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Strategies for Sustainable Urban Development—Addressing
the Challenges of the 21st Century
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Urbanisation has been one of the most transformative processes of our time, and in
recent decades has led to significant changes in the way we live, work, and interact with
the world around us. With more people moving to cities, there is a growing need for
sustainable urban development strategies that balance economic growth, environmental
protection, and social well-being. At the same time, the field of urban studies and planning
is rapidly evolving, and so are the challenges that cities face in the 21st century. From
climate change and resource depletion to pandemics and social inequality, the complex
and interconnected nature of urban systems requires innovative approaches for planning
and design.

This Special Issue brings together a diverse range of scholars and practitioners who
share a commitment to advancing sustainable urban development. The collection of papers
presents cutting-edge research on a wide range of topics, including resilience, value creation,
blockchain architecture, decarbonisation, COVID-19, street network efficiency, vulnerable
communities, transit-oriented development, green roofs, and post-occupancy evaluation.
Each study offers a unique perspective on the challenges and opportunities of sustainable
urban development, highlighting innovative strategies and best practices that can inform
future urban planning and policy.

The interdisciplinary and international scope of this publication reflects the complex
and diverse nature of sustainable urban development, as well as the urgent need for collab-
oration and exchange across disciplines and borders. By presenting ten original research
studies, this publication aims to foster a more informed and productive conversation about
the future of our cities and the challenges we face in building sustainable, equitable, and
resilient urban communities. As such, this Special Issue is intended to serve as a valuable
resource for researchers, practitioners, policymakers, and students who seek to advance
the cause of sustainable urban development in the 21st century.

Wang et al. [1] evaluated the resilience level of cities in the Chengdu–Chongqing urban
agglomeration of China, using multiple interdisciplinary methods such as the entropy
weight method, Theil index, and geographically and temporally weighted regression.
The research shows that urban resilience has evolved from a low to high level, with
significant spatial differences in resilience levels. The study also identified several factors
that positively impact urban resilience, including administrative level, marketisation level,
industrial structure, population density, urbanisation level, and the level of emergency
facilities, which have spatial and temporal heterogeneity. The study proposes strategies
from the perspective of sustainable urban development to improve the resilience level of
urban agglomerations in western China. These findings provide new theoretical support
and decision-making reference for sustainable urban development in China.

The academic study by Li et al. [2] focused on the value creation of public–private
partnerships (PPPs) in the development of urban rail transit (URT) projects in China. PPPs

Buildings 2023, 13, 847. https://doi.org/10.3390/buildings13040847 https://www.mdpi.com/journal/buildings1
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are adopted in URT projects to benefit both public and private sectors due to the heavy
investment and abundant construction and management experience required. However,
achieving basic project objectives is no longer sufficient for value creation, and partner
synergy is necessary to achieve added value. This study adopts a grounded theory approach
to identify the influencing factors of value creation of URT PPP projects in China. Resource
complementarity among stakeholders, cooperation environments, and partnership synergy
were identified as the main influencing factors. The study establishes a theoretical model
to describe how these factors promote value creation during the implementation of URT
PPP projects, providing a model for further empirical examination.

Lv et al. [3] examined the potential use of blockchain technology as a solution to
security and privacy issues in the context of the Internet of Things (IoT), with a focus
on smart homes. The authors propose a classification-based blockchain architecture with
a hierarchical proof-of-work mechanism to reduce storage consumption and decrease
latency. This involves dividing IoT devices into child nodes by data classification and
adjusting the difficulty of the proof-of-work to set moderate-cost security grades. The
proposed architecture is shown to offer significant improvements in terms of storage and
efficiency compared to traditional methods and current technology, while maintaining
security. This research provides valuable insights into the development of secure and
efficient blockchain-based solutions for IoT applications.

Salazar et al. [4] explored the challenges of reducing greenhouse gas (GHG) emissions
in the building sector, which is one of the main emitters contributing to climate change.
Governments have developed nationally determined contributions (NDCs) and roadmaps
to establish measures to achieve net-zero emissions. However, stakeholder integration is a
significant barrier to implementing these measures, especially in the building sector. This
research employs social network analysis (SNA) concepts to explore the roles of actors
required to achieve net-zero emissions in the Colombian building sector. The study uses
the results of semi-structured interviews led by the Colombian Green Building Council
(CGBC) within the framework of the Zero Carbon Building Accelerator (ZCBA) project. The
findings reveal highly interconnected networks characterised by redundant connections
among actors. Three types of actors are identified within each enabler network: prominent
actors, second-level actors, and perimeter actors. The study emphasises the importance of
stakeholder integration in the transition to net-zero emissions in the building sector.

Kim S. and Kim H. [5] investigated the night-time economy (NTE) of Seoul, Korea,
and explored the relationship between NTE vitality (NTEV), COVID-19, and credit card
sales. The research aims to empirically identify the characteristics of Korea’s NTE and
derive an indicator of NTEV by considering the NTE in urban regions. The study evaluates
NTEV using indicators of nightly floating population, night-lighting value, and the number
of entertainment facilities. The results suggest that the NTEV can boost the consumption
economy of the entire city. Additionally, the impact of COVID-19 on the economy differed
depending on the density of facilities to which the social distancing policy was applied,
and an increase in the number of confirmed COVID-19 patients decreased credit card sales,
thereby deteriorating the urban economy. The study highlights the importance of NTEs in
promoting economic recovery in the wake of the COVID-19 pandemic.

