships between the publications. Figure 5 shows the
complex integration among 11 clusters, indicating that they
are not independent studies under 11 research fields, but also
cross-over studies.

Besides, the top ten highly-cited publications in the sample
range are listed in Table 4. The paper “Nature and Health”
published by Hartig et al. (13) is significant since it has the
highest citation frequency (66). Besides, regarding the frequency
higher than 20, there are four articles in Cluster #1, two each
in Cluster #3 and Cluster #4, and one each in Cluster #0 and
Cluster #2.
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Cluster #0: Human health

Cluster #0 is the largest cluster (86 members), appearing
dark green in Figure 5. Cluster #0 was formed from 2008 to
2019, and the average year of publication is 2017, which means
this is a new cluster. It quickly became the largest cluster in a
very short period of time. This cluster focused on human health,
highlighting the key role of the urban green environment in
human welfare.

There are four articles that have a citation frequency higher
than 10 in this cluster. Moreover, a paper by James et al. (29),
“A Review of the Health Benefits of Greenness” had the highest
citation count in Cluster #0 (34). It found strong evidence for
a positive correlation between greenness and physical activity.
Besides, the article “Advantages of public green spaces in
enhancing population health” by Sugiyama et al. (35) was the
most active paper, since it cited 26 papers from Cluster #0.
This paper focuses on the important relationship between public
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green spaces and health benefits, as well as three advantages of
using public green spaces as a health promotion measure.

Cluster #1: Park use

Cluster #1 was labeled as “park use” with 78 members. The
publication years of this cluster are from 2006 to 2019 (Mean
year = 2015). The citation counts of eleven papers exceed 10.
This cluster mainly focuses on the studies on how the general
or the specific characteristics of parks could affect their usage
for residents.

The article by Wolch et al. (5), has the highest citation count,
also the third most cited article among 607 papers. It emphasizes
the key role of urban green space in public health. It also
explained the paradoxical nature of urban green space strategies,
whereby creating new green spaces to make neighborhoods
healthier (e.g., environmental justice issues), is accompanied by
an increase in housing costs.

Furthermore, Sugiyama et al. (35) is still the most active
literature that cited 17 papers in Cluster #1. And then the paper
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“The associations between park environments and park use in
southern US communities” by Banda et al. (36), cited 15 papers
in Cluster #1.

Research hotspots analysis

Keywords co-occurrence analysis refers to the co-occurrence
relationship between two terms when they appear jointly in one
paper. The higher the frequency of co-occurrence, the stronger
the relationship between the two keywords. Through the co-
occurrence analysis of keywords, hot topics in a given field can
be analyzed. Then, a co-occurrence analysis map of keywords
was obtained (Figure 6). There are 216 nodes (i.e., 216 critical
keywords), and 105 links (density = 0.0045).

In Figure 6, the circle node represents the frequency. The
higher the frequency, the larger the circle. The purple nodes
in the outer ring indicate the highest betweenness centrality.
The largest circle node is “physical activity”, with a count of
229, as well as the highest betweenness centrality value of 1.29.
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TABLE 3 Summary of 11 clusters.

ID Size Silhouette =~ Mean (year) Top terms (log-likelihood ratio)

#0 86 0.75 2017 Human health (66.83, 1.0E-4); New Zealand adolescent (63.1, 1.0E-4); objective neighborhood environment
(63.1, 1.0E-4)

#1 78 0.785 2015 Park use (92.9, 1.0E-4); urban design (79.16, 1.0E-4); park environment (71.12, 1.0E-4)

#2 74 0.92 2011 Residents’ perception (118.29, 1.0E-4); walkable community (118.29, 1.0E-4); adjacent park (113.72, 1.0E-4)

#3 66 0.881 2016 Physical activity (84.24, 1.0E-4); ecological justice perspective (62.07, 1.0E-4); broad view (62.07, 1.0E-4)

#4 55 0.884 2017 Urban greenness (96.55, 1.0E-4); walking behavior (91.07, 1.0E-4); urban green space (58.61, 1.0E-4)

#5 46 0.903 2019 Edible forest garden (79, 1.0E-4); salutogenic affordance (79, 1.0E-4); multiple benefit (79, 1.0E-4)

#6 37 0.923 2020 COVID-19 pandemic (341.23, 1.0E-4); vulnerable communities (79.55, 1.0E-4); outdoor recreation (74.49,
1.0E-4)

#7 29 0.895 2017 Green open space development model (55.04, 1.0E-4); dense urban setting (55.04, 1.0E-4); green space

behavior (47.88, 1.0E-4)

#8 27 0.944 2014 Urban neighborhood (62.29, 1.0E-4); socioeconomic gradient (58.45, 1.0E-4); neighborhood park (58.45,
1.0E-4)

#9 23 0.999 2020 Utilizing big data (70.43, 1.0E-4); city center (44.62, 1.0E-4); smart cities (44.62, 1.0E-4)

#10 15 0.938 2011 Residential neighborhood (54.99, 1.0E-4); spatial contagion (54.99, 1.0E-4); influencing participation (45.11,
1.0E-4)

#9 utilizing big data #5 edible forest'garden

. #6 COVID-19 pandemic -

 #10'residential neighborhood

#8 urban neighbthood

FIGURE 5
Knowledge map of co-cited reference analysis.

It also was the first important keyword appearing in 2005. and Figure 6, we can see that the keywords mainly involve
Moreover, in Table 5, 19 keywords were extracted, since they three research objects: (1) Different scales of UGS, like urban
had a frequency >40, showing that research on such areas has parks, neighborhood parks, recreational facilities, and so on;
become increasingly popular. Twenty keywords were extracted (2) Different health behaviors and outcomes, such as walking,
and ranked by betweenness centrality, indicating that studies sedentary behavior, obesity, and mental health; (3) The impact
on such fields have been a research focus. According to Table 5 factors, e.g., accessibility, impact, risk.
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TABLE 4 Top ten highly-cited references.

10.3389/fpubh.2022.1005647

Frequency  Cluster  Title References
66 #3 Nature and Health Hartig et al. (13)
45 #1 Urban green space, public health, and environmental justice: the challenge of making cities “just Wolch et al. (5)
green enough”
30 #4 Exploring pathways linking greenspace to health: theoretical and methodological guidance Markevych et al. (26)
28 #1 The health benefits of urban green spaces: a review of the evidence Lee and Maheswaran (27)
26 #3 More green space is linked to less stress in deprived communities: evidence from salivary cortisol Ward et al. (28)
patterns
24 #0 A Review of the Health Benefits of Greenness James et al. (29)
23 #1 The impact of interventions to promote physical activity in urban green space: a systematic review Hunter et al. (30)
and recommendations for future research
21 #2 Effect of exposure to natural environment on health inequalities: an observational population study Mitchell and Popham (31)
20 #1 Opportunity or Orientation? Who Uses Urban Parks and Why Lin etal. (32)
20 #4 Streetscape greenery and health: stress, social cohesion and physical activity as mediators De Vries et al. (33)

TABLE 5 Main keywords ranked by the frequency and the betweenness centrality value.

Count Year Keyword Centrality Year Keyword

229 2005 Physical activity 1.29 2005 Physical activity

119 2007 Health 1.07 2009 Park

116 2010 Green space 1.05 2010 Public health

112 2008 Built environment 0.98 2011 Urban sprawl

100 2010 Behavior 0.94 2011 Impact

87 2008 Environment 0.94 2006 Risk

72 2009 Walking 0.84 2015 Accessibility

72 2010 Public health 0.82 2007 Health

70 2008 Association 0.82 2008 Area

59 2012 Urban green space 0.8 2009 Sedentary behavior

52 2009 Park 0.8 2009 Recreational facility

51 2010 Mental health 0.77 2009 Walking

51 2009 Obesity 0.72 2015 Park use

51 2011 Impact 0.63 2014 Neighborhood

50 2008 Perception 0.53 2012 Urban green space

50 2016 Benefit 0.5 2008 Built environment

47 2010 Urban 0.33 2009 Obesity

46 2014 Neighborhood 0.3 2008 Environment

44 2012 City 0.26 2016 Ecosystem service
0.21 2016 Natural environment

Research frontiers analysis

Burst detection can capture nodes with great frequency
changes in a certain period of time. Such mutation information
can reflect the rise of a research theme, which is often used to
do cutting-edge analysis. A map of burst detection of emerging
terms and references was achieved (Figure 7). There are 504
nodes and 3,364 links (density = 0.0265). Light yellow nodes
represent the reference, and dark yellow nodes represent the
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terms, in proportion to the degree of betweenness centrality.
So, the term “built environment” and the paper by Mitchell and
Popham (31) have the highest centrality value.

A total of 9 keywords were extracted (Table 6). As mentioned
above, “physical activity” is the first key term that is confirmed
again here. Moreover, “built environment” has the strongest
strength of citation bursts (8.7), and its influence lasted from
2008 to 2013. However, no important keywords with strong
citation burst were added after 2018. Furthermore, the top
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nine keywords with the strongest citation burst also reflect the
research frontiers related to UGS and HB, including driving
factors (e.g., built environment, risk factors, public parks,
intervention); and the dimensions of health (e.g., physical
activity, walking, obesity).

Moreover, Table 7 shows the top 15 references with the
strongest citation bursts in the WoSCC database from 2002 to
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2021. Among them, the strength of the citation bursts started
from 2008 to 2021. From 2019 to 2021, there are three papers
with high strength in the citation bursts: Wolch et al. (5);
Frumkin et al. (37); and Baran et al. (38), indicating that they
are nearly 3 years of cutting-edge research.

The top 15 articles further reveal the research frontiers,
integrating with the other publications with strong citation
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Map of burst detection of emerging terms and references.

bursts. Hence, there are three research frontiers regarding the
study of UGS and HB in the nearly two decades: (1) the
relationship between UGS and HB; (2) the influence factors; (3)
environmental justice and social equity.

Discussion
Implications and limitations
The findings show that the number of publications increased

from 2002 to 2021. And it has increased significantly since
2014, which is closely related to the global organizations
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supporting national efforts with much-sophisticated assistance.
For instance, Global Action Plan was published in 2014
(34), and the 17 United Nations Sustainable Development
Goals (SDG) were adopted in 2015. More specifically, SDG
3 “good health and well-being” advocates for all countries
to guarantee and improve people’s health. Also, SDG 11.7
aims to achieve the following: “By 2030, provide universal
access to safe, inclusive and accessible, green and public
spaces, in particular for women and children, older persons
and persons with disabilities” (48). Furthermore, the most
important jump happens from 2019 to 2021, which is a
period facing a global public health crisis COVID-19, that
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TABLE 6 Top 9 keywords with the strongest citation bursts from 2002 to 2021.

10.3389/fpubh.2022.1005647

Keywords Strength Begin End 2002-2021

Built environment 8.7 2008 2013 . e ——

Physical activity 5.23 2005 2008 e

Health 4.98 2007 2012 e

Walking 4.94 2009 2016  ee—]
Obesity 4.94 2009 2014 I

Risk 4.34 2006 2011 e

Risk factor 4.28 2014 2018 I,
Intervention 34 2017 2018 I

Public park 3.24 2014 2017  eee——

The blue line represents the time measure (2002-2021), which is made up of 19 blue line segments; The red line shows the time period of the citation bursts (from begin to end).

TABLE 7 Top 15 references with the strongest citation bursts in WoSCC database from 2002 to 2021.

References Title Strength Begin End 2002-2021

Frank et al. (39) Linking objectively measured physical activity with objectively 9.13 2009 2013
measured urban form: findings from SMARTRAQ

Mitchell and Popham (31)  Effect of exposure to natural environment on health inequalities: 8.41 2009 2016
an observational population study

Giles-Corti et al. (40) Increasing walking: how important is distance to, attractiveness, 6.42 2010 2013
and size of public open space?

Maas et al. (41) Green space, urbanity, and health: how strong is the relation? 6.35 2010 2014

McCormack et al. (42) Characteristics of urban parks associated with park use and 5.97 2014 2017
physical activity: a review of qualitative research

Saelens and Handy (23) Built environment correlates of walking: a review 5.58 2011 2015

Wolch et al. (5) Urban green space, public health, and environmental justice: the 5.26 2019 2021
challenge of making cities “just green enough”

Gordon-Larsen etal. (43)  Inequality in the built environment underlies key health disparities 5.09 2008 2014
in physical activity and obesity

Kaczynski and Henderson  Environmental correlates of physical activity: a review of evidence 4.75 2010 2014

(44) about parks and recreation

Kaczynsk et al. (45) Association of park size, distance, and features with physical 4.54 2010 2016
activity in neighborhood parks

Frumkin et al. (37) Nature Contact and Human Health: a Research Agenda 4.51 2019 2021

Tzoulas et al. (46) Promoting ecosystem and human health in urban areas using 4.35 2012 2015
Green Infrastructure: a literature review

Cohen etal. (47) Contribution of public parks to physical activity 4.29 2010 2015

Owen et al. (22) Understanding environmental influences on walking: review and 4.17 2010 2012
research agenda

Baran et al. (38) Park use among youth and adults: examination of individual, 4.1 2019 2021

social, and urban form factors

The light blue line shows the time measure; The dark blue line means the year of publication, up to 2021; The red line shows the time period of the citation bursts (from begin to end).

may indicate a motivation for academia to focus on health

behaviors research.

Besides, most published journals belong to the medical
category (e.g., “public, environmental & occupational health”,
“medicine”, “general & internal”) and the environmental
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“urban studies”). Herewith, the natural sciences are dominant
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in the research of UGS and HB. There are few studies related
to social science. A discipline that intersects the natural and
social sciences is involved, such as psychology. So, in future
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research, some sociocultural aspects of UGS, such as aesthetics
and historical culture, should be considered for their impact on
human health behavior.

Eleven clusters extracted in this paper provide a knowledge
base for the research areas of UGS and HB. Through in-depth
analysis, some articles are highly cited (Table 4), which is also
confirmed by the burst detection analysis (Figure 7). Hence, as a
knowledge base, the highly cited articles in the clusters still have
enough influence on the current research.

From the keyword co-occurrence analysis in Section
Research hotspots analysis, three research objects demonstrate
that the keywords mainly focus on the UGS types and
scales, HB types and outcomes, and the influencing factors.
Yet, there are few keywords related to different human
groups (e.g., age, gender, socioeconomic status, race), landscape
and ecological characteristics (e.g., aesthetic value, cultural
services, biodiversity), and social issues (e.g., landscape equity
and justice).

Although considerable research supports that UGS has a
positive influence on health, the theoretical and conceptual
frameworks for how UGS provides benefits to human health and
wellbeing are limited (49). Besides, at present, urban green space
design for human health is mostly concentrated in the field of
medical and rehabilitation design, which ignores the continuity
and correlation of different UGS. Many findings could provide
references for urban spatial planning, landscape design, and
decision-making (49, 50). Hence, the co-work of landscape
architects, urban planners, and designers is essential to devote
themselves and their professional knowledge and experience
to the maximized and optimized planning and design of UGS
concerning the health benefits, combined with scientific studies.