Anabtawi and Scoppa [6] employed quantitative methods to assess the effectiveness
of street connectivity policies implemented by Abu Dhabi’s Urban Planning Council (UPC)
in newly developed projects. The study measured efficiency by analysing the direct-
ness of pedestrian routes between residential and non-residential destinations in twelve
neighbourhoods of the Capital District project. The results indicated that over 58% of
the neighbourhoods failed to connect residential plots efficiently, and more than 40% of
residential plots could not connect efficiently to non-residential plots. The study provides
recommendations for policymakers and project developers to enhance street infrastructure
using the sikkak alleyway system found in other neighbourhoods in the city, aligning
with Estidama’s walkability standards. The study’s rigorous quantitative analyses can be
utilised in real-world projects, improving the connection between policy and practice.

2



Buildings 2023, 13, 847

The study by Giorgi et al. [7] examined the vulnerability of communities, cities, and
territories due to current changes and the potential for urban architectural interventions
to mitigate these vulnerabilities. However, these interventions require sustained and
transversal visions that consider the temporal context of the coming decades. To address
this issue, the study describes the research project “Design for Vulnerables”, which aims
to define methodologies for reducing urban vulnerabilities in the future. The project
involved a design workshop in a vulnerable community in northern Mexico, which was
analysed using a research-by-design methodology. The study identifies current issues that
affect urban vulnerabilities and generates a set of principles for Design for Vulnerables,
graphically represented by a re-interpretation of the Krebs cycle. This multidisciplinary
approach demonstrates the potential for urban design to reduce vulnerabilities and support
social initiatives.

Huang et al. [8] studied the challenges in promoting Transit-Oriented Developments
(TODs) through urban design and proposed a new framework that integrates generative
design methods and data-driven decision-making approaches. The authors argue that
the traditional design decision making, which is based on designers’ experience, lacks
quantitative feedback on design schemes and therefore fails to promote progress in urban
design. The proposed framework incorporates urban design intelligence for TODs and
employs parametric tools and models to evaluate generative urban design proposals,
providing timely feedback to support design decisions. A case study was conducted to
demonstrate the feasibility of the proposed approach, which successfully selects optimal
TOD design solutions. This study highlights the significance of integrating quantitative
and qualitative assessment in experience-based decision making and emphasises the role
of designers’ decision making in generative urban design.

Alqahtany [9] investigated the major effects and challenges faced in implementing
the green roof technique in Riyadh, Saudi Arabia. The implementation of green roofs is
crucial for achieving urban sustainability, as they are energy-efficient, eco-friendly, and
cost-effective in the long run. Despite their benefits, there is a reluctance to adopt green
roofs in Saudi Arabia, and the reasons for this have not been reported. To address this
gap in knowledge, a survey questionnaire was designed to explore the level of awareness
among the public and the challenges they face in installing green roofs. An extensive
literature review and reconnaissance survey were conducted to identify the key factors and
challenges to include in the questionnaire. The findings indicate a high level of support
for green roofs among the people of Riyadh, with aesthetic enhancement and air quality
control being the most commonly cited benefit; however, the climate of the region was
identified as the biggest challenge in implementing green roofs. The study concludes with
recommendations for local authorities to take action and assist building owners and policy
makers in overcoming the challenges associated with green roofs.

Wu and Li [10] examined the significance of sports parks for physical activity in China
in the context of the COVID-19 epidemic. The study reviewed national fitness policies and
identifies different types of sports parks to investigate the usage and preferences of urban
dwellers in sports parks using a questionnaire, behavioural observation, and interviews
as research methods. The study examined the Beijing Olympic Forest Park, Sun Park,
and Huilongguan Park as examples and found that participants exhibited high overall
satisfaction with the sports parks. Furthermore, the study identified Sports Facilities and
Maintenance and Management as the two most significant factors that influence residents’
willingness to use sports parks. The findings of this study can guide future planning and
construction of sports parks in China.

In conclusion, this Special Issue presents a comprehensive and insightful examination
of new research in sustainable urban development, highlighting the associated challenges
and opportunities. The studies emphasise the crucial role of community engagement and
the pressing need to address the specific challenges, particularly confronting vulnerable
communities. It is our firm belief that this publication will constitute a noteworthy contribu-
tion to the ongoing dialogue on sustainable urban development and foster the development
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of more efficacious and comprehensive strategies for urban planning and design. Such
efforts are essential to address the multifaceted challenges that confront our cities today
and in the future.

We are grateful to the authors for their valuable contributions and dedication to
advancing knowledge in this field. We also extend our appreciation to the peer reviewers
for their critical evaluation and feedback, which has helped ensure the quality and rigour
of the papers included in this publication. We aspire that this compilation of works will
inspire further research and dialogue on sustainable urban development and facilitate the
development of more sustainable urban communities worldwide.

Conflicts of Interest: The authors declare no conflict of interest.
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Evaluation and Factor Analysis for Urban Resilience: A Case
Study of Chengdu–Chongqing Urban Agglomeration
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Abstract: Resilient cities provide a new operating mechanism for sustainable urban development and
can effectively reduce urban disaster losses. Urban resilience has become an important research topic,
but few scholars focus on the urban resilience of urban agglomerations in western China. Therefore,
this paper takes the Chengdu–Chongqing urban agglomeration of China as the study area and aims
to evaluate the resilience level of cities in typical regions of western China. This study uses multiple
interdisciplinary methods, such as the entropy weight method, Theil index, and geographically
and temporally weighted regression, to evaluate the resilience levels of 16 cities in the region and
discuss the influencing factors of regional urban resilience. The results show that the urban resilience
of cities in the Chengdu–Chongqing urban agglomeration has evolved from a low to high level.
Additionally, there are significant spatial differences in urban resilience in the Chengdu–Chongqing
urban agglomeration, and the resilience levels of cities in the east and west of the region are relatively
high, while the resilience levels of cities in the south and north are relatively low. Further research
found that factors such as administrative level, marketization level, industrial structure, population
density, urbanization level, and emergency facility level all have a significant positive impact on the
improvement of urban resilience, but this impact has spatial and temporal heterogeneity. Based on the
above research results, the strategies have been proposed from the perspective of sustainable urban
development to provide a new theoretical support and decision-making reference for improving the
resilience level of urban agglomerations in western China.

Keywords: sustainable urban development; urban resilience; influencing factors; Chengdu–Chongqing
urban agglomeration

1. Introduction

The city is an important part of human society and an important carrier of human
activities, and its sustainable development is an important guarantee for the progress of hu-
man society. As a complex system integrating economy, society, ecology, and infrastructure,
urban sustainable development means that a city can better solve the problems encountered
in the process of development, and its core lies in coordinating the relationship between
urban development and urban resources, environment, and security [1]. However, the
continuous expansion of urban scale and the high concentration of the population make the
contradiction between urban development and urban resources, environment, and security
increasingly prominent [2]. High-intensity economic activities and frequent emergencies
have caused excessive consumption of urban resources and substantial damage to the
environment, which has brought serious challenges to the sustainable development of
cities [3]. The potential impact and catastrophic consequences of emergencies such as

Buildings 2022, 12, 962. https://doi.org/10.3390/buildings12070962 https://www.mdpi.com/journal/buildings5
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earthquakes, floods, and COVID-19 in recent years have become increasingly significant,
severely restricting the sustainable urban development [4].

Fortunately, due to the direct relationship between urban resilience and sustainable
urban development, the proposal of resilient cities provides a new operating mechanism
for sustainable urban development [5]. Resilient cities aim for the sustainable development
of cities, can improve the speed of disaster response, and reinforce the disaster operation
mechanism of cities through the preparation work before emergencies [6]. Therefore,
resilient cities can quickly adapt to and absorb the hazards of disasters, effectively reduce
the potential impact of disasters, reduce the disaster losses of cities, and enhance the
sustainable development capacity of cities [7].

In recent years, facing the threat of escalating emergencies, building resilient cities
has become a key issue of international concern [8]. China established the Ministry of
Emergency Management and included resilient cities in its long-term development plan [9].
The United Nations [10], the Rockefeller Foundation [11], and other relevant international
institutions are also constantly promoting the development of resilient cities. Simultane-
ously, urban resilience research has also become the theme of current urban governance
research [12], but few scholars have paid attention to urban resilience in relatively backward
areas in western China.

Therefore, we take the Chengdu–Chongqing urban agglomeration in western China
as the research area and aim to explore the resilience improvement strategies and enhance
the sustainable development capabilities of cities. In this study, we summarize the current
research progress on urban resilience in Section 2, and present the general research area,
framework, and methodology of this paper in Section 3. We analyze the level of urban
resilience and the influencing factors of urban resilience in the Chengdu–Chongqing urban
agglomeration in Section 4. In Section 5, We discuss theoretical contributions and develop-
ment proposals. In Section 6, we summarize the main conclusions of this study and point
out aspects that can be further explored by subsequent research.

2. Research Review

At the end of the last century, resilience theory was first used to study the problem
of complex urban systems responding to natural disasters [13] and emergencies [14]. At
the beginning of this century, the International Council for Local Environmental Initiatives
(ICLEI) first proposed the concept of urban resilience and incorporated it into urban sus-
tainable and healthy development policies, promoting the application of resilience theory
in urban ecosystem research [15]. By reviewing the existing international research on urban
resilience, it is found that domestic and foreign scholars have carried out rich research on
urban resilience from multiple backgrounds, multiple perspectives, and multiple regions.
These studies mainly concentrate on three aspects: theoretical research on the concept and
features of urban resilience; empirical research on the evaluation and evolution mecha-
nism of urban resilience; and exploratory research on the improvement paths of urban
resilience level.

In terms of theoretical research, existing research first discusses the connotation of
urban resilience. Due to different research perspectives, the definition of urban resilience
can be divided into two categories: anti-stress protection theory and capacity improvement
theory. The theory of anti-stress protection defines urban resilience as the ability of a city
to achieve public environmental security, social order stability, and normal operation of
the economic system when faced with internal and external sudden disasters [16,17]. The
theory of capacity improvement defines urban resilience as a sustainable development
ability of a city to protect the normal operation of internal systems during disasters and
reorganize internal systems to improve overall resilience after disasters [18,19]. Second, in
terms of theoretical research, scholars also discussed the characteristics of resilience cities.
Scholars have discussed the characteristics of resilient cities in terms of their premise [20],
effect [21], mechanism [7], and purpose [22].
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In terms of empirical research, scholars mainly evaluate the resilience level of cities in
specific regions from three perspectives: the disaster response perspective, urban composi-
tion perspective, and urban resilience characteristics perspective [23]. From the perspective
of disaster response, scholars have mainly evaluated the disaster response capacity of dif-
ferent urban systems with the background of specific disasters, such as climate change [24],
earthquakes [25], flood disasters [26], and economic crises [27]. From the perspective of
urban composition, relevant scholars mainly evaluate the level of urban resilience from four
dimensions: society, economy, ecology, and organization [28]. On this basis, related scholars
continue to expand the evaluation dimension, such as system and culture [29]. From the
perspective of urban resilience characteristics, scholars mainly evaluate the urban resilience
level of a specific region based on the combination characteristics, such as the combination
characteristics of “scale density form” [30], the combination characteristics of “response, re-
covery and adaptability” [31] and the combination characteristics of “prediction, adaptation
and recovery” [32].