Yet, this paper has some limitations. First, this study only
collected publications in the WoSCC database, rather than using
multiple databases to collect a larger sample of studies. Also, we
only select English articles for analysis. Therefore, some non-
English papers will be ignored. Second, due to space limitations,
some literature clusters and nodes need to be further analyzed
in detail.

Future research trend

First, Plenty of studies have been conducted to explain the
relationship between green space and human wellbeing. From
the perspective of positive correlation, green space is beneficial
to improving people’s health and wellbeing (46, 47), both in
physical health and mental health. For instance, the percentage
of green space in a resident’s living environment is positively
correlated with their perceived health (41). Besides, Sugiyama
et al. (51) evidenced that perceived community greenness was
more strongly associated with mental health than physical
health, by using a sample of 1,895 adults with physical and
mental health scores in the Adelaide of Australia. Although
many studies proved that nature contact and UGS may offer a
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range of human health benefits (13, 37, 44), there is still much
evidence that remains unknown. Conversely, green space also
leads to negative outcomes, such as the potential pathogenic
effects of UGS. Hence, the relationship between UGS and
HB is complex and interactive, which is one of the future
research trends.

Second, there is comparatively little evidence proving that
specific health benefits are associated with certain features
of UGS, though in the huge body of literature in this
research area. Understanding the impact factors of UGS on
human health behaviors is a research priority and frontier,
concerning both qualitative and quantitative methods. Different
physical health effects and psychological benefits are linked
to different characteristics of UGS, which is significant (39,
42, 52, 53). There are two typical kinds of features regarding
UGS. One is the particular characteristics and attributes of
UGS, referring to size, area, aesthetic characteristics, landscape
quality, functional infrastructure, etc. Specifically, the certain
functional infrastructure (i.e., trees, lawns, flowerbeds, and
play and outdoor fitness equipment) and aesthetic factors of
UGS can promote adolescents’ health exercise (54, 55). Also,
residents prefer to use parks with distinctive designs (45).
Another one is the features related to the external environment,
such as distribution, distance, and accessibility of UGS. More
specifically, the accessibility and distance of UGS can affect
human behavior, such as the levels of walking (40). Most studies
proved that both have a positive and significant relationship with
HB (22). Hence, well-planned, well-designed, and better features
of UGS may lead to increased usage and physical activity (56).

Last but not least, due to the many benefits of green space
to human health, when green space becomes a special or
even a scarce resource, it will inevitably involve environmental
and social inequity. For instance, Gordon-Larsen et al. (43)
believe that inequality in the availability of UGS for lower
socioeconomic status groups may lead to overweight. Recently,
some studies focus on the fair access and use of UGS concerning
health behaviors and outcomes, especially for different age
groups (youth, adults, and old adults) (15, 38, 57), different
gender groups (18, 58), people of different race/ethnicity (e.g.,
white, black, and Hispanic) and income groups (59). For socially
disadvantaged groups, whether UGS is provided fairly or not is
a vital issue in the field of social and environmental justice (60).
Most scholars point out that it is necessary to rationally plan the
spatial distribution of UGS, and solve the problem of inequity
by supplementing enough UGS and shortening the accessible
distance. However, this is a contradictory issue that creating new
UGS also increases housing costs and property values (5).

Conclusion

The results show the growing number of published articles
from 2002 to 2021, with the number of published papers
increasing from 1 in 2002 to 131 in 2021. The publication
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source with the highest circulation is the International
Journal of Environmental Research and Public Health. Most
important articles were published in journals dealing with
the environment, and public health studies. The UGS and
HB studies cover a total of 93 disciplines and 73 research
directions. Public Environmental & Occupational Health and
Environmental Sciences are the two most important disciplines.
Research is more concentrated in the natural sciences. The
United States had the highest number of publications, and
Australia had the highest betweenness centrality value. The most
productive institutions are the University of Hong Kong and the
University of Exeter. A total of 11 clusters were extracted by
literature co-citation analysis. The largest cluster was “human
health”. The keyword co-occurrence analysis obtained 19 words
with the highest co-occurrence frequency and 20 words with the
highest betweenness centrality value. Plus, “physical activity” is
the most important keyword. Furthermore, the keywords mainly
involve three research objects (different scales of UGS; different
health behaviors and outcomes; the impact factors). In the end,
there are three research frontier trends: (1) the relationship
between UGS and HB; (2) the influence factors; (3) the study
of environmental justice and social equity.
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Indoor thermal comfort in a
rural dwelling in southwest
China

Dong Wei, Guilin Zhao, Sheng Liu and Linchuan Yang*

School of Architecture, Southwest Jiaotong University, Chengdu, China

Recently, indoor thermal comfort has received more scholarly attention than
ever due to the COVID-19 pandemic and global warming. However, most
studies on indoor thermal comfort in China concentrated on urban buildings in
the east and north. The indoor thermal comfort of rural dwellers in southwest
China is insufficiently investigated. Hence, this study assesses residents’ indoor
thermal comfort in a rural dwelling in Linshui, obtains the thermal neutral
temperature of the rural area, and analyzes the thermal adaptation behavior
of rural dwellers. The results reveal that the thermal neutral temperature of
rural dwellers is 29.33°C (operative temperature), higher than that presented in
previous studies based on the same climate region. Indoor thermal conditions
in rural dwellings are relatively harsh, but various thermal adaptation behavior
of rural dwellers significantly improve their ability to withstand the harsh
conditions. When people live in an environment with a (relatively) constant
climate parameter (e.g., humidity), their perception of that parameter seems
compromised. Most rural dwellers are unwilling to use cooling equipment
with high energy consumption. Therefore, more passive cooling measures are
recommended in the design and renovation of rural dwellings.

KEYWORDS

thermal sensation vote, thermal adaptive behavior, questionnaire survey, operative
temperature, rural area, hot-summer and cold-winter region

Introduction

In the context of global warming, extreme heat events have been frequently observed.
Some studies demonstrate that extreme heat events pose a serious threat to human
health, with excessive temperatures causing subhealth symptoms (e.g., fatigue, dizziness,
tachypnea, and tachycardia) and that they are even life-threatening and fatal in severe
cases (1-3). Therefore, creating a comfortable indoor thermal environment is essential to
deal with excessive temperatures, reduce energy consumption, and safeguard residents’
health (e.g., preventing heat-related illnesses such as heat exhaustion) (4-6).

The majority of people spend over 80% of their time indoors (7), so the quality of
the indoor environment, which is essential for their physical and psychological health
(8-10), is essential. Moreover, the American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) defines thermal comfort as “the condition of mind
that expresses satisfaction with the thermal environment.” Thus, thermal comfort is
normally evaluated subjectively. Furthermore, the importance of whether people feel
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comfortable with the indoor thermal environment has recently
been emphasized (11, 12). During the COVID-19 pandemic,
people spent more time indoors than ever because of
mandatory quarantine, stay-at-home orders, travel restrictions,
and community closure (13-15). Therefore, indoor thermal
comfort should receive much more scholarly attention in
this era.

A goal of sustainable development is to design and build
dwellings with a comfortable indoor thermal environment
The
environment is influenced by various factors, such as wall

without increasing energy consumption. thermal
materials (16-19), the outdoor environment (20-26), and
active equipment (27, 28). Numerous locations have devised
new construction and renovation solutions to alter the indoor
thermal environment of dwellings by changing the above factors
(29-31). However, in the rural areas of developing countries,
the application and promotion of these (perhaps expensive)
design and construction techniques are limited because of
poor architectural design technologies and underdeveloped
economic conditions (8), thereby posing severe threats to
the indoor comfort and health of rural dwellers. China is a
predominantly agricultural country with a large number of rural
dwellers. According to data released by the National Bureau
of Statistics in February 2022 (http://www.stats.gov.cn/), as of
the end of 2021, 498.35 million people, which accounted for
35.3% of the total population, lived in rural areas. Therefore,
enhancing indoor thermal comfort in rural dwellings in China
should receive great attention. An essential step in improving
the quality of life and health of rural dwellers is to understand
their indoor thermal comfort.

Most studies on indoor thermal comfort aim to understand
residents’ satisfaction with the indoor thermal environment
and, consequently, to improve the quality of their indoor
environment. The results of such studies can help improve
residents’ health and living environment (32, 33). The goals of
such studies are in line with the United Nations’ Sustainable
Development Goals (SDGs), such as SDG 3 “good health and
well-being” and SDG 11 “sustainable cities and communities.”
As of today, numerous studies have focused on indoor thermal
comfort in many locations, such as the USA (34, 35), Europe
(36-38), and Australia (39, 40). In the context of China,
researchers mainly focused on the northeast (41, 42), western
(43, 44), and coastal (5, 45-47) regions. Comparatively, indoor
thermal comfort in rural dwellings in southwest China received
limited attention, although some studies on urban buildings in
this region exist (48). Consequently, this study chooses a rural
dwelling in Linshui County, southwest China, as the case to
explore the indoor thermal comfort of rural dwellers by using
subjective and objective methods (32).

The contributions of this paper can be summarized as
below: [1] focusing on an under-studied location (a rural
area in southwest China) and diversifying the focus of the
existing literature on human thermal comfort; [2] examining
rural dwellers’ perceptions and preferences of indoor thermal
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environment parameters and analyzing the changes in their
perceptions because of long-term adaptation; [3] determining
the thermal neutral temperature of rural areas in a hot-summer
and cold-winter (HSCW) region of China; and [4] identifying
rural dwellers’ thermal adaptation behavior patterns. This
study provides a valuable reference for rural dwelling design,
contributing to optimizing the indoor thermal environment and
enhancing the health of rural dwellers.

Methodology

Climate classification in China

China is the third-largest country in the world. It has a
highly diverse and complex climate, leading to the formation
of numerous regions with diverse climatic characteristics. China
has formulated the Code for Thermal Design of Civil Buildings
(GB 50176-2016). The code divides China into five climate
regions based on the average temperatures of the coldest and
warmest months of a year: severe cold (SC) region, cold (C)
region, hot-summer and warm-winter (HSWW) region, HSCW
region, and temperate (T) region (see Figure 1).

The rural dwelling assessed in this study is located in an
HSCW region, where the average temperatures of the coldest
and warmest months are 0-10 and 25-30°C, respectively.

Study area

Linshui is a county in Guangan, northeast Sichuan,
southwest China (Figure 2). It is the county closest to Chongqing
in Sichuan Province and is 90 km from the urban district of
Chongging. Its longitude ranges from 106°41" to 107°18'E,
while its latitude ranges from 30°01" to 30°33'N. Linshui has
an area and altitude of 1,909 km? and 366 m, respectively. As
of December 2020, the population was 1.00 million, with an
urbanization rate of 21.31%.

Linshui has a humid subtropical climate with mild winters,
abundant rainfalls, and long summers. Figure 3 shows the
monthly average, maximum, and minimum air temperatures
(T,) and average relative humidity (RH) of Linshui between
1981 and 2010. The highest and lowest temperatures are
observed in August and January, respectively. The annual
average temperature difference is about 20°C. Summer is hot
in Linshui, and July and August are high-temperature seasons.
The average RH is stable, with around 10% variance between the

maximum and minimum.

Field measurements
Objective measurements and subjective questionnaires were

conducted during the hottest month (August) to assess indoor
thermal comfort in a rural dwelling in Linshui (Figure 4). The
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FIGURE 1

Climate region for building thermal design of China. Adapted from the Code for Thermal Design of Civil Buildings, GB 50176-2016.

chosen rural dwelling (30012/ 13NN, 107000,47”E) was built in
2002. It is a two-story house with a total area of 225 m?. The
first and second floors are 3.8 and 3.0m high, respectively.
Multiple (four) sites were chosen for measurement, enabling the
comprehensive monitoring of the thermal comfort of residents
who spend most of their time in living rooms and bedrooms.
Field measurements were conducted between 21:00 August
3 and 17:15 August 6, 2019. Indoor T,, RH, black globe
temperature (Tg), and air velocity (v) were assessed using
the measuring instrument listed in Table 1. The measurement
tool is installed at each measurement location. The detector
is placed 1.5m above the ground, collecting the data at an
interval of 15min. The air-conditioner is off in the room
during the measured period. All parameters (range, accuracy,
and resolution) of the instruments used for the study meet the
requirement of the ASHRAE Standard 55-2017 (21).

Questionnaire survey

Figure 5 shows the four-part subjective questionnaire. The
respondents are rural dwellers living nearby. The number of
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FIGURE 2
The location of Linshui. Elaborated by the authors.

respondents is smaller than the number of questionnaires
because of repeated observations.
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Following a face-to-face interview, the interviewer will
complete the first part by asking the respondent for basic
personal characteristics (i.e., age, sex, height, weight, and length
of residence).

The second part records the clothing insulation (unit: clo)
and activity (unit: met) status of the respondent.

The third part collects the respondent’ subjective responses
to five questions on their indoor thermal perception, preference
for indoor thermal environment parameters (T,, RH, and v),
and overall thermal comfort. The respondents must evaluate

100

o~ — [ 2
— ‘./o\.\'//

323°C

Average air temperature

I Maximum air temperature
Minimun air temperature

—e— Average relative humidity

Air temperature (°C)
Relative humidity (%)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

FIGURE 3

Monthly average, maximum, and minimum T, and RH in Linshui
from 1981 to 2010. Elaborated by the authors using the data
from the National Meteorological Science Data Center, website:
http://data.cma.cn/.

10.3389/fpubh.2022.1029390

the corresponding options on an ASHRAE 7-point scale and
select their answer based on their current thermal sensation
when answering question 1. This is known as thermal sensation
voting (TSV). Questions 2-4 are preference surveys of indoor
thermal environment parameters using 3-point scales to study
the respondents’ most sensitive environmental parameters.
Question 2 is defined as air temperature preference vote (TPV),
question 3 is defined as relative humidity preference vote (HPV),
and question 4 is defined as air velocity preference vote (VPV).
Question 5 is the questionnaire validity test question. It is
defined as the overall comfort vote (OCV). The questionnaire
is considered to be valid if the results of the TSV and OCV
are identical. Table 2 indicates the relationship between the vote
results for TSV and OCV.

The fourth part involves gathering information on
respondents’ summer thermal adaptation behavior to better
understand how people in rural areas live.

Data analysis

This study selects Top (operative temperature) as an index
for evaluating the thermal comfort of rural dwellers. The indoor
Top is calculated as follows:

Top=A>< Tg+ (1 —A) X T, (1)
where Tyt is the mean radiant temperature (unit: °C), and it
is calculated using Eq. (2). A can be selected from the following
values (Table 3).

site 4

@ Living room

© Bedroom site 2
@ Kitchen
@ Storage room
@ Bathroom
First floor @ Sstaircase Second floor
FIGURE 4

The layout of rural dwellings and the location of the measurement sites (A) First Floor, (B) Second Floor.
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TABLE 1 Specifications of the measuring instrument used in this study.