In terms of exploratory research, scholars mainly focus on the research theme of ana-
lyzing the influencing factors of urban resilience and explore ways and methods to improve
urban resilience [33]. Das et al. (2020) [34] found through a questionnaire survey that the
education level, economic development level, and infrastructure level of local people are
important factors affecting the urban resilience of the east coast of the Indian Ocean, and
put forward urban resilience improvement strategies, such as improving insurance policies
and smart asset investment. Liu et al. (2021) [35] used a spatial econometric model to study
and discover that factors such as urbanization rate and administration all had an important
impact on urban resilience in Henan, China, and proposed urban resilience improvement
ways, such as continuously promoting the level of new urbanization and optimizing the
industrial structure. Khan et al. (2021) [36] used structural equation modeling to study and
discover that geographic location, government decision-making, and urban financial condi-
tions have a significant impact on urban resilience and gave related methods to improve
urban resilience. Moradi (2021) [37] used the expert scoring method to find that economic
indicators and physical environment conditions are all important factors for improving
the urban resilience of Iran’s second-largest city, and also put forward suggestions for
improving urban resilience.

However, due to the late start of the research on urban resilience, the existing research
still has some limitations. In the selection of a study area, the existing research is mainly
limited to the relatively developed coastal areas of the global economy, and lacks the
resilience research of relatively backward inland cities. In terms of research methods,
exploratory research is mostly limited to econometric methods such as linear regression,
structural equations, and spatial econometric models, and new research methods need to
be introduced. In terms of research content, most studies are limited to the measurement
and evolution mechanism of urban resilience, lacking more in-depth research on regional
spatial optimization and coordinated improvement of regional urban resilience.

Compared with existing research, this paper is the first to comprehensively evaluate
the urban resilience level of the Chengdu–Chongqing urban agglomeration in western
China, which provides a decision-making reference for enhancing the urban resilience of
the area and driving the improvement of urban governance level in western China. Second,
this paper combines the methods of econometrics and geography, improves the traditional
entropy weight method by adding time variables, and introduces the geographically and
temporally weighted regression model into the field of urban governance research, which
innovates the research method. Finally, on the basis of evaluating the level of regional
urban resilience, this study analyzes and puts forward the improvement strategy of urban
resilience coordinated development, which broadens the theoretical boundary and scope
of application.
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3. Materials and Methods

3.1. Study Area

This study chooses the Chengdu–Chongqing urban agglomeration in western China as
the study area, which consists of 16 cities as shown in Figure 1. It has the unique advantage
of connecting southwest and northwest China and connecting East Asia, Southeast Asia,
and South Asia [38]. Firstly, it is the region with the strongest industrial foundation, the
broadest market space, and the highest degree of openness in western China. In 2021, the
total economic volume of the Chengdu–Chongqing urban agglomeration will account for
6.5% of the national total and 30.8% of the western region [39]. Secondly, it is another major
coordinated development area following the three major coordinated development areas
along the eastern coast of China. It is an important economic center with national influence
and has a unique strategic position in driving the overall development of western China.
Thirdly, the Chengdu–Chongqing urban agglomeration is adjacent to many countries in
Southeast Asia, and is also inhabited by ethnic minorities. The geographical environment
is special and complex, and public events occur frequently. According to the data of the
Ministry of National Emergency Management, in recent years, the incidence of earthquake
disasters, traffic accidents, man-made damage, and public emergencies in the study area
has remained high, showing the characteristics of complex composition, widespread, and
severe social impact, which seriously threaten the safety and the sustainable development
of regional cities [40].

Figure 1. Study area.

3.2. Data Sources
3.2.1. Statistical Data

This study takes the statistical data of 16 cities in the study area from 2005 to 2019
as the study sample. The data mainly come from the relevant statistical yearbooks and
statistical bulletins of the country, province, and city. For individual missing and wrong
values, this paper uses the mean value method of adjacent years to interpolate and correct,
so as to guarantee the completeness and authenticity of the data.

3.2.2. Geographic Data

The geographic data in this paper are mainly from the National Basic Geographic
Information Center of China and the National Geographic Information Resource Catalog
Service System of China. After screening and processing, the geographic data conforming
to the study area are obtained. Meanwhile, in this paper, after processing, the resolution of
the processed geographic data is 1000, which can better present the research content.
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3.3. Methodology
3.3.1. Entropy Weight Method

The entropy weight method (EWM) is a weight calculation and evaluation method.
Compared with the subjective weighted scoring methods, the entropy weight method
can make a more objective and real evaluation of the object, and it is simple and easy to
operate [41]. Based on the traditional entropy weight method, this paper adds the time
variable of different years for improvement, which makes the evaluation of urban resilience
more accurate and comprehensive. This paper uses MATLAB (Version 2018a, MathWorks,
Natick, Massachusetts, United States), a programming calculation software, for calculation
and the specific process is as follows:

(1) Assuming there are n cities, m years, and s indicators, the original indicator matrix
is X = {Xaij} m × n × s (0 < i < n, 0 < a < m, 0 < j < s). Then, the j-th index of the
city i in the a-th year can be expressed as Xaij, and in this paper n, m, and s are 16, 15,
and 25, respectively.