Instrumentation Parameters Range
Testo, 174H-Mini Air temperature (T,) —20-70°C
Relative humidity (RH) 0-100%
JT TECH., JRT04 Globe temperature (Ty) —20-125°C
TENMARS, TM-404 Air velocity (v) 0-25m/s

Tmrt is calculated using Tq, Tg, and v of the indoor
environment. Ty is measured using a black globe thermometer.
The formula of Ty, is shown as follows:

1.10 x 108,06 %2
XTIV g,

eD04

Tonrt = [(Tg +273)* + ©)
where D is globe diameter (=150 mm in this study) and e is
emissivity (=0.95).

Result

Summary of the objective measurement

As noted above, indoor thermal environment monitoring
was conducted in a rural dwelling in Linshui, Sichuan, from
August 3 to 6, 2019. T, RH, Ty, and v are directly collected by
sensors. Tpyrt and Top are calculated using the above formulas
with the input of the collected data. The characteristics of
the indoor thermal environment for each site throughout the
measured period were summarized in Table 4.

The average T, for the entire dwelling is 29.24°C. It was a
reasonably high value, much higher than the average T, for the
whole county in August (26.9°C) (see Figure 3). In addition, the
average T, of the four sites was very close (the range = 1.57°C).
These observations provide some evidence of global warming
(49, 50).

Site 2 had the largest window-to-wall ratio among the
four sites. Thus, it received the most solar radiation in the
middle of the day, resulting in a rapid increase in temperature.
Consequently, site 2 had the highest temperature (38.2°C) of the
four sites.

No discernible variation in RH was noted across the four
sites. The average RH of the entire dwelling was 78.76%, which
is essentially the same as the average RH of the whole county
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Accuracy Resolution Photos
+05°C 0.1°C
+3% 0.1%
+0.2°C 0.1°C
+2% 0.01 m/s

in August (see Figure 3). Moreover, regarding v, sites 2 and 3
were the largest and smallest among the four sites, respectively.
The difference was that site 2 had the maximum window
space, directly impacted by the superficial air velocity, while
site 3 had no windows and was essentially isolated from the
outside environment. Site 2 had the highest Tg, Tiyt, and Top
average values across the four sites. This observation showed
that enormous windows were more vulnerable to solar radiation,
which impacted indoor thermal comfort.

Figure 6 shows the T; and RH data from the four sites. Sites
1 and 2 as well as sites 3 and 4 had highly similar trends. The
reason is that the indoor environment conditions at sites 1 and
2 as well as sites 3 and 4 were similar.

From 9:00 to 18:00 on August 5, the temperature of
site 2 was significantly higher than that of site 1, but the
humidity of site 2 was significantly lower than that of site
1. The reason for this observation is that site 2 had closed
windows and doors during this period. In addition, curtains
were not used. Hence, the space was exposed to bright sunlight,
resulting in a considerable temperature increase. Furthermore,
the moisture in the room rapidly evaporated because of
the increase in temperature, resulting in a restricted drop
in humidity.

The trends of temperature and humidity at sites 3 and 4
were very similar. The temperature in site 4 was usually slightly
higher than that in site 3. However, in terms of humidity, site 3
maintained a higher status than site 4. Site 3 had no windows
and could not receive solar radiation. Thus, its temperature
was lower than that of site 4, but the reverse was true for
humidity. This phenomenon demonstrates that rooms with
windows obtained a certain amount of solar radiation and
affected temperature and humidity fluctuations directly and
indoor thermal comfort indirectly. In general, solar radiation
is a natural factor affecting the modification of indoor thermal
environment characteristics and an indirect factor affecting the
human body’s thermal comfort.
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Hello! We're conducting a subjective questionnaire survey in your home. We hope that (he results of this survey can help improve
thermal comfort in your home. Please fill in this questionnaire honestly, and your privacy will be respected. Thank you!

Number: _ Datc: Time:
Weather. “CJ OSunny 77 OCloudy 2 ORainy
PART ONE

Age: Gender: Height: Weight:

Length of residence in the arca:

PART TWO
1. Clothes: What is the clothing now? (Unit: clo) ‘
Upper Body; OSleeveless vest (0.06) OT-shirt (0.06) OShort-sleeve T-shirt (0.08)
OLong-sleeve T-shirt (0.25) [IDress (0.33) [Jacket/coat (0.36)
Lower Body: (IShort (0.08) [IStraight trousers (thin) (0.24) [ISkirt (0.14)
Feet: OSocks (0.02) OSlipper (0.03) CIShocs (0.04) CBoots (0.10)

2. Activity: What are you doing in the last 15 minutes? (Unit: met)
[OSleeping (0.7) | DReclining (0.8) | CISiwing (1.0) | OStanding (1.2) | OWalking (1.7) | DCooking (1.8) | CCleaning (2.7)
@

[ il b | F (X 12 8

PART THREE

1. What is your general thermal sensation now? (Choose the most appropriate option)

s
Slightly et Slightly _.( )_
:§£ - cool ¢-1) 2 “""m('”)- 71N

2. Would you like to adjust the air temperature in this room a bit?

Vo oo N |

3. Would you like to adjust the humidity in this room a bit?

- I -0 e

4. Would you like to adjust the air velocity in this room a bit?

5. What is your overall comfort rating now?

e B, et GURRREEET

PART FOUR
1.What would you prefer to do when you feel hot? (You can choose multiple options)
ODrinking cold beverage OChanging clothing OUsing an air-conditioner | COUsing an clectric fan OUsing a fan

i @ @

COthers:

FIGURE 5
The subjective survey questionnaire used.
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TABLE 2 Relationship between the TSV and OCV.

10.3389/fpubh.2022.1029390

Value of OCV -3 -2 -1 0

Value of TSV +3or —3 +2o0r —2 +1lor—1 0

Result of TSV Hot or cold Warm or cool Slight warm or slight cool Neutral
Result of OCV Very uncomfortable Uncomfortable Slightly comfortable Comfortable

TABLE 3 Values of A that vary with v.

v <0.2m/s 0.2to 0.6 m/s 0.6 to 1.0 m/s
(<40 fpm) (40 to 120 fpm) (120 to 200 fpm)
A 0.5 0.6 0.7

Summary of the subjective survey

This We
summarize the respondents’ basic personal information,

study collected 216 valid questionnaires.

clothing insulation, and activity status (metabolic rate). Females
(59.72%) outnumbered males because most males in rural
areas chose to migrate to cities to pursue a job, while females
chose to raise their children at home. Men (58.3 years) had, on
average, an older age than women (42.1 years) because older
men had a compromised capability to work in distant cities and
chose to stay in rural areas, while many young women stayed
in rural areas for childbirth and child-rearing. All respondents
have lived in the region for over 10 years. Thus, their thermal
comfort is representative. Men’s clothing insulation was lighter
and thinner than women’s, and their clothing insulation
was typical of summer indoor dressing in terms of thermal
resistance. Regarding activity status, the average metabolic rate
for both men and women was 1.1 met, as most people were
sitting indoors.

Thermal sensation

The thermal sensation is a crucial psychological indicator
of comfort or discomfort. This study aims to assess the
various thermal responses of residents. Subjective assessments
are necessary to evaluate the indoor thermal comfort of
residents (32). The TSV distribution is shown in Figure 7. Most
respondents (37.50%) indicated neutral (0) thermal sensation,
with 10.19 and 35.19% of respondents voting —1 (slightly cool)
and 1 (slightly warm), respectively. Respondents who voted 0,
—1, and 1 were often considered comfortable with their current
environment. Thus, 82.88% (0, 37.50%; —1, 10.19%; and 1,
35.19%) of the respondents considered themselves comfortable
in summer, indicating that rural dwellers of Linshui adapted
well to the local summer climate. The overall vote results of the
respondents were on the hotter side, which was in line with the
basic logic and confirmed that the questionnaire design of this
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study was reasonable. The analysis results of the data collected
by the questionnaire were reasonable.

Figure 8 reveals the results of indoor thermal environment
parameter preference voting. The highest percentage of voting
was cooler (51.85%), and the second-highest percentage was
no change (41.66%) in terms of the TPV. Comparing the TSV
results in Figure 7, we find that the percentage of those who
voted —2 (cool) or —1 (slightly cool) was 13.89%, while the
percentage of those who voted warmer in the TPV was 6.49%.
This finding indicates that most respondents favored the cooler
side in terms of temperature. Regarding HPV, the percentage
of those who voted no change was very high, reaching 93.05%.
This observation indicated that the residents do not perceive
humidity changes significantly. In terms of the VPV, faster had
the highest percentage of votes, and no change had the second-
highest percentage of votes. The percentage of people who
expected the air velocity to change was 66.67% (faster, 56.94%;
slower, 9.73%), which means that most people could perceive the
change in the air velocity.

Some phenomena worthy of attention were found from
the voting results of indoor thermal environment parameter
preference. Rural dwellers in Linshui perceived temperature and
air velocity but had little perception of humidity.

Figure 9 shows the percentages of OCV in the studied
rural dwelling. Analyzing the OCV can help validate the
reasonableness of sensory heat voting fully. The TSV voting
result of neutral (0) means that the patients feel comfort (0).
The TSV voting result of slightly warm (1) or slightly cool (-
1) means that they feel slightly uncomfortable (-1). According
to the OCV results, 89.35% voted comfortable and slightly
comfortable (comfort, 42.59%; slightly comfortable, 46.76%).
The result of the TSV and OCV was very similar (89.35 vs.
82.88%). This finding again indicates that the questionnaire
design of this study was adequate and that the collected data
was reasonable.

Top is an index for assessing outdoor thermal comfort.
However, its applicability in the HSCW region still needs further
study. Figure 10 shows that TSV was expressed as the sensitivity
of respondents to indoor Top. The scatter plots of Ty and
TSV were plotted, and their regression equation was shown
as follows:

TSV = 0.3219 x Typ — 9.4398
(R? = 0.7454,p < 0.001)
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TABLE 4 Summary of the indoor thermal environment during the measured period.

T, (°C)

Site

10.3389/fpubh.2022.1029390

RH (%) Va (m/s) Tg (°Q) Tmrt (°C) Top (°Q)
Avg. Max. Min. Avg. Avg. Avg. Avg. Avg.
Site 1 28.24 34.50 24.60 82.82 1.21 29.27 30.90 29.77
Site 2 29.68 38.20 25.30 78.26 1.91 31.96 37.79 32.13
Site 3 29.23 30.70 27.40 80.41 0.09 29.95 30.32 29.78
Site 4 29.81 31.70 28.20 73.54 0.81 30.49 31.73 30.46
Total 29.24 - - 78.76 1.01 30.53 33.19 30.54
A 40 — B 100
—= 2019-08-03 Site 1 e 2019-08-03
s ! ——Site 2 - .
90
—~ s ]
& S
Py £ S
g =l
g E ]
£ 5
!‘.‘).. T: 70
£ £
E g 1
= o —Site 1
260 Site 2
Site 3
261 1 ——Sitc 4
504 v
24 i 2019-08-04 2019-08-05 2019-08-06 2019-08-04 2019-08-03 2019-08-06
5 T r T ” T T v o T A . T 5 T Y T T % T T = 8
T00:00 ** 12:00 ™ 00:00 “* 12:00 ¥ 00:00 “ 12:00 T ™ o0:00 "™ 12:00 ™ 00:00 "™ 12:00 Y 00:00 M 12:00 "
Time Time
FIGURE 6
Comparison of T, and RH at four measuring sites during the measured period (A) T,, (B) RH.

In summer, the TSV increases with advancing operative
temperature. The neutral temperature of the respondents in
summer can be calculated by setting the TSV to 0. We found that
the neutral temperature was 29.33°C. By calculating the values
of TSV equaling —0.5 and 0.5, the neutral temperature range of
the respondent in summer can be calculated. We found that the
neutral temperature range was 27.77-30.88°C.

Thermal adaptive behavior

In our questionnaire survey, multiple-choice questions
were posed to the respondents. Their adaptive behaviors in
the summer included but were not limited to drinking cold
beverages, changing clothes, using air-conditioners, using an
electric fan, and using a hand-cranked fan.

Figure 11 shows the results obtained from the survey.
Most respondents used hand-cranked fans
themselves Other include using
electric fans, changing clothing, and drinking cold beverages,
which are cheap and convenient. Much fewer residents
used air-conditioners. They switch on it only when the

to keep

comfortable. strategies
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Thermal sensation vote (TSV)

FIGURE 7
Result of thermal sensation vote.

indoor thermal environment is

intolerable during the
hottest hours rather than using it all day. Most residents
agreed that

air-conditioners

consume a considerable
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Cooler 51.85%
No change

Warmer

B

Less humid

No change

More humid | 3.24%

C

Slower

No change

Faster 56.94%

100
Percentage (%)
FIGURE 8

Results of indoor thermal environment parameter preference
voting. (A) TPV, (B) HPV, (C) VPV.

50

46.76%

42.59%

'S
=1
1

Percentage (%)

6.94%

Comfortable

Slightly comfortable U
Overall comfort vote (OCV)

Very

FIGURE 9
Result of the OCV.

sum of energy and are expensive to use. Thus, rural
dwellers in Linshui tend to adopt conventional thermal
adaptation behaviors rather than cumbersome and costly
strategies.
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FIGURE 10
Results of the linear regression between TSV and Top.

In contrast with urban residents, who heavily rely on energy-
consuming active cooling equipment, rural dwellers prefer
traditional cooling strategies (e.g., using a fan). Besides the
consumption value “frugality,” energy poverty (51) and low
income (52) make rural dwellers reluctant to pay much for
cooling. We hope that mounting studies on rural dwellers
strategy of using air-conditioners for cooling will appear in
recent years and that the differences in health effects between
using traditional cooling strategies and air-conditioners can be
deeply investigated.

Discussion

Comparison of the neutral temperature

We decided to compare the neutral temperature obtained
from this study and those presented in studies on indoor thermal
comfort based on other regions and building types (see Table 5).
The neutral temperatures obtained from the TSV and Ty
linear regression equations differed by region and building type.
The identified neutral temperatures in summer were markedly
different from the results of other studies in the same climate
region (i.e., HSCW region). Such divergent results may be due
to differences in building types. Moreover, studies based on the
HSCW region were conducted in urban areas, and their sites for
analysis may be in an environment where the air-conditioner
operates. However, this study was conducted in rural areas, and
the entire dwelling was under natural ventilation during the
study period.

Neutral temperatures can be similar in different climate
regions, such as 26.19°C in Xi’an (a cold region) (53), 26.44°C
in Guangzhou (an HSWW region) (54), and 26.09°C (56) or
26.07°C (58) in Changsha (an HSCW region). This outcome
suggests that the thermal comfort of residents in the indoor
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Others

Using a fan

Using an electric fan

Using an air-conditioner

Changing clothing

Thermal adaptive behaviours

Drinking cold beverage

87.04%

69.91%

50.93%

45.83%

FIGURE 11
Results of thermal adaptive behavior voting.

40 60 80
Percentage (%)

TABLE 5 Comparison of this study and other studies.

Region Climate region Type Regression equation Neutral temperature Reference
Xi’an C University building TSV = 0.289 x T,y — 7.569 26.19°C (53)
Guangzhou HSWwW University building TSV = 0.3596 x T,y — 9.5088 26.44°C (54)
Guilin HSCW Urban dwelling TSV = 0.2576 x T,y — 6.2295 24.18°C (55)
Changsha HSCW University building TSV =0.33 x Ty — 8.61 26.09°C (56)
Shihezi SC University building TSV = 0.59 x Tpp — 16.58 28.10°C (57)
Changsha HSCW Office building TSV = 0.3873 x T,, — 10.0962 26.07°C (58)
Linshui HSCW Rural dwelling TSV = 0.3219 x T,, — 9.4398 29.33°C This study

environment was affected by regional differences marginally but
by the indoor temperature with the air-conditioner operation
considerably. This finding helps determine the appropriate air-
conditioner temperature and reach two objectives jointly: (1)
the vast majority of people reach a relaxed state, and (2) air-
conditioner energy consumption can be minimized (59, 60).
This finding also calls for further studies in rural areas. Dwellings
in the rural areas of China need to be studied in-depth to
discover a broader range of universal laws to enhance the
comfort and quality of life of rural dwellers, especially in the
post-pandemic era (61, 62).

Limitations

This study used a field research method combining objective
measurements of indoor thermal environment parameters and
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subjective questionnaire surveys. A typical indoor thermal
survey was conducted in a rural dwelling in the HSCW region
of China, where local thermally neutral temperatures were
obtained. Although some interesting results were obtained,
this study is by no means beyond reproach. Some research
limitations are as follows. First, indoor thermal comfort is
strongly influenced by season. This study was conducted only in
the summer. Other seasons can be studied to comprehensively
understand the changes in indoor thermal comfort throughout
the year. Second, this study did not consider the effect of
subjective factor differences (thermal resistance of clothing and
activity status) on the thermal comfort of rural dwellers. These
factors play an important role in shaping the thermal comfort of
rural dwellers. Third, the field observation period is short in this
study. We agree that it can be substantially expanded. Fourth,
the number of respondents was too small to support the thermal
comfort analysis of different ages. Last, the generalizability
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of the results may be questioned and challenged because we
selected only one rural dwelling as the case study due to limited
experimental conditions, such as the measurement equipment
and the number of researchers.

Conclusions

This
measurements and subjective questionnaires in a rural

study conducts indoor thermal environment
dwelling in southwest China. It assesses human thermal comfort
using operational temperatures, explores the thermal comfort
conditions of rural dwellers in summer, and determines the
local neutral temperature for indoor thermal comfort. The main
findings of this study are summarized as follows.

1. In dwellings in rural areas, the presence of the window
and its size are essential factors that affect the comfort of rural
dwellers indoors. In summer, solar radiation through glazing can
heat indoor space. Additionally, solar radiation directly affects
the temperature and humidity, thereby influencing indoor
thermal comfort.

2. Among the various meteorological parameters of the
indoor thermal environment, residents in rural areas sensitively
perceive the change in temperature and air velocity but have
difficulty perceiving the change in humidity (the percentage of
“no change” is 93.05%). This finding suggests that when people
are exposed to a stable humidity environment (from 70 to 85%)
for a long time, their ability to perceive that parameter seems
compromised. That is to say, their adaptation to high humidity
is evident in this region with the hot and humid summer.

3. Rural dwellers have developed considerable experience
adapting to the local climate despite their poor economic
conditions. The neutral temperature (29.33°C) in Ty is higher
than the ASHRAE standard and the standard for urban residents
in summer. Due to their long-term thermal adaptation effect,
rural dwellers are also less thermally sensitive than urban
residents and have an extensive acceptable range of indoor
neutral temperatures (27.77-30.88°C).

4. In addition to psychological thermal adaptation, the
adaptive behavior adopted by the rural dwellers significantly
enhances their ability to tolerate adverse environmental
conditions (the percentage of “comfortable” and “slightly
comfortable” combined is 89.35%). This study suggests that
these rural dwellers have developed unique lifestyles and
measures to adapt to the harsh thermal conditions of
summer. In addition, even when air-conditioners are installed
in conventional homes, the influence of residents’ previous
cooling experience remains, which significantly increases
their satisfaction with their environment. Thermal adaptation
behavior alleviates residents’ discomfort caused by temperature
deviations and expands their comfort zone.

5. At this stage, many rural dwellers are older adults
who still adhere to using very few or no energy-consuming
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cooling devices. They refuse to use the air-conditioner for space
cooling even in the presence of high temperatures. This is
dangerous because the high temperature may affect the health
of older adults and thus lead to heat-related morbidity and
even mortality. Therefore, the renovation program of residential
buildings in rural areas should be further improved, and
more passive cooling measures should be taken to enhance
the indoor thermal environment, which can decrease energy
consumption and energy bills on the one hand and ensure
the health of residents in the extreme hot events on the
other hand.
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The distribution of school districts would largely influence people’'s commuting
distance, but this association is hardly examined. This study applies the
2015 Xiamen household travel survey to investigate the associations
between the school district and parental commuting behavior. The results
showed that school districts mainly affect the parents’ commuting distance
when the interaction effects between gender and commuting distance are
considered. Specifically, the school district is positively associated with
commuting distances for males, whereas the opposite trend is observed for
females. Then, variations exist in the effects of the school district on parental
commuting distance between respondents with different levels of education.
The school district quality is positively associated with the commuting distance
for respondents without college degrees, especially male respondents, whereas
no significant association was found for more respondents with college
degrees. Male respondents, especially those without college degrees, suffer
higher costs and longer commuting distances than their female counterparts.
This study highlights that urban planners and policy makers should consider the
impact of school districts and rethink the most effective distribution of high-
quality primary schools to reduce socio-spatial inequality (e.g., disadvantage of
males in commuting).

KEYWORDS

travel behaviors, school district effects, socio-spatial inequality, gender differences,
China

Introduction

As an important component of daily life against urbanization, commuting behavior
exerts an effect on life satisfaction (Dickerson et al., 2014). In the past few decades,
changes in urban, physical, and social spaces have profoundly affected the commuting
behavior by changing the commuting time or distance (Li and Zhao, 2022). Due to
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differences in the time and resources allocated to activities, it is
widely recognized that the commuting behavior varies between
individuals, cities, and countries. For instance, the average
commuting time in the United States is 25 min, as opposed to
38 min in Europe (Rodrigue, 2020). Due to high population
density and traffic congestion, Asian cities have an average daily
commuting time of 50 min or more (Rodrigue, 2020). According
to Li (2021), long-time and/or long-distance commuting can
aggravate socio-spatial inequality and produce a range of socio-
economic issues. For instance, a lack of resources—which usually
indicates lack of money and/or time—will increase the physical
stress, affect mental adaption, and generate negative emotions
(Liu et al, 2022). Additionally, increased commuting time
inevitably reduces the community engagement activities,
thereby reducing the social capital (Putnam, 2000). Therefore,
how to decrease commuting distance and time has received wide
attention from both academic studies and planning/policy
practices.

Among the studies, gender differences in the commuting
behavior have received a wide attention. It is widely
acknowledged that given the household responsibility and
social norms, the women’s commuting distance is shorter
than that of men. Many studies have identified a range of
factors affecting the commuting time/distance for males and
females. These factors consist of individual and household
Crane (2007) revealed that
women with a higher level of education have a longer

characteristics. For instance,
commuting time. Schwanen (2007) found that with the
in the share of household

housework will decrease to a certain extent, thereby increasing

increase income, women’s
their commuting distance. Nevertheless, other studies showed no
significantly positive effect of education or income on female
commute. For instance, Fan (2017) confirmed that due to the
impact of gender roles, women still need to undertake more
housework, even if they earn more money (have a higher level of
education) than their husbands.

Although researchers have paid much attention to factors
that explain differences in the gender commuting gap, there is a
lack of literature that focuses on the association between school
districts and parental commuting behavior, especially in the
Asian context where school districts prevail. According to Fast
(2020), the school district, consisting of a community-based
learning area with one or more high-quality primary schools,
guarantees access to compulsory education in close proximity.
Only when parents buy a house in a particular school district can
their children be enrolled in that community school. Therefore,
high-quality school districts have become a scarce resource. In
the Chinese context, competing for favorable school districts not
only increases the household burden through purchasing
premium school district housing, but also has a profound
influence on parental commuting distance/time (Li and Zhao,
2022). When the school district housing is far from residential
neighborhoods, the increase of commuting time will occupy an
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individuals’ leisure time and boost pressure, thus resulting in a
series of socio-mental issues.

Despite the argued potential, our understanding of the
association between neighborhood-based school districts and
commuting behavior remains inadequate. First, some studies
have argued that whether neighborhoods have high-quality
primary schools may influence people’s travel behaviors (He
and Giuliano, 2018). This is because households with a high
capability to pay price premiums prefer to live near high-quality
schools whereas the lower-income families usually choose the
opposite option. Parents would have to face differed commute
behavior when this option is carried out. Second, previous studies
chiefly focused on the effects of school districts on students’
school travel behavior, whereas its relation to parents’
commuting behavior has been largely neglected (Lin and
Chang, 2010; Marzi et al, 2018; Fast, 2020). However,
identifying and, more accurately, distinguishing the school
district’s  influence on parental commuting behavior is
significant to increasing the status quo through interventions,
such as transportation and school district planning.

To fill the gaps, this study uses the 2015 Xiamen household
travel survey to investigate the associations between school
districts and parental commuting behavior at the individual
level. This study makes two-fold contributions. Theoretically,
this study is one of the first that empirically explores the effect of
school districts—whether to live in high-quality school districts
or not—on parental commuting behavior, which can enrich and
broaden the current discussions on school districts and parental
commuting behavior. Practically, this study can provide
references for policymakers and urban planners who are
interested in improving the neighborhood-based educational
resource layout for facilitating and encouraging sustainable
travel behaviors and practices.

In the following sections, Section 2 reviews the gender
differences in commuting behavior and the literature on
association between neighborhood-based factors (including
school districts) and the commuting behavior. Section 3
specifically introduces the data obtained and the methods
used by this study. Section 4 presents the research results,
followed by discussions on the results in Section 5. Section 6
concludes this study.

Literature review

Gender differences in commuting
behavior

Studies have intensively examined commuting behavior and
a significant difference in commuting behavior between females
and males has been specifically highlighted (Schwanen, 2007;
Eliasetal, 2015; Ta et al., 2022). Researchers found that males are
more mobile and can sustain longer commutes while working
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women commute much shorter distances (Johnston-
Anumonwo, 1992; Clark et al., 2003; Fan, 2017). Studies also
indicated that gender differences in the commuting behaviors
among two-worker households are more apparent than among
one-worker households (Johnston-Anumonwo, 1992).

In the literature, a range of factors have been argued to
influence the gender differences in commuting behavior,
including social customs, policy conditions, demographic, and
socio-economic characteristics such as household size, income,
education, car ownership, workplace, and accessibility, and
eventhe environment (Rosenbloom and Burns, 1993; Wang
and Chai, 2009; Hu et al, 2018; Korzhenevych and Jain,
2018). For instance, with regard to the characteristics of wage,
Madden and Chiu (1990) found that the change of job cannot
significantly increase women’s commuting distance. This is
explained by the fact that the spatial difference of wage is
small in these jobs. Additionally, the personal or household
characteristics may affect the commuting behavior. Mauch
and Taylor (1997) discovered that the gender differences in
the commuting time are highest among whites and lowest
among Hispanics. In this process, the commuting mode
played an important role in the commuting time of both men
and women. Due to a lack of transit provision and high car
ownership among males, males tended to disproportionately
make more tours and spend more time traveling by private
cars whereas women disproportionately walked. Then,
Rosenbloom and Burns (1993) found that due to females’
household and childcare roles and responsibilities, their travel
patterns differed from those of men. The birth of children may
profoundly change the responsibility of women. For example,
women may have part-time jobs or a shorter commuting
distance. Some scholars argued that there is a need to
improve the survey and conduct a holistic understanding of
the commuting behavior that take the interplay of activities
within the household into account. To do so, Elias et al.
(2015) adopted a tour-based approach to examine the
commuting behavior in Arab-Israeli communities and found
gender to be a significant predictor of commuting.

Furthermore, the role of culture was also stressed on
influencing females’ commuting behavior (Peters, 2001). For
instance, in a society featured with a gender segregation
culture, females are often arranged or required to take
segregated public transportation or to use segregated doors
and seats (Polk, 2004). As a result, their travel behavior would
differ considerably from that of males. Some studies revealed that
security and safety issues facing female commuters contributed
to the gender differences in commuting behavior (Whitzman,
2007). For instance, in a safe environment, females would prefer
to choose more public transportation trips (Kabeer, 2004). Note
that when culture is deemed as an influencing factor on
commuting or travel behavior, we should be cautious of the
operationalization problem (Hammel, 1990).
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Furthermore, education and income are associated with the
employed women’s commuting behavior (Lee et al., 2022). With
improved equality between men and women, women’s education
level has been gradually promoted during the past decades and
thus has been increasing their income (Tyer-Viola and Cesario,
2010). However, note that the wives’ share of the household
income is relatively lower than their husbands; therefore, married
men can have greater power on the allocation of household
resources such as the car (Ta et al, 2022). Consequently,
employed women may be more likely to choose non-
automobile modes of travel such as bus, subway, or even
walk, especially in families with the traditional contracts (Sold,
2016).

The explanation and interpretation regarding the gender
differences in commuting behavior can provide important
references for the optimization of public service and policies.
For instance, the double pressure of both income-earning and
household work forces married women to reduce the commuting
time and constrict the commuting distance (Turner and
Niemeier, 1997). This is named as the household
responsibility hypothesis (HRH), which indicates that, affected
by the social norms and gender identities, the married women
have to undertake the housework such as cooking and cleaning
(Gimenez-Nadal and Molina, 2016). Especially, the presence of
children may further shorten the commuting distance; women
with the children may select part-time jobs near their home (Lee
and McDonald, 2003).