(2) Indicator data standardization:

1. Positive indicator:

X′
aij =

Xaij − min
{

Xj
}

max
{

Xj
}− min

{
Xj

} (1)

2. Negative indicator:

X′
aij =

max
{

Xj
}− Xaij

max
{

Xj
}− min

{
Xj

} (2)

(3) Indicator data normalization:

Yaij =
X

′
aij

m
∑

a=1

n
∑

i=1
X′

aij

(3)

(4) Calculating the entropy value of the indicator:

ej = − 1
ln(mn)

m

∑
a=1

n

∑
i=1

Yaij ln(Yaij) (4)

(5) Calculating the redundancy of the index entropy value:

gi = 1 − ej (5)

(6) Calculating indicator weights:

Wj =
gj

s
∑

j=1
gj

(6)

(7) Calculating urban resilience scores:

R =
s

∑
j=1

X
′
aijWj (7)

3.3.2. Theil Index

The Theil index is an indicator that uses the concept of entropy in information theory
to evaluate the development gap between individuals or regions [42]. This study takes the
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Theil index to describe the spatial imbalance characteristics of urban resilience development
in the study area.

T =
n

∑
i=1

Pi
xi
u

ln
( xi

u

)
(8)

Among them, n refers to the number of cities, Pi represents the proportion of the
population of the i-th city to the total urban population, xi represents the resilience level of
the i-th city, and u represents the weighted average of all observed urban resilience levels.

3.3.3. Geographically and Temporally Weighted Regression

It is a local linear regression model, which can combine temporal information and
spatial information and consider both time and space non-stationarity. It can estimate the
effect of influencing factors in different regions and different times, so that the relationship
between variables can change with the change of time and spatial position, and the result
is more in line with the objective reality [43]. This paper uses ArcGIS10.7 (Version 10.7,
Environmental Systems Research Institute, Redlands, CA, USA), a geographic data analysis
software, for calculation and analysis, and its model structure is as follows:

Yi = β0(ui, vi, ti) + ∑
k

βk(ui, vi, ti)Xik + εi (9)

Among them, Yi is the explained variable and (ui, vi, ti) is the spatiotemporal dimen-
sion coordinate, where ui is the longitude coordinate, vi is the latitude coordinate and ti is
the time coordinate of the i-th sample point. β0(ui, vi, ti) is the constant term (intercept),
while βk(ui, vi, ti) is the regression coefficient of the k-th explanatory variable.

Among them, the regression coefficient adopts the local weighted least squares esti-
mation, and the method is as follows:

(1) Calculating the space–time distance:

dST
ij =

√
λ
[(

ui − uj
)2 − (

vi − vj
)2
]
+ μ

(
ti − tj

)2 (10)

where dST
ij is the space–time distance and λ and μ are the weights of the Gaussian func-

tion method.

(2) Calculating the space–time weight function:

Wij = exp

⎡
⎢⎣−

(
dST

ij

)2

h2

⎤
⎥⎦ (11)

where Wij is the space–time weight function and dST
ij is the space–time distance. h is the

spatiotemporal bandwidth, selected according to the minimum cross-validation (CV) value,
and is the sum of the squared errors between the actual value yi and the predicted value
ŷi(h), and the formula is as follows:

CV(h) = ∑
i
(yi − ŷi(h))

2 (12)

(3) Constructing the space–time weight matrix:

W(ui, vi, ti) = diag
(
Wi1, Wi2, · · · , Wij, · · ·Win

)
(13)

where the space–time weight matrix W(ui, vi, ti) is an n × n diagonal matrix, where
Wij(1 ≤ j ≤ n) is the space–time weight function.

(4) Calculating the regression coefficient:
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β̂(ui, vi, ti) =
[

XTW(ui, vi, ti)X
]−1

XTW(ui, vi, ti)Y (14)

3.4. Index System and Weight
3.4.1. Index System

Through the above review of existing research, this paper considers urban resilience
as the degree to which a city can endure, adapt, and absorb hazards when faced with
various disasters, and as the recovery capability after the disaster. From the perspective
of urban resilience composition and urban resilience characteristics, this paper designs an
evaluation index system with three levels: target level, criterion level, and index level [44].
This paper takes overall resilience as the target layer and chooses economic resilience, social
resilience, ecological resilience, and infrastructure resilience as the criterion layers from the
perspective of urban resilience composition and characteristics. Additionally, combined
with domestic and foreign urban resilience evaluation index systems [45], this paper selects
25 specific indicators to build the evaluation index system (as in Table 1).

Table 1. Evaluation Index System.

Target Layer Criterion Layer Indicator Layer Indicator Nature

Overall resilience

Economic resilience

Per capita GDP (CNY) [46] +
Proportion of tertiary industry in GDP (%) [28] +
Per capita investment in fixed assets (CNY) [47] +
Dependence on foreign trade (%) [31] +
Proportion of fiscal revenue in GDP (%) [47] +
Per capita disposable income of urban residents (CNY) [37] +

Social resilience

Urbanization level (%) [48] +
Proportion of non-agricultural employed population (%) [29] +
Urban registered unemployment rate (%) [49] -
Number of college students per 10,000 (person) [] +
Proportion of employees in public management and social
organizations (%) [50] +

Number of hospital beds per 10,000 people (piece) [51] +

Ecological resilience

Greening coverage rate of built-up area (%) [52] +
Per capita green space area in municipal area (m2) [53] +
Industrial wastewater discharge per unit GDP (t) [54] -
Industrial sulfur dioxide emission per unit GDP (t) [54] -
Industrial smoke (dust) emission per unit GDP (t) [54] -
Centralized treatment rate of domestic sewage (%) [55] +
Comprehensive utilization rate of industrial solid waste (%) [52] +

Infrastructure
resilience

Per capita water consumption (m3) [56] -
Per capita electricity consumption (kW·h) [56] -
Fixed Internet users per 10,000 people (households) [50] +
Gas penetration rate (%) [52] +
Per capita Road area (m2) [53] +
Density of drainage pipeline in built-up area (km/km2) [51] +

3.4.2. Indicator Weight

Based on the assessment file framework built over, this study employs the improved
entropy weight method to compute the weight value of the urban resilience evaluation
index of the study area after collecting the data. Through MATLAB calculation, the weight
coefficients of the criterion layer and indicators are obtained, as appeared within the taking
after Table 2:
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Table 2. Weights of Evaluation Indicators.

Target Layer Criterion Layer Weight Indicator Layer Weight

Overall
resilience

Economic
resilience

0.3549

Per capita GDP (CNY) 0.0818
Proportion of tertiary industry in GDP (%) 0.0431
Per capita investment in fixed assets (CNY) 0.0854
Dependence on foreign trade (%) 0.0103
Proportion of fiscal revenue in GDP (%) 0.0632
Per capita disposable income of urban residents (CNY) 0.0711

Social resilience 0.2979

Urbanization level (%) 0.0305
Proportion of non-agricultural employed population (%) 0.0297
Urban registered unemployment rate (%) 0.0286
Number of college students per 10,000 (person) 0.1389
Proportion of employees in public management and social
organizations (%) 0.0112

Number of hospital beds per 10,000 people (piece) 0.059

Ecological
resilience

0.1005

Greening coverage rate of built-up area (%) 0.0161
Per capita green space area in municipal area (m2) 0.0287
Industrial wastewater discharge per unit GDP (t) 0.0109
Industrial sulfur dioxide emission per unit GDP (t) 0.0049
Industrial smoke (dust) emission per unit GDP (t) 0.0045
Centralized treatment rate of domestic sewage (%) 0.0245
Comprehensive utilization rate of industrial solid waste (%) 0.0109

Infrastructure
resilience

0.2467

Per capita water consumption (m3) 0.0127
Per capita electricity consumption (kW·h) 0.0099
Fixed Internet users per 10,000 people (households) 0.1059
Gas penetration rate (%) 0.0218
Per capita Road area (m2) 0.0355
Density of drainage pipeline in built-up area (km / km2) 0.0609

3.5. Study Variables and Test
3.5.1. Study Variables

(1) Explained Variable.

This paper takes the urban resilience level as the explained variable. Based on the
previous construction of an urban resilience level evaluation index system, this study
will utilize the improved entropy weight method to evaluate the urban resilience level of
16 cities in the study area from 2005 to 2019, which will be used as the explanatory variable.

(2) Explanatory Variables.

After comprehensively considering the connotation and characteristics of urban re-
silience, combined with existing investigations, this paper selects the explanatory variables
from the aspects of society, environment, economy, population, and facilities that affect the
urban resilience. The explanatory variables selected in this paper are as follows: (1) ad-
ministrative level. Government departments are the direct leading departments of urban
planning and development. The administrative level of government departments is directly
related to the urban resilience. This paper uses the extent of public monetary use to GDP
to measure the urban administrative level. (2) Open level. The opening level of the city
will affect the development of the industry, technology, economy, and employment of the
city; therefore, the level of urban openness has a great impact on the urban resilience of
the city. This paper uses the proportion of the total import and export trade to GDP to
measure the opening level of the city. (3) Marketization level. The market level reflects the
consumption power and economic vitality of the city, can invigorate the development of
the city’s economy to a certain degree, and also has an imperative effect on the resilience.
This paper adopts the marketization level of the per capita retail quota of social consumer
goods. (4) Science and education level. The level of science and education is the driving
drive for the sustainable improvement of cities and has an imperative effect on the level
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of urban resilience. This paper selects the extent of science and instruction uses in fiscal
expenditures to measure the level of science and education in cities. (5) Industrial structure.
Industrial structure is the embodiment of the city’s economic and social stability and is an
important guarantee for the city to resist shocks. This paper selects the extent of the tertiary
industry in GDP to measure the city’s industrial structure. (6) Credit level. The credit level
reflects the financial development potential of the city and has a great effect on the city’s
ability to resist economic shocks. This paper uses the ratio of the total deposits and loans
of financial institutions to GDP to measure the city’s credit level. (7) Population density.
Population density directly affects the distribution and use of urban labor resources and
plays an important role in urban economic and social development. This paper uses the
proportion of population to urban area to measures population density. (8) Urbanization
level. Urbanization can better integrate market resources, create a better urban develop-
ment environment, and play an important role in the level of urban resilience. This study
selects the urbanization rate to measure the urbanization level of a city. (9) Emergency
facility level. The level of urban emergency facilities is an important criterion to measure
the urban emergency response capability and determines the level of urban resilience. In
this paper, the level of urban emergency facilities is measured by the urban per capita
infrastructure investment quota.