School district/school district-housing
and parental commuting behaviors

Although some specific factors affecting parental commuting
behavior have been explored, little attention has been paid to
school districts in relation to commuting behavior. In the Chinese
context, a so-called school district means the designated region in
which high-quality primary schools are located, making it possible
for students to have free admissions to the nearest school (Wen
et al,, 2017; Peng et al, 2021). Furthermore, the school district
(policy) is specifically applied to the 9-year compulsory education
which includes primary school (6years) and middle school
(3 years). The rise of school districts results from the Chinese
neo-liberalistic education reform since the mid-1980s. Local
governments were empowered to administrate compulsory
education while private sectors and other market forces were
allowed to offer formal basic education (Wen et al, 2017; Xu
et al,, 2018). It is often argued that the neo-liberalistic education
reform has brought a range of benefits to the society such as
decreasing the local government’s financial load in offering basic
education, providing more possibilities for school-aged children,
and improving the hard and soft powers of the school (Wen et al,
2017).
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However, in reality, school-aged children are often not given
an equal quality of education. This is because their enrollment in
nearby public school is based on their local hukou and the
housing property (Xu et al, 2018). As Wen et al. (2017)
argued, housing ownership is deterministic to the access to a
high-quality primary school. If students own a local hukou and
their parents own housing property in one school district, they
are given the priority to enroll in that high-quality school.
Therefore, parents often attempt to buy houses in high-quality
school districts. This, however, has created the possibility for
parents’ rent-seeking behaviors. For instance, the value of basic
educational resources is often reflected in the surrounding
housing prices and the districts with high-quality schools
often have high housing prices. The result is that high-income
households can easily afford the housing price whereas low-
income families and their children are largely ruled out from the
school district-housing market (Li, 2021). Negatively, this
the
intensifies socio-economic inequalities such as school travel
distance/time (Yang et al., 2012; Xu et al., 2018; Fast, 2020).

In terms of the impacts of school districts on travel behavior,

aggravates residential segregation by income and

studies mainly investigated how school districts influence a
student’s school travel behavior. For instance, as parents
worried much about convenience, security, and the comfort of
children’s school travel, they would prefer to buy school district
housing for shortening the student’s school travel (Li, 2021). In
another study, Ewing and Cervero (2010) found that the quality
of schools such as sizes would affect student travel mode choices.

However, how a school district affects the parental
commuting behavior is understudied. As aforementioned,
individual-level socio-economic indicators such as differences
in gender, education, occupation and income influence parents’
district
consequently influencing their commuting behavior. With

capabilities of competing for school housing,
regard to gender, Ta et al. (2019) investigated the travel
behavior of females in Beijing and found that, given that
women have more household responsibility, they often
experience shorter commuting distance. In addition, with the
improvement of schooling, commuters can bear longer
commuting distance and time. This is because a higher
education leads to high-paying jobs, which can compensate
the commuting costs (Giménez-Nadal et al, 2022). This
influence was observed among commuters with different
occupations. For instance, Sermons and Koppelman (2001)
found that white-collar commuters in the San Francisco Bay
Metropolitan Area had longer commuting time compared with
blue-collar commuters, which results from the fact that white-
collar commuters would like to escape from the noise downtown,
and thus select the farther place of residence. Starting from this, a
hypothesis is made that school districts influence parental
commuting behavior since levels of school districts would
have different capitalized residential land values, which
influences households’ capability to pay the price premiums
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and their willingness and ability to live near high-quality
school district housing. In other words, parents (male and
female) with differed educations, occupations, and incomes
show different bid capabilities for high-quality school districts
and sustain different opportunity costs, thereby having differed
commuting behaviors. To test our hypothesis, this article takes
Xiamen as the study area, and explores this association.

Methodology
Study area and data source

Xiamen is a city located in the Fujian Province, Southeast
China, covering an area of 1,700 km* with a population of
5.2 million in 2021. It is one of the most densely populated
cities in China. The city has six districts, including Siming, Huli,
Haicang, Xiang’an, Jimei, and Tong’an. The municipality was
specifically listed in the state economic plan and is directly
supervised by the State Council, People’s Republic of China.
In the past four decades, Xiamen has experienced an intensive
urbanization process, leading to a huge change in urban forms
and built environments. In terms of the travel behavior, the
average commuting distance and time in 2020' have reached
22.8 km and 56.75 min, correspondingly.

To examine the relationship between school districts and
parental commuting behavior, the socio-economic and travel
data were collected from the 2015 Xiamen household travel
survey. The dataset consists of socioeconomic data (i.e., age,
gender, occupation, car ownership, education level, housing
attribute, etc.) data
destination, trip mode, trip purpose, travel time, etc.).

and travel behavior (e, origin,
Accounting for 3 % of Xiamen’s population, the total number
of trips was 219,552 and the commuting data were 49,531.
According to the purpose of this research, we further screened
the original data. Specifically, for each household, we only
retained the household with at least one primary school
the

commuting distance of these respondents. After filtering the

student and conducted a regression analysis on

data, a total of 5,419 commuting data were reserved.

Variables and methods

The dependent variable of this study is the logarithm of the
commuting distance. Note that the household travel survey did
not include the travel distance data but provided departure traffic
analysis zones (TAZs) and arrival TAZs. Thereby, we calculated
approximate values of parental commuting distance. First, the

1 https://www.numbeo.com/traffic/in/Xiamen
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FIGURE 1
The distribution of hot and provincial demonstration schools
in Xiamen.

centroid of each TAZ was calculated via using ArcGIS. Then,
ArcGIS’s Origin-Destination (OD) cost matrix analysis was
applied to acquire the commuting distance, spanning from
0.855 to 49.953 km. When the departure TAZ are the same
with the arrival TAZ, the OD distance is 0. However, this
would be impossible for the OD distance to be assigned a
zero value. Thereby, we calculated the average speed of each
commuting mode, multiplied by the travel time (provided by the
household survey data), to assign a new value to the OD distance
(see Supplementary Appendix SA for calculation details).
Furthermore, the school district data were collected from the
Website of Bendibao®. Two types of high-quality primary schools
are included in this study, including hot schools and provincial
demonstration schools. Here, a hot school indicates the school
that has a high reputation in the quality of education among the
local citizens, but the number of admissions of these schools is
limited. In other words, there exists a supply-demand mismatch,
an imbalance between supply and demand for the number of
schools in the market. They often receive high attention and were
once treated as model primary schools but now they are called
“hot schools”. Differed from provincial demonstration schools
that are officially confirmed as superior-quality schools, hot
schools are often officially announced to the public but are
not finally classified as any level of schools. Note that the year
of the socio-economic and commuting behavior data was 2015,
whereas the school district data consist of all high-quality schools
in 2021. Thus, we excluded those schools that were not model
schools (schools whose teaching quality was leading) before
2016 and finally obtained 45 hot schools (schools widely
sought after by parents and students) and 18 provincial

2 http://xm.bendibao.com/edu/202132/65119.shtm
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demonstration schools (schools recognized and supported by
the provincial government). The distribution of these schools is
illustrated in Figure 1. If the district in which one respondent
resides has a provincial demonstration school, we assigned this
relevant category to him/her. We did the same for the hot
schools. Other districts without high-quality schools were
assigned the category “ordinary schools”.

Furthermore, we divided the education level into two major
groups: higher-education groups and lower-education groups,
which werebased on whether they received college degrees. The
reason for this classification is that we would like to examine how
people with different levels of education select their school
districts and how the selection would influence their
commuting behavior. Then, the workers were classified as
blue-collar workers, pink-collar workers, and white-collar
workers, comprised 16 %, 31 %, and 53 % of the total sample
population, respectively. Gender differences in the parental
commuting behavior between these categories were paid
special attention.

Descriptive statistics

Table 1 shows the descriptive statistics of the variables.
Female and male respondents are at rates of 45.57 % and
54.43 %, respectively. The average travel distance of the
respondents is about 6,763 m, and more than half of the
respondents (53.51 %) live outside Xiamen Island. Then,
white-collar workers, pink-collar workers, and blue-collar
workers have rates of 55.72 %, 29.23 %, and 15.05 % and
most of the respondents (76.88 %) had local hukou. Around
76.47 % of the respondents lived in their own houses, 22.66 % in
rent houses, and only few lived in Danwei houses (0.86 %).
Concerning school districts, more than half of the respondents
chose to live in districts of ordinary schools (57.59 %), and the
proportions of living in districts of hot schools and provincial
schools were 26.79 % and 15.60 %, respectively.

Approximately 47.19 % of respondents received higher
education and of them, 44.73 % were females while 55.27 %
were males. It shows that people who received higher education
are more likely to have local hukou and tend to live in
neighborhoods with better access to transportation (higher
bus stop and road density), higher population, and job
density. Furthermore, respondents with college degrees have
longer commuting distance (7,136 m) compared to those
respondents without college degrees (6,628 m). Note that
64.33 % of respondents with college degrees live outside the
island of Xiamen, which is higher than those without college
degrees (44 %). Half of the respondents’ own cars and people
with college degrees have higher rates of car ownership. In terms
of school districts, about half of the respondents with college
degrees lived in districts with hot schools and provincial
demonstration schools (48.62 %), which is higher than that of
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TABLE 1 Descriptive statistics.

All sample

Variable Mean/percentage  Std. Dev
Travel Distance 6762.91 6915.67
Bus stop density (unit: per sq. km) 6.02 4.61
Road density (unit: per sq. km) 12.87 6.89
Population density (unit: 10,000 per sq. km)  1.13 0.79
Job density (unit: 10,000 per sq. km) 0.57 0.41
Xiamen Island

yes 46.49% 0.50

no 53.51% 0.50

Age 37.28 5.54
Education level

without college degrees 52.82% 0.50

with college degrees 45.35% 0.50

Mater or more 1.84% 0.13
Profession

White 55.72% 0.50

Pink 29.23% 0.45

Blue 15.05% 0.36
Hukou

Locals 76.88% 0.42

Migrants 23.12% 0.42
Home ownership

Danwei housing 0.86% 0.09

Owner-occupied housing 76.47% 0.42

Rental housing 22.66% 0.42

Car ownership 0.50 0.50

Household size 3.67 1.07
School district

Ordinary 57.59% 0.49

Hot 26.79% 0.44

Provincial 15.60% 0.36
Gender

Female 45.57% 0.50

Male 54.43% 0.50

the full sample. Among those without college degrees, this
proportion was only 36.83 %. This reveals that respondents
with college degrees tend to occupy more high-quality schools.

Results

To explore the relationship between a school district and
commuting time, we performed an ordinary least squares (OLS)
regression analysis (Table 2). The dependent variable is the
logarithm of the commuting distance. Model 1 presents a
simple model without any interaction effect, whereas Model
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Without college degrees With college degrees

Mean/percentage  Std. Dev. Mean/percentage  Std. Dev
6030.75 6628.70 7584.83 7136.60
5.09 4.01 7.06 4.99
11.55 6.52 14.35 7.01
1.05 0.80 1.22 077
051 039 0.64 041
56.15% 0.50 35.67% 0.48
43.85% 0.50 64.33% 0.48
37.28 623 37.28 4.65
35.37% 0.48 78.49% 041
39.47% 0.49 17.78% 0.38
25.16% 043 3.73% 0.19
65.67% 047 89.42% 031
34.33% 047 10.58% 031
0.73% 0.09 1.01% 0.10
66.68% 047 87.44% 0.33
32.59% 047 11.55% 0.32
045 0.50 0.56 050
372 112 3.62 1.00
63.13% 048 51.38% 050
23.87% 043 30.07% 046
12.96% 0.34 18.55% 039
46.32% 0.50 44.73% 0.50
53.68% 0.50 55.27% 0.50

2 considers the interaction effects between gender and school
districts. Here, the interaction effect indicates the mutual effects
of two or more variables on the process outcome. It occurs when
the effect of one independent variable relies on another
independent variable.

In terms of the built environment, population density has a
positive association with the commuting distance. According to
Litman (2017), higher urban densities are often related to longer
commuting time and greater traffic congestion, which was
reconfirmed in this article. Then, the job density is negatively
associated with the commuting distance, indicating that the more
jobs around the residence, the shorter the commuting distance. This
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TABLE 2 Regression of the natural logarithm of commuting distance.

Model 1 Model 2
Variables Coef Std. Dev coef Std. Dev
Bus stop density -0.002 0.004 -0.002 0.004
Road density -0.001 0.003 -00.000 0.003
Population density 0.059* 0.034 0.059* 0.034
Job density —0.237* 0.075 —0.239%* 0.075
Xiamen Island 0.100*** 0.038 0.101%* 0.038
Age —0.006** 0.003 —0.006** 0.003
Education level (ref: without college)
college 0.231%%* 0.032 0.231%%* 0.032
Master or more 0.256** 0.104 0.252** 0.105
Profession (ref: White)
Pink —0.080** 0.033 —-0.078** 0.033
Blue 0.076* 0.042 0.079* 0.042
Hukou (ref: migrants) 0.045 0.047 0.046 0.047
Locals
Home ownership — — — —
Danwei housing 0.206 0.170 0.206 0.169
Owner-occupied housing ~ 0.165** 0.048 0.166*** 0.048
Car ownership 0.273%%* 0.031 0.273%0* 0.031
Household size 0.014 0.013 0.014 0.013
School district (ref: Ordinary)
Hot -0.013 0.032 -0.025 0.047
Provincial 0.005 0.040 -0.073 0.056
Gender 0.296*** 0.030 0.267*** 0.037
Male
School district*Gender — — — —
Hot*Male — — 0.022 0.063
Provincial*Male — — 0.148** 0.075
Constant 7.994*%* 0.117 8.008*** 0.117
Observations 5,419 — 5,419 —
R-squared 0.089 — 0.090 —

p< 0.01, **p< 0.05, *p< 0.1.

is understandable that residents would prefer to find jobs nearby (Li
et al,, 2021). Whether people live on Xiamen Island also affects the
commuting distance. As the results show, respondents who live on
Xiamen Island experienced a longer commuting distance. One
explanation is that in the past decade, a range of manufacturing
industries were relocated outside the Xiamen Island, and people who
once lived on the Xiamen Island would face longer commuting
distance after the relocation. Age is negatively associated with
commuting distance. This is understandable that older people
would occupy more resources, thus they are more likely to have
a chance to live near school districts.

Socio-economic factors as covariates also influence parental
commuting distance. The level of education is positively
associated ~ with that

commuting  distance, indicating
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respondents with college degrees have longer commuting
distances (Cassel et al, 2013). The reason may be that some
highly skilled and specialized jobs are concentrated in some areas
of the city like the central business district (CBD) (Li et al., 2019),
while low-income workspaces are more widely distributed, such
as convenience stores (Manaugh et al, 2010). Consequently,
people tend to be closer to low-paying jobs but far from high-
paying skilled jobs (Manaugh et al, 2010). The significant
association between the commuting distance and profession
also confirms this finding. Given that the wage of a blue-
collar work is relatively lower than that of a white-collar
work, they have to choose housing with longer commute
distance. The pink-collar profession is negatively associated
with commuting distance. Another interesting finding is that
differing from previous findings (Li et al., 2021), when only
families with school-aged children are considered, blue-collar
workers travel longer than white-collar workers. One possible
reason is that blue-collar workers live in dormitories of their
workplaces before they get married. Once they get married and
have children of their own, they may relocate to school districts
areas for better access to schooling. Hukou had no significant
effect on travel distance. Compared to those who rent, those who
own homes have a longer commuting distance, so as those who
have a car (Plaut, 2006; Islam and Saphores, 2022).

Model 2 presents the result with interaction effects between
gender and school districts. The positive and negative effects of
the control variables, such as built environment and socio-
economic attributes on the commuting distance are similar to
those in Model 1. In terms of the focus variables, when the gender
difference was not considered, the quality of school districts had
no effect on the residents’ travel distance. After considering the
interaction effects between gender and school districts in Model
2, school districts have a significant impact on the commuting
distance. As can be seen from Figure 2A, a male’s commuting
distance is generally longer than that of a female, especially one
who lived in districts of provincial demonstration schools. The
possible reason for this result is that in order to facilitate women
to take care of children, husbands tend to choose to live closer to
their wives’ work places, resulting in a longer commuting
distance for men. Another explanation is that in China,
women are often responsible for picking up their children
(Zhang (2022); consequently, females would choose to find a
job closer to the school district. Table 3 further shows the gender
differences in picking up children at different quality schools.
With the increase of the level of school quality, the proportion of
women picking up is on the rise, while men show the opposite
trend. This implies that the higher the quality of the school
districts, the higher their wives drop off their children.

Models 3 and Model 4 show the regression results of
respondents without college degrees, and Model 4 presents the
interaction effects between gender and school districts. Model
5 and Model 6 show the regression results of the respondents
with college degrees, and Model 6 considers the interaction
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(A) Gender difference in the commuting distance of all respondents, (B) Gender difference in the commuting distance of respondents without
college degrees; (C) Gender difference in the commuting distance of respondents with college degrees.

TABLE 3 Gender differences in the percentage of kid drop-offs.

Female (%) Male (%)
Ordinary 59.5 40.5
Hot 63.7 36.3
Provincial demonstration 71.0 29.0

effects (Table 4). The results indicate that school districts have a
significant impact on respondents without college degrees,
especially for the male respondents in this group. For
instance, Figure 2B compares the gender difference in the
commuting distance. It reveals that in the districts of the
provincial demonstration schools, male respondents without
college degrees had a much longer commuting distance than
those of female respondents. This means that males without
college degrees are more likely to sacrifice their commuting time
to shorten their wives’ commuting distance. Table 5 further
shows the gender differences in kid drop-offs by educational
level and school quality. Among the groups with college degrees,
male and female have a similar rate of kid drop-offs. However,
among the groups without college degrees, the proportion of
females in kid drop-offs is significantly higher than that of males.
This can be explained that the improved education level increases
the females’ income, which consequently decreases the time they
spent on family like kid drop-offs whereas it increases the
proportion of males in kid drop-offs.

Except for the influence of school districts, the built
socio-economic factors also have a

environment and

mediating impact on the commuting distance of the
respondents. For instance, population and job location
density, whether living on Xiamen Island, age, occupation
type, housing ownership, and car ownership all affect the
commuting distance of respondents without college degrees.
This mediating influence is similar to the findings in Table 2.
For the group of respondents with college degrees, only car
ownership, family size and gender affect their commuting
whereas other factors show no

distance, significant
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association. The findings indicate that respondents without
college degrees face more restrictions on their commuting
behavior besides the school district effect.

Discussions

This research contributes to the existing studies with a focus
on the relationship between school districts and parental
commuting behavior. Special attention is paid to the gender
differences in the impact of the school district on parental
commuting behavior. This study is one of the first to
investigate the relationship between school districts and
parental commuting behaviors in the Chinese context.

First, we provide evidence that school districts have an
influence on commuting behavior, but the influence is
significant only after considering the interaction effect
between gender and commuting distance. We find that school
districts are positively associated with commuting distances for
men, while showing the opposite trend in the female
group. Although the study shows no association between the
school district and the commuting distance of the total sample, it
verifies that school districts would be vital in influencing the
travel behavior between males and females in high-density cities
in developing countries. The result confirms the finding by some
studies that the male is often subjected to longer commuting
distance/time (Kersting et al., 2021), and this feature is more
obvious in the Chinese context. As Wen et al. (2017) highlight,
males in China would often choose to reside near schools to
reduce the school travel of their children, whereas females are
often responsible for picking up kids and tend to work more
within their communities. The potential influence is that male
commuting distance significantly increases but females’
commuting distance would be much shorter compared to
their male counterparts.

Based on this finding, we highlighted that there is a need to
consider how the profits, expenses, and burdens related to
commuting are distributed across the population (e.g., females
and males) and to identify methods, plans, and policies that can
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TABLE 4 Regression of the natural logarithm of the commuting distance for respondents without/with college degrees.

Without college degrees

Model 3 Model 4

Variables coef Se coef se
Bus stop density -0.005 0.006 -0.006 0.006
Road density 0.003 0.004 0.003 0.004
Population density 0.097* 0.053 0.098* 0.053
Job density —0.429*** 0.113 —0.429*** 0.112
Xiamen Island 0.228*** 0.054 0.226%** 0.054
Age —0.009*** 0.003 —0.009*** 0.003
Profession (ref: White)

Pink —0.103** 0.044 —0.093** 0.044

Blue 0.087* 0.050 0.096* 0.050
Hukou ref: migrants

Locals 0.097 0.065 0.100 0.064
Home ownership

Danwei housing 0.389* 0.235 0.386* 0.228

Owner-occupied housing 0.169** 0.066 0.1740¢ 0.065

Car ownership 0.290%** 0.044 0.288*** 0.044

Household size -0.008 0.017 -0.010 0.017
School district (ref: Ordinary)

Hot -0.073 0.046 -0.103 0.065

Provincial 0.079 0.060 -0.125 0.080
Gender

Male 0.329%%* 0.041 0.267%** 0.050
School district*Gender

Hot*Male — — 0.054 0.089

Provincial*Male — — 0.399** 0.111

Constant 8.130** 0.146 8.159*** 0.146

Observations 2,866 — 2,866 —

R-squared 0.094 — 0.098 —
Note: ***p < 0.01, **p < 0.05, *p < 0.1.
TABLE 5 Gender differences in the percentage of picking up children.

Without college degree
Female (%) Male (%)

Ordinary 51.31 48.69
Hot 58.29 41.71
Provincial_demonstration 63.06 36.94

With college degrees

10.3389/fenvs.2022.1019753

Model 5 Model 6
coef se coef se
0.001 0.004 0.001 0.004
—0.003 0.003 —0.003 0.003
0.015 0.044 0.015 0.044
-0.073 0.097 -0.073 0.098
-0.027 0.052 —0.027 0.052
0.002 0.004 0.002 0.004
—0.041 0.050 —0.041 0.050
0.013 0.091 0.012 0.092
-0.073 0.069 -0.073 0.069
0.002 0.238 0.003 0.238
0.108 0.071 0.108 0.071
0.262+¢ 0.042 0.261%¢ 0.043
0.049** 0.021 0.049** 0.021
0.050 0.046 0.053 0.068
—0.046 0.053 —0.025 0.078
0.236"+¢ 0.043 0.245%¢ 0.057
— — ~0.006 0.089
— — —0.039 0.101
8.033 0.191 8.028%** 0.192
2,553 — 2,553 —
0.055 — 0.055 —

With college degree

Female (%) Male (%)

46.15 53.85

55.06 44.94

52.50 47.50

decrease gender commuting gap differences. For instance,

constructing more cost-effective and economical transport

facilities such as subways and para-transit services would help

improve parents’ accessibility to jobs and reduce their

commuting distance or time. In fact, a recent survey showed
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that in 2021 there were about 99.4 billion urban public transport

passengers in China, and of them, around half used buses or

trolleybuses, and around 23.7 billion passengers used the metro
(Statista Research Department, 2022). Our study finds that males,
especially those blue-collar males, suffered more cost or sustained
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longer commuting time. Thus, promoting the suggestions listed
previously could not only enable them to approach more job
opportunities, but could also allow them to have higher work
duration, subsequently improving their socio-economic
condition and position.

Second, the heterogeneous influence of school districts on
parental commuting behavior is also evidenced in the groups of
respondents with different levels of education. More specifically, we
find that the school district is positively associated with the
commuting distance of residents without college degrees,
especially for the male group. No significant association was
found among individuals with college degrees. The finding
implies that male respondents, especially those without college
degrees, would sustain longer commuting distances. This is
according to the finding by Li (2021) that long commutes are the
share of both those who are socially advantaged and disadvantaged.
The heterogeneity in the influence of school districts on parental
commuting behavior with different levels of education actually
reflects the long-standing inequality issue concerning affordability
of school district housing and accessibility of public services in
developing countries like China. As aforementioned, affordable
school district housing in China is important for accessing high-
quality primary schools and is vital in influencing parental travel
behavior and health. Thus, policy makers should rethink existing
resource allocation strategies and focus on the most effective
distribution of public service resources across city districts.

At present, efforts to tackle high-quality primary school
housing are related to random allocation or reorganization of
high-quality schools spatially. However, less attention has been
paid to target on offering more high-quality primary schools. In
particular, there is an extreme lack of government actions on
supplying high-quality primary schools to those low- and
households. this
recommends refining the public service policy by promoting

medium-income Therefore, study
social fairness concerning the supply and demand for high-
quality primary schools. This can be promoted through a
balanced spatial allocation of high-quality primary schools.
For instance, accessible high-quality primary schools to low-
and medium-income households could be included mandatorily
in the school district plan. Such measures would allow parents to
pay less time on commute and would significantly free up time
for other activities such as active travel.

We also acknowledge the limitations. First, the measurement
of commuting distance was based on TAZ calculations, thus,
values may truly reflect the real commuting behaviors of
parents. Further studies could use accelerometers and global
positioning system (GPS)-based tracking devices to collect more
accurate travel behavior data. Second, we did not consider the
commuters’ subjective attitude toward the association between
school districts and commuting behaviors, thus the relationship
could be overestimated or underestimated. Third, this cross-
sectional study indicated a correlation between variables, which
precluded inferred causality.
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Conclusion

The distribution of school districts would largely influence
parental commuting distance, but this association is hardly
this
examines the associations between a school district and

examined. This negligence stimulates study which
parental commuting behavior. The results show that the
school district mainly affects the residents’ commuting
distance when the interaction effects between gender and
commuting distance are considered. Specifically, a school
district is positively associated with the commuting distances
for males, whereas females show the opposite trend. Then,
variations exist in the effects of the school district on the
parental commuting distance between respondents with
different levels of education. A school district is positively
associated with the commuting distance of respondents
without college degrees, especially those male respondents,
whereas no significant association was found among
respondents with college degrees. Compared with females,
male respondents, especially those without college degrees,
suffer more cost and sustain longer commuting distance.
From this, this study highlights that urban planners and
policy makers should consider the school district influences
and rethink the most effective distribution of high-quality
primary schools to reduce socio-spatial inequalities (e.g.,

disadvantage of males in commute).
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It is currently unknown whether technological innovation will have spillover
or siphon effects on transport carbon emission efficiency (TCEE). Therefore,
this paper creates a spatial econometric model to explore the spatial effect of
technological innovation on TCEE. Taking 30 provinces in China as examples,
we find that the TCEE and the technical innovation index have similar evolution
characteristics (numerical value grows, the gap widens), and that both have a
spatial distribution that decreases from the eastern coast to the western inland.
Further research reveals that TCEE has a considerable siphon effects in China.
The siphon effect gets stronger the higher the TCEE. Although technology
innovation has the potential to improve TCEE in local province, the siphon
effect hinders TCEE improvement in surrounding provinces. Furthermore,
heterogeneity research reveals that excessive government intervention will
inhibit the promotion of technological innovation on TCEE. Greater levels of
government intervention in the middle and western regions than in the eastern
region have more obvious inhibitory impacts. The results demonstrate that
economic growth and transport structure have played a mediating role in the
process of technological innovation promoting TCEE. Regional collaboration
and less local protectionism can help the government achieve the dual goals
of technological innovation development and TCEE promotion.

technological innovation, carbon emission efficiency, transport industry, spatial
effect, government intervention, mechanism analysis

Introduction

Transportation is a basic and leading industry to support the development of
social economy. It is also an important field of energy consumption and carbon
dioxide emissions (1). According to International Energy Agency (2), Chinas carbon
emissions accounted for 31% of the global carbon emissions in 2020, while transportation
accounted for about 10% of the national carbon emissions, making it the third largest
carbon dioxide source after industry and construction (3). Carbon emissions from
transport sector will continue to rise in the future as people’s living standards rise (4).
China is facing enormous pressure to reduce emissions.
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In order to achieve the emission reduction targets of the
transportation industry, the Chinese government has issued a
series of policies and laws. In 2019, the State Council issued
the Program of Building National Strength in Transportation,
which clearly pointed out that it is necessary to promote the
transformation of transportation development from pursuing
speed and scale to focusing on quality and efficiency,
shift attention from independent development to integrated
development, and promote innovation instead of relying on
traditional elements (5). The report of the Communist Party
of Chinas 19th National Congress pointed out that scientific
and technological innovation is not only a critical factor in
achieving the carbon emission reduction target and developing
a low-carbon economy, but also an inherent requirement for
China’s high-quality economic development. It has become the
main driving force of carbon emission reduction in China,
and the improvement of carbon emission efficiency has also
forced the government and enterprises to carry out scientific and
technological innovation to varying degrees (6).

At present, it is still unclear how technological innovation
will affect the transport carbon emission efficiency. Some
researchers believe that technological innovation may reduce
carbon emission efficiency, because it may require more energy
consumption, which will lead to more carbon emissions (7,
8). However, more researchers are coming to the conclusion
that technological innovation can improve carbon emission
efficiency by developing new techniques to reduce carbon
emissions and improving traditional measures of pollutant
emission reduction (9-12). Furthermore, according to Karacay
(13), capital, labor and other elements of production tend to
flow to regions with advanced technology, which may reduce the
carbon emission reduction capacity of regions with backward
technology. This statement also applies to China. Although
China’s science and technology has advanced quickly over the
past 40 years, there is still a significant imbalance between
regions, and the competition is fierce (14). Over-concentration
of production factors in sophisticated regions will reduce
the overall resource allocation efficiency when resources are
constrained. The technological development gap would widen
due to insufficient growth drivers and incentives in neighboring
provinces, ultimately lowering carbon emission efficiency (15).