3.5.2. Variable Test

In the geographically and temporally weighted regression model, when the variance
inflation factor (VIF) of the explanatory variable is higher than 10, the model will become
unstable. Before performing regression, it is necessary to verify the correlation and mul-
ticollinearity between variables. In this paper, the urban resilience scores of 16 cities in
the study area from 2005 to 2019 are used as explanatory variables, and the data of the
nine explanatory variables collected are standardized at the same time, so that the effect
of influencing factors can be directly compared. Based on the statistical data analysis
software SPSS (Version 25.0, IBMCorp, Armonk, New York, United States), the correlation
and multicollinearity between variables were tested by the Pearson correlation coefficient
and variance inflation factor, and key explanatory variables were screened. As can be seen
from Table 3, among the nine explanatory variables selected in this study, except for the
science and education level, which has no significant correlation with urban resilience, the
rest of the explanatory variables are significantly related to urban resilience, and there is
no multicollinearity.

Table 3. Explanatory Variable Correlation and Multicollinearity Tests (Note: 1. The dependent
variable is urban resilience; 2. ** implies critical at the level of 0.01; 3. According to the score of
correlation coefficient, (0.7, 1) is strong correlation, (0.3, 0.7) is medium correlation, (0, 0.3) is weak
correlation; 4. Referring to the judgment of ArcGIS on multicollinearity, when VIF > 10, the data
index has multicollinearity).

Variable

Correlation Multicollinearity

Pearson
Coefficient

Relevance Judgment Tolerance VIF
Multicollinearity

Diagnostics

Administrative level (X1) 0.171 ** Significantly weak correlation 0.527 1.896 No collinearity
Open level (X2) 0.475 ** Significant moderate correlation 0.326 3.066 No collinearity

Marketization level (X3) 0.934 ** Significant strong correlation 0.133 7.520 No collinearity
Science and education level (X4) −0.013 No significant correlation 0.754 1.327 No collinearity

Industrial structure (X5) 0.750 ** Significant strong correlation 0.303 3.305 No collinearity
Credit level (X6) 0.735 ** Significant strong correlation 0.205 4.875 No collinearity

Population density (X7) 0.271 ** Significantly weak correlation 0.436 2.294 No collinearity
Urbanization level (X8) 0.867 ** Significant strong correlation 0.137 7.303 No collinearity

Emergency facility level (X9) 0.898 ** Significant strong correlation 0.170 5.896 No collinearity
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4. Results

4.1. Evaluation Results of the Urban Resilience

This paper uses the interval taxonomy way to divide the urban resilience score into
four grades between (0, 1): less than 0.25 is the low resilience level, between 0.25–0.50
(including 0.25) is the general resilience level, between 0.50–0.75 (including 0.50) is the
medium resilience level, and greater than 0.75 (including 0.75) is the high resilience level.
Based on this division of urban resilience levels, this study analyzes the urban resilience
level and its influencing factors in the Chengdu–Chongqing urban agglomeration.

4.1.1. Urban Resilience Level

From the statistics of the urban resilience score in Table 4, it can be seen that, from 2005
to 2019, the resilience level of the 16 cities in the area showed a continuous upward trend.
The urban resilience of Chengdu and Chongqing has increased from a general level of
resilience to a high level of resilience, and the urban resilience of the remaining 14 cities has
also increased from a low level of resilience to a medium level of resilience. Among them,
Guang’an has the largest increase, and its urban resilience level rose from 0.131 in 2005 to
0.577 in 2019, and the annual growth rate reached 22.7%. As Guang’an is a low-resilience
city, it is relatively easy to improve its resilience, and it is adjacent to Chongqing, which
is driven by the radiation of Chongqing, and the growth rate is obvious. However, the
resilience levels of cities such as Chengdu and Chongqing have improved relatively slowly,
with a yearly increasing rate of only 6.7% and 8.9%, respectively. This is mainly due to
Chengdu and Chongqing being provincial capitals with relatively large scales, and the
improvement of urban resilience is affected by various factors, making it relatively difficult.
In terms of rankings, the two provincial capitals, Chengdu and Chongqing, are firmly in
the top two resilience levels, leading the construction and development of resilient cities in
the area. Cities such as Mianyang, Deyang, Zigong, and Ya’an have also been ranked at
the forefront, and they are the core forces for the construction and development of resilient
cities in the region. The rankings of cities such as Luzhou, Yibin, and Guang’an are also
rising, and their role in the construction and development of resilient cities in the region is
becoming more and more important.

Table 4. Urban Resilience Scores in the Chengdu–Chongqing Urban Agglomeration.