In addition, evidence indicates that technological innovation
has obvious spatial dependence (16). The advancement of
science and technology in one region affects not only
local economic activities and carbon emissions, but also the
production and living activities of other regions through
information transmission and factor flow, so impacting carbon
emission efficiency (17, 18). Therefore, spatial effect is a
critical consideration when assessing the influence of technical
innovation on carbon efficiency. Most studies, however, have
overlooked it. Although some scholars have taken into
account the spatial effect, most of them have neglected the
influence of spatial weights on the spatial correlation of carbon

Frontiersin Public Health

176

10.3389/fpubh.2022.1028501

emission efficiency (19). The existing literature mainly adopts
a symmetrical weighting scheme based on the adjacency or
distance principle, and the mutual influence between the two
evaluation units is consistent by default (20, 21). In fact, the
transportation network transcends geographical boundaries and
distance constraints, enabling people and goods in non-adjacent
regions to be transported over long distances, which may lead
to the asymmetry of the interaction between the two provinces,
and thus lead to inaccurate measurement results.

Based on the above analysis, there is no uniform answer
to the impact of technological innovation on TCEE at
present, we think it is necessary to find out the spatial
relationship between technological innovation and TCEE, which
will help to find out the driving mechanism of TCEE and
provide a new path for carbon emission reduction. Our
research has made contributions to the existing literature.
Firstly, the theoretical foundation has a certain frontier.
According to the concept of green development and the
strategic requirements of a strong transportation country,
we have separately constructed the evaluation framework
of transportation carbon emission efficiency and science
and technology innovation index, and discussed the spatial
relationship between them, thus organically integrating the
green development of transportation industry, environmental
constraints and science and technology innovation. The research
results enrich the theoretical framework of carbon emission
efficiency of transportation and improve the development theory
of transportation emission reduction path.

Secondly, the research perspective innovation. Based on
the spatial theory, we use spatial pattern statistics and testing
methods to measure the spatio-temporal characteristics and
spatial relationship of China’s transportation carbon emission
efficiency and science and technology innovation index from the
macro level. We also use the principles of proximity, distance
and reciprocal of economic distance to construct three spatial
weight matrices, which prove the rationality of asymmetric
spatial weights in judging TCEE spatial relations. This is helpful
to clarify the growth mechanism of carbon emission efficiency of
transportation, and provides a new idea for speeding up carbon
emission reduction of transportation.

Thirdly, the research results are worth popularizing. On
the basis of identifying the spatial characteristics of China’s
transportation carbon emission efficiency, the spatial effect
of scientific and technological innovation on transportation
carbon emission efficiency, the heterogeneity and transmission
mechanism of government intervention are measured by spatial
econometric model, and targeted and differentiated strategies
for improving transportation carbon emission efficiency are
put forward. Our conclusion is helpful to fully understand
the spatial effect of scientific and technological innovation
on carbon emission efficiency of transportation, and have
important practical value in assisting the transportation industry
to cope with carbon emission peak and carbon neutrality.
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Literature review

The
for the building green transportation. Transport sector

carbon emission efficiency is very important

is one of the major carbon emitters. Improving the
carbon emission efficiency of the transport sector is
the essential courses to build green transportation and
innovation is
the

transformation of energy structure and improve energy

realize carbon neutrality. Technological

an important carrier and breakthrough to drive

efficiency, which can affect carbon emission efficiency
to a large extent. Therefore, we will review relevant
literature from two aspects: carbon emission efficiency
and the influence of technological innovation on carbon
emission efficiency.

Many scholars have conducted relevant research on carbon
emission efficiency, with a particular focus on the following
aspects: carbon emission efficiency measurement (22, 23), spatial
effect (24, 25), and driving factors (26, 27). Single-factor method
was first applied to measure carbon emission efficiency due
to its simple operation (28-30). Subsequently, some scholars
began to use the total-factor evaluation method, such as data
envelopment analysis (DEA), to measure the TCEE (31, 32).
For example, Cui and Li (33) employed the virtual frontier
data envelopment analysis model to evaluate the TCEE in
15 countries and used the Tobit regression model to identify
the major contributing factors. Ren et al. (34) established a
DEA model with radial opportunity constraints to calculate the
TCEE of China. Park et al. (35) used the SBM model to assess
the environmental efficiency of the transport industry in the
United States from 2004 to 2012, and estimated the carbon
emission reduction potential of 50 U.S. states. Omrani et al.
(36) rank the operation efficiency of the transport departments
in Iran’s provinces using the cooperative game and cross-
efficiency technique.

In addition, some scholars have discussed the spatial
heterogeneity of carbon emission efficiency, but neglected the
influence of asymmetric spatial weights (2, 37-39). Previous
research has primarily used symmetric spatial weight matrices,
such as the adjacency and distance matrices, in which the
mutual impact between the two evaluation units is consistent
by default (19). However, this does not fully reflect the mutual
influence of geographical elements in different evaluation units.
For example, due to varying levels of economic development,
the impact of province i on j is often different from that of
province j on i. Therefore, setting the spatial weight among
the evaluation units as an asymmetric weight in the application
process can more effectively reflect the spatial heterogeneity
of geographical elements (40, 41). Besides, scholars also use
exponential decomposition (42, 43), input-output (31, 44) and
econometric models (45, 46) to study the driving mechanism of
carbon efficiency. Unlike the index decomposition, input-output
and the traditional econometric regression model, the spatial
econometric model can take account of the spatial factors, and
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gradually becomes the mainstream method for investigating the
elements that influence carbon emission efficiency (47).

At present, there is no unified assessment standard for
the index of technological innovation, and academic circles
hold different views on the impact of technological innovation
on carbon efficiency. Many academics argue that technical
innovation can promote the promotion and utilization of
new energy and the improvement of energy use efficiency,
reducing the total carbon emissions (46, 48), and the research
and application of carbon reduction technology can improve
carbon efficiency (49, 50). However, Some studies believe
that the promotion effect of technology on improving energy
efficiency is not enough to offset the expansion effect of
carbon emissions in the process of production and living,
which is not conducive to the ultimate improvement of carbon
emission efficiency (8). For example, Lee and Brahmasrene (51),
Salahuddin et al. (52) investigate the impact of technological
development on carbon emissions in nine ASEAN countries and
all OECD countries, finding that the internet use significantly
increases the carbon emissions in these countries. Another
viewpoint is that the impact of technological innovation on
carbon emission efficiency is uncertain (53). The “double-edged
sword” effect of technological innovation not only enhances
energy utilization efficiency, but also intensifies the increase of
energy consumption and total carbon emissions. The direction
of technological innovation’s influence on carbon emission
efficiency is unknown due to the combined action of the driving
and constraining effects (54).

To sum up, there is no uniform answer to the impact of
technological innovation on TCEE, which could be owing to
differences in research regions, time periods and backgrounds.
In addition, most studies in this field ignore the spatial effect.
Although some studies do consider the spatial effect, they often
assume that regional interactions are constant, ignoring the
asymmetric effect caused by regional differences, which leads
to biased conclusions. Therefore, our research attempts to solve
the following problems: First, what is the development level of
the technological innovation and TCEE in China, and is there a
spatial relationship between them? Second, would technological
innovation have a significant impact on TCEE? If so, which
effect is more dominant: spillage or siphon? Third, is there any
heterogeneity in the spatial impact of technological innovation
on the TCEE? Does government intervention work? Fourth,
How does technological innovation affect TCEE, and what is its
transmission mechanism?

Materials and methods

Data
Measuring index system of TCEE

We used input-output data from the transport industry
from 2003 to 2018 for 30 provincial administrative regions
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in China (excluding Taiwan, Tibet, Hong Kong, Macau). The
socioeconomic data were obtained from the China Statistical
Yearbook (55), while the energy data were obtained from the
China Energy Statistics Yearbook (56). The specific indicator
descriptions are shown in Table 1.

Note, the capital stock of the transport industry was
calculated using the perpetual inventory method (57). The data
were converted to 2003 base period prices; the added value of
the transport industry was also treated. Additionally, according
to the conversion coefficient of standard coal, as published in
the China Energy Statistics Yearbook, all types of energy were
standardized and converted to calculate the energy consumption
of the transport industry. Transport carbon emission data is
calculated according to Liu et al. (58).

Technological innovation index

At present, there is no unified standard for the calculation
of technological innovation index in China. On the basis of
previous studies, this paper constructs China’s provincial-level
comprehensive index of technological innovation from seven
aspects: hardware facilities, capital investment, talent training,
service intensity, technological achievements, achievement
transformation and energy saving level (see Table 2). Please
refer to the reference of Ma et al. (31) for the specific
calculation process.

Mediator variables
Economic level (Inpgdp)

On the one hand, technological innovation has greatly
changed people’s life and production mode, and effectively
promoted economic growth. Undoubtedly, science and
technology are the primary productive forces, and technological
innovation is the core power of economic development (59).
On the other hand, sustained economic development will
improve people’s quality of life and increase transport demand.
In addition, the expansion of cities and population has further
stimulated the growth of transport demand, which may increase
energy consumption and carbon emissions (58). However, with
the change of economic growth mode to green and high-quality
growth, people’s consumption habits and travel modes have
also changed. Public transportation has become a new fashion,
and clean energy vehicles are also replacing fossil energy-fueled
vehicles. This will help to reduce carbon dioxide emissions,
thus affecting the changes of TCEE. Therefore, we believe that
technological innovation can affect the TCEE by improving
economic operation efficiency, reducing economic costs and
changing travel modes. The economic level is expressed as the
logarithm of GDP per capita, which is the data were converted
to 2003 base period prices.
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Transport structure

Technology innovation promotes the optimization and
upgrading of transport structure in two aspects. One is
the transformation of electrification. Science and technology
innovation promotes the widespread application of natural gas
buses and new energy vehicles. The other one is the digital
upgrade. New Internet technologies is constantly integrated
with the intelligent transport field to make more effective use
of resources (60). For example, the Electronic Toll Collection
(ETC) charging system reduces the braking and restarting
of vehicles, which can reduce carbon dioxide emissions by
over 50%. In terms of new infrastructure such as high-
speed rail, intercity rail transit and charging pile network, the
comprehensive application of artificial intelligence (AI), big
data, cloud computing and other technologies can improve
transport efficiency and reduce resource consumption and
carbon emissions. Energy consumption mainly reflects the
impact of the transport structure on the TCEE. As a “green”
mode of transport, an increased proportion of railway and
waterway transport use yields reduced energy consumption,
which is conducive to improving the TCEE. Conversely, the
higher the proportion of road transport, the lower the TCEE
(19). Based on the large proportion of current road transport in
China, we used the ratio of road turnover and comprehensive
turnover to measure the transport structure.

Control variables

To make the results more accurate, some important control
variables are added to the model. It include population size
(Inpop), industrial structure (ins), urbanization level (urban),
energy structure (ems), and transport intensity (tri). The
following describes all of the variables used in this study.

Population size

The impact of the population size on the TCEE is
bidirectional (19). The expansion of the population scale
accelerates the spatial flow of people and goods between
provinces, resulting in an increase in the transport demand,
which in turn leads to an increase in energy consumption and
CO2 emissions and a decrease in the TCEE. Furthermore, an
increase in the transport demand due to population expansion
increases the economic output of the transport industry and
improves the TCEE. We used the total population of a province
to determine its population size.

Industrial structure

The optimisation of and upgrades to the industrial structure
can promote regional economic growth, increase transport
demand, and change transport intensity. Furthermore, the
evolution of the industrial structure can change the energy
consumption structure and transition economic development
from relying on fossil fuels, such as coal and petroleum, to
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TABLE 1 Transport carbon emission efficiency evaluation index system.

10.3389/fpubh.2022.1028501

Indicators Level 1 indicators Level 2 indicators Unit
Input Infrastructure Total mileage of road, railway, waterway, and pipeline transportation 10,000 kilometers
network
Capital stock Capital stock in transportation 100 million
Labor force Individuals employed in the transportation industry Individuals
Energy consumption Energy consumption in transportation 10,000 tons of standard coal
Output Expected output Value added in transportation 100 million

Unexpected output

TABLE 2 The index system of technological innovation.

Target layer First-level index

Technological innovation index Hardware facilities

Capital investment
Talent training
Service intensity

Technological achievements

Achievement transformation

CO2 emissions of transportation

10,000 tons
Second-level index Indicator type ~ Weight
Penetration rate of internet Positive 0.082
Proportion of science and education expenditure to Positive 0.026
government budget expenditure
Number of people per 10,000 with university degree or Positive 0.034
above.
Full-time equivalent of R&D personnel Positive 0.084
Number of patent authorizations Positive 0.267
Trade in technology markets Positive 0.345
Reciprocal of energy intensity Positive 0.162

Energy saving level

clean energy, which effectively reduces carbon emissions and
improves the TCEE (61). In this study, the proportion of the
tertiary industry was used to represent the industrial structure.

Urbanization level

Urbanization is a dynamic process, involving population,
space, economy and society. On the one hand, the advancement
of
agglomeration and economic growth. On the other hand,

urbanization can effectively promote population
urban expansion will bring more traffic demand, and increase
carbon emissions of industry and service industries and product
consumption. Therefore, the influence of urbanization on TCEE
is uncertain. We use the ratio of urban population to the total

population to express the urbanization level.

Energy structure

The impact of the energy structure on the TCEE mainly
depends on the consumption ratio of diesel oil and gasoline.
Owing to its high carbon emissions coefficient and maximum
consumption, the higher the ratio of the energy structure,
the lower the TCEE (20). Therefore, the energy structure was
expressed as the ratio of diesel and gasoline consumption to the
total energy consumption of the transport industry.

Transport intensity
Transport intensity can reflect the relationship between
transport and economic development, which is usually
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expressed as the ratio of the transport turnover to the regional
GDP. A lower transport intensity usually indicates a higher
technical level of transport organization and management (Shao
and Wang, 2021); thus, the TCEE is higher. When calculating
this index, passenger and freight volumes were converted
into a comprehensive conversion turnover according to the
conversion coefficient specified by the Chinese statistical system.
The descriptive statistics of the variables are reported in
Table 3, and we calculated the variance inflation factor (VIF) of
each variable to prevent multicollinearity (Table 3). The results
showed that the VIF values were all < 5, indicating that no
multicollinearity was present among the variables.

Methods

SBM-DEA model for TCEE calculation

The DEA model is the most popular method for measuring
the carbon emissions efficiency (35, 62, 63). Among the various
DEA models (e.g., the CCR, BCC, and SBM, among others),
the SBM model proposed by Tone (64) considers unexpected
output and reveals the influence of slacks on the measured value.
Therefore, we selected the SBM model to measure the TCEE.
We do not give the particular calculation formula in this work
because the SBM model is mature and widely used. Please see
Ma et al. (31) for details.
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TABLE 3 Descriptive statistics and multicollinearity test of the
variables.

Variable Obs. Mean Std.Dev. Min Max VIF

TCEE 540 0.480 0.264 0.091 1 -

S 540 0.126 0.103 0.009 0.728 4.31
Inpgdp 540 10.324 0.740 8.218 12.013 491
trs 540 0.332 0.186 0.006 0.729 1.32
Inpop 540 8.176 0.749 6.280 9.443 1.52
ins 540 0.443 0.095 0.283 0.839 3.65
urban 540 0.532 0.149 0.238 0.942 4.25
ens 540 0.689 0.205 0.081 1.028 234
tri 540 0.440 0.388 0.062 3.961 1.30

Spatial Durbin model

The spatial lag model (SLM), spatial error model (SEM),
spatial autoregressive (SAR) model, and spatial Durbin model
(SDM) are all classic models for characterizing spatial effects
(19, 65). Among them, the SLM is mainly used to describe an
endogenous interaction effect between the interpreted variables
(Y). The SAR model mainly describes an exogenous interaction
effect between the explanatory variables (X). The SEM mainly
describes an interaction effect between the error items ().
Finally, the SDM comprehensively considers an endogenous
interaction effect among the interpreted variables (Y) and an
exogenous interaction between the explanatory variables (X)
and related error items (g). Therefore, we employ SDM to
assess the spatial effect of technological innovation on TCEE,
as follows:

m
Yit = ao+ pWYir + vSit + Bk ZX;t,k + WS
k=1
+ MWXik + i + & + it (1)

where Yj; represents the TCEE of province i in year ¢. Sif is
the core explanatory variable (technological innovation index)
and y is its coefficient. W is a spatial weight matrix. p, y1
represents the coefficient of the spatial lag term for the Yj; and
Sit» respectively. Xj; . is the kth control variable in period ¢ in
province i, B and Aj are the regression coefficient and spatial
lag coefficient of the kth control variable, respectively. n and m
are the number of regions and control variables, respectively. u;
and & represent the time and spatial fixed effects, respectively,
and ¢gj; is a random error.

However, the introduction of spatial weights transformed
the linear structure of the spatial econometric model into a
nonlinear structure, potentially resulting in a feedback effect
(66). As a result, the regression coefficient obtained by the SDM
cannot fully reflect the impact of the S;j; on Yj. To solve this
problem, Lesage and Pace (67) transformed both the SDM into
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a partial derivative matrix and the regression results into direct,
indirect, and total effects, which represent the average influence
that the core explanatory variable (S;;) has on explained variable
(Yis) of local province, other provinces, and all provinces,
respectively, calculated as follows:

Y=(-pW) L (BS+0OWS)+E 2)

where E contains the error and constant term. The partial
derivative matrix of the S to Y, can be written as follows:

o n

ds k Js k

[ Y BY] ' "
0x ds - : o

te Tk Oyn . Oyn
BB Sk

Br w120 w1y

(L= w1 w210 Br  wanbi
—p . . .

w10 w20k B

where the average value of the elements on the main diagonal
is a direct effect, representing the influence of the S on Y in this
province. The average value of elements on the off-diagonal line
is indirect effect, representing the influence of the Son Y in other
province. The sum of direct and indirect effect is the total effect.

Setting of spatial weights

Reasonable values for the spatial weight matrix is
particularly important for determining the spatial relationship
of the research objects. Therefore, we established the following
three spatial weighting schemes to determine the impact of
the spatial weight on the spatial relationship of the TCEE and
technological innovation index.

Spatial weighting scheme based on spatial adjacency
(W4) principle

There are two spatial adjacent weight matrices. One is
based on a common vertex, i.e., two evaluation units require
common points for adjacency. The other is based on common
edges, i.e., given that there are common edges between two
evaluation units, they can be considered adjacent. In this study,
30 provinces in China were used as evaluation units. As there
were no common vertices among the different provinces, the
second spatial adjacent weight matrix was selected.

1 (Province i and j have a common boundary)

W" =
Y 0 (Otherwise)

4)
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Spatial weighting scheme based on spatial distance
(W5) principle

There are three types of spatial distance weight matrices
based on the following principles: minimum distance, polygon,
and reciprocal distance. The spatial weight matrix based on
the minimum distance principle uses a certain distance as the
threshold value. If the distance between two provinces is less
than the threshold value, they are considered adjacent and
assigned a value of 1; otherwise, they are considered non-
adjacent and assigned a value of 0 (68). According to the spatial
weight matrix based on the polygon principle, the nearest points
in space can form a specific polygon with a common boundary
as its neighbor, with a value of 1; otherwise, the weight is 0. The
spatial weight matrix, which is based on the reciprocal distance
principle, states that the correlation between evaluation units is
inversely proportional to their distance. The transport network
breaks the the limit of distance between provinces. According
to the distance attenuation principle, the third space distance
weight matrix was selected as follows:

%U#ﬁ
0(i=j)

ij = (5)

where d is the distance between the geographical centers of
the provinces. This paper uses the longitude and latitude of the
provincial capital city center to calculate the provincial distance.

An asymmetric spatial weighting scheme based on
economy-distance reciprocal (W3)

The above two spatial weight matrices are symmetric
matrices because the mutual influence between two evaluation
units in these matrices is, by default, identical. However, due
to the driving factors, such as the economic level, resource
endowment, and others, the mutual influence between two
regions differs, even with distance. Therefore, when calculating
the spatial correlation of the TCEE and technological innovation
index, setting the spatial weight as asymmetric may be more
realistic. The asymmetric spatial weight matrix with the
economy-distance reciprocal was introduced into the spatial
correlation measurement.

\1/2 .
W,’j= (%) Xdiij(l#])
0=

(6)

where G; and G;j represent the GDP of provinces i and
Jj respectively.

Spatial mediating model

Based on the significance test results («¢1) of model (1),
a spatial mediating model is constructed by using the three-
step method of mediating effect and spatial econometric model
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(69, 70), and the transmission mechanism of technological
innovation on the TCEE is discussed.

m
@0 + ¥Sit + B Y Xiek + Vi WSit + MWXig g + i
k=1

&t + ¢t @)

m

= g + ¢Sit + P1 WSir + vMir + vi WM;e + By Z Xitk
k=1

+

MWXi g + i + & + i (8)

Where M;j; represents the mediating variables. If the
coeficients y, v, ¢ are significant, the mediating variable M;
plays a partial mediation effect. If the coefficients A, v are
significant and ¢ is not significant, the mediating variable M;
plays a full mediation effect.

Results

The spatio-temporal characteristics of
TCEE and technological innovation index

Figure 1 shows the time-varying trends of TCEE and
technological innovation index in China. According to
Figure 1A, the TCEE has obvious “double peak” distribution
at four time nodes. The first peak’s efficiency value is around
0.3, while the second peak’s efficiency value is 1, indicating
that China’s transport carbon emission efficiency has obvious
polarization during the study period, with most provinces
having low efficiency. Specifically, from 2003 to 2010, the
peak width of TCEE narrowed and the median moved up
slightly, indicating that the TCEE improved. The box-plot
become shorter, indicating that the degree of TCEE dispersion
is reducing and the regional differences are shrinking. From
2010 to 2020, the peak width of TCEE widened, and the Kernel
density curve and median moved up, which indicated that
TCEE was on the rise, while the dispersion was enlarged and
the polarization was aggravated. The technological innovation
index shows a “single peak” distribution, as seen in Figure 1B.
With the passage of time, the Kernel density curve moves
up, the peak width and the box-plot stretches, indicating that
China’s technological innovation index presents an upward
trend during the research period, but tends to be discrete and
the regional differences become larger.

Figure 2 describes the spatial distribution patterns of the
TCEE and technological innovation index in China. Figure 2
shows that China’s technological innovation index and transport
carbon emission efficiency have similar spatial distribution
characteristics, namely decreasing from east to west. At the
same time, the regions with high technological innovation
index are mostly located in the economic circle of Beijing-
Tianjin-Hebei (BTH), Yangtze River Delta (YRD) and Pearl
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Time-varying trend of TCEE and technological innovation index in China. (A) Transport carbon emission efficiency. (B) Technological innovation

River Delta (PRD), which is in line with the actual situation.
The regions with higher TCEE include Shandong, Shanghai,
Hebei, Tianjin, Jiangsu, Beijing and Fujian provinces, which
are highly coincident with those with higher technological
innovation index. The explanation for this could be that the
eastern provinces of China are generally richer in resources,
better in transport infrastructure, more advantageous in policies,
and more conducive to the development of science and
technology. Simultaneously, science and technology are used
to promote production and improve the transport carbon
emission efficiency.

Spatial correlation test

In order to further analyze the spatial effect of TCEE and
technological innovation index, we calculated Moran’s I of TCEE
and technological innovation index under three spatial weight
matrices from 2003 to 2020. Please refer to Table 4 for the results.

Table 4 shows that, under three spatial weight matrices, the
global Moran’s I of China’s TCEE and technological innovation
index from 2003 to 2020 are all positive, and all of them
passed the 5 % significance test, indicating that the TCEE
and technological innovation index have a high positive spatial
correlation, namely, a cluster phenomenon. The Moran’s I
calculated using the W1 and W spatial weight matrices were
larger than that calculated using W3, showing that the spatial
correlation of the symmetric spatial weight calculation was
higher. However, the p value obtained using the symmetric
spatial weight matrix changed with a change in the random
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FIGURE 2
Spatial distribution pattern of TCEE and technological
innovation index in China.

Monte Carlo random test times, leading to partial uncertainty
in the evaluation results. The p value obtained using W3
was derived under the random assumption of spatial non-
correlation. Although the Moran’s I was not high, the spatial
weight matrix had a negligible influence on the z-value test,
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TABLE 4 The results of spatial correlation test.

10.3389/fpubh.2022.1028501

Year
Moran’s I z Moran’s I z Moran’s I z

2003 0.579*4/0.348*** 5.099/3.223 0.182*+%/0.083** 6.212/3.405 0.131°4/0.067** 5.155/3.189
2004 0.572%/0.389*** 5.029/3.590 0.198*+%/0.091%* 6.654/3.682 0.154%/0.082%** 5.874/3.663
2005 0.571°%/0.380*** 5.014/3.513 0.182*+%/0.088*** 6.197/3.591 0.143*%/0.078** 5.510/3.537
2006 0.551°%/0.410%* 4.890/3.763 0.165+%/0.093*** 5.754/3.734 0.133%/0.081%* 5.239/3.631
2007 0.493*%+/0.382*%* 4.442/3.496 0.149*+%/0.083*** 5.305/3.396 0.1224/0.071%°* 4.889/3.318
2008 0.3944/0.365** 3.645/3.356 0.109*+4/0.083** 4.217/3.406 0.093*+4/0.070** 4.025/3.258
2009 0.401°+4/0.375%* 3.727/3.460 0.107+4/0.082** 4.159/3.390 0.0924/0.070*** 3.981/3.274
2010 0.434*4/0,398** 3.988/3.614 0.1154%/0.090*** 4.371/3.588 0.0974/0.062*** 4.145/3.015
2011 0.440°4/0.379%* 4.025/3.456 0.110+%/0.085%** 4.217/3.439 0.092*4/0.060*** 3.966/2.953
2012 0.429%/0.375%* 3.926/3.437 0.104%4/0.086** 4.059/3.471 0.086%/0.061%* 3.788/2.980
2013 0.439%/0.409%* 4.073/3.704 0.085*+%/0.093*** 3.547/3.690 0.051°%/0.055%* 2.705/2.802
2014 0.327%%4/0.395%** 2.985/3.606 0.061+4/0.085%* 2.719/3.454 0.027+%/0.048** 1.925/2.576
2015 0.488*4/0.396** 4.341/3.650 0.112*+4/0.083** 4.206/3.432 0.058"4/0.051%* 2.871/2.689
2016 0.561%/0.414%* 4.923/3.789 0.142*4%/0.086** 5.030/3.510 0.079*4/0.046*** 3.516/2.532
2017 0.556***/0.395%** 4.854/3.624 0.141°4%/0.078*** 4.982/3.274 0.083*%/0.036** 3.650/2.213
2018 0.584*%/0.390%* 5.117/3.605 0.160*+%/0.079%* 5.551/3.315 0.093*%/0.035** 3.975/2.174
2019 0.596*%/0.376** 5.229/3.500 0.163*+%/0.078*** 5.661/3.310 0.090+%/0.032%* 3.882/2.103
2020 0.603*%/0.360** 5.283/3.334 0.165+%/0.082*** 5.691/3.415 0.092%%4/0.033** 3.943/2.122

TCEE, technological innovation index.
*%, %% and * denote the significance at the 1%, 5%, and 10% levels, respectively.

which showed that W3 could support the overall evaluation of
the spatial correlation of the TCEE and technological innovation
index. Therefore, we selects W3 as the spatial weight matrix to
perform the spatial Durbin regression analysis.

Figures 3, 4 illustrate the LISA agglomeration maps of TCEE
and technological innovation index in China, respectively. As
shown in Figures 3, 4, the TCEE and technological innovation
index in most provinces are positively correlated with those in
the surrounding provinces since most observations belong to H-
H and L-L agglomeration for both years. According to Figure 3,
in 2003, 9 provinces are classified as H-H agglomeration and
16 provinces are classified as L-L agglomeration. In 2020, 10
provinces belong to H-H agglomeration, and 16 provinces
belong to L-L agglomeration, accounting for 83.33 and 86.67%
of the total sample, respectively. This further confirms the spatial
correlation of TCEE. Spatially, the H-H agglomeration type of
TCEE are relatively stable in North China and the Yangtze River
Delta, while the L-L agglomeration type are mainly located in the
central, western and northeast regions.

The same pattern is applicable to Chinas technological
innovation index. Figure 4 shows the clustering results of
technological innovation index. In 2003 and 2020, 5 and 8
provinces are classified as H-H aggregation type, while 14 and
15 provinces are classified as L-L aggregation type. In 2003
and 2020, the two types account for 63.33 and 76.67% of the
total sample, respectively. Further, the H-H agglomeration type
gradually spread from the YRD and PRD to the BR economic

Frontiersin Public Health

183

circle, while the L-L agglomeration type tend to spread to
the south.

In a word, the spatial distribution and exploratory spatial
test reveal that there is a positive spatial correlation of
TCEE and technological innovation from 2003 to 2020
in China, rather than a random distribution. In addition,
their geographical distribution is relatively stable, showing
obvious “path dependence” characteristics. The high-value
aggregation area of technological innovation index matches
with the high-value aggregation area of TCEE, while the
low-value aggregation area of technological innovation index
matches with the low-value aggregation area of TCEE.
Therefore, it may be extrapolated that technological innovation
has promoted the TCEE, and the polarization of TCEE
may be intensified due to the siphon effect. In order
to prove this hypothesis, spatial econometric analysis is
further conducted.

Regression results of technological
innovation index on TCEE

Parameter estimation of non-spatial panel
model

Table 5 reports the linear estimation results of the
technological innovation on TCEE without considering the
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