City
2005 2010 2015 2019

Scores Rank Scores Rank Scores Rank Scores Rank

Chongqing 0.334 2 0.514 2 0.674 2 0.781 2
Chengdu 0.414 1 0.564 1 0.744 1 0.829 1
Zigong 0.322 3 0.392 3 0.462 6 0.62 6
Luzhou 0.189 8 0.283 8 0.452 7 0.578 7
Deyang 0.215 5 0.346 6 0.473 5 0.668 4

Mianyang 0.229 4 0.381 4 0.534 3 0.676 3
Suining 0.151 10 0.264 13 0.406 13 0.529 12
Neijiang 0.15 13 0.24 16 0.369 15 0.508 15
Leshan 0.173 9 0.306 7 0.42 10 0.575 10

Nanchong 0.201 7 0.283 9 0.416 12 0.522 14
Meishan 0.151 11 0.276 10 0.451 8 0.578 8

Yibin 0.151 12 0.275 11 0.393 14 0.536 11
Guang’an 0.131 16 0.262 14 0.418 11 0.577 9
Dazhou 0.133 15 0.257 15 0.309 16 0.443 16

Ya’an 0.211 6 0.357 5 0.513 4 0.655 5
Ziyang 0.14 14 0.268 12 0.434 9 0.523 13
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4.1.2. Temporal Evolution Characteristics of Urban Resilience

This paper uses the average resilience of 16 cities to measure the overall resilience level
of the region. As shown in Figure 2, from 2005 to 2019, the overall regional resilience level
of the Chengdu–Chongqing urban agglomeration grew from 0.206 to 0.6, and the resilience
of the economy, society, ecology, and infrastructure also increased significantly. During the
period, the ecological resilience level was obviously higher than that of other subsystems
such as economy and society in the area, mainly because the urban agglomeration was
located in western China, the economic and social level was relatively backward and
increase slow, and the ecological environment was not overused, making the ecological
resilience level in the region relatively high. In recent years, due to the rapid development
of cities in western China, the Chengdu–Chongqing urban agglomeration has been utilizing
a large amount of ecological and environmental resources, which has slowed down the
improvement of regional ecological resilience, but the resilience of the regional economy,
society, and infrastructure has improved rapidly. At the same time, the state has put forward
a coordinated development plan for the Chengdu–Chongqing urban agglomeration, which
means the overall resilience of the region still has a lot of room for improvement. In the
future, the overall resilience of the area will continue to improve.

Figure 2. Average value of regional overall resilience and subsystem resilience of the Chengdu–
Chongqing urban agglomeration from 2005 to 2019.

4.1.3. Spatial Evolution Characteristics of Urban Resilience

Influenced by geographical location, resource endowment, development level, and
other factors, the urban resilience of the 16 cities in the region has significant spatial
differences. Based on ArcGIS 10.7 software, this study conducted a spatial representation
of the urban resilience of the 16 cities in 2005, 2010, 2015, and 2019. As can be seen from
Figure 3: (1) the resilience level of Chengdu, Deyang, Mianyang, and Ya’an in the northwest
of the region is relatively high, while the cities with low resilience level are concentrated in
the southwest and northeast of the region, mainly Yibin, Zigong, Dazhou, and Guang’an,
showing significant spatial differences. (2) In the region, the urban resilience level of
Chengdu and Chongqing is much higher than that of other cities, and the core position
of the two cities is obvious. Chongqing is located in the east of the region, bordering on
the Central Plains urban agglomeration, and Chengdu is located in the west of the region,
respectively leading and radiating the construction and development of resilient cities in
the region. (3) The resilience level of the surrounding cities of Chengdu is also relatively
high, with a good radiation-driven development effect. However, the resilience level of the
surrounding cities of Chongqing is relatively low, showing a strong siphon effect, which is
related to the fact that Chongqing lacks coordinated development with other cities.
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(a) (b) 

(c) (d) 

Figure 3. Spatial evolution of urban resilience in the Chengdu–Chongqing urban agglomeration.
(a) 2005. (b) 2010. (c) 2015. (d) 2019.

In this paper, the Theil index of urban resilience is calculated as shown in Figure 4. It
can be found that while the urban resilience of the cities is continuously improving, the gap
in resilience levels between cities is decreasing, and the spatial differences and development
imbalances are constantly weakening. Among them, the spatial difference between urban
ecological resilience and infrastructure resilience is small, and the fluctuation changes are
small, but the spatial differences of urban social and economic resilience are large, and
the fluctuation changes are obvious, which makes the overall resilience level of regional
cities have significant spatial differences and large changes. During the period, the Theil
index of regional urban economic and social resilience dropped from 0.538 and 0.47 to
0.219 and 0.182, respectively, and the Theil index of overall urban resilience dropped from
0.205 to 0.117. Spatial differences in urban resilience are shrinking, mainly because of the
implementation of the relevant strategies and plans, which accelerate regional economic
and social development. Led by Chengdu and Chongqing, the social and financial level of
each city has been continuously improved, narrowing the social and economic gap between
the cities, and making the unbalanced development of the overall urban resilience weaken.
Although the gap still exists, the gap still has a decreasing trend.
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Figure 4. Theil index of urban resilience in the Chengdu–Chongqing urban agglomeration from 2005
to 2019.

4.2. Results of Influencing Factors on Urban Resilience
4.2.1. Analysis of the Action Results of Influencing Factors

From the regression results in Table 5, we can see that for the overall resilience, apart
from the level of openness and the level of credit that inhibit the improvement of urban
resilience, other explanatory variables have obvious impacts on the improvement of urban
resilience. (1) Among them, the marketization level has the most noteworthy effect on
urban resilience, mainly because the area is located inland and the economic development
is relatively backward, so that improving the level of economic development is a viable
way to make strides in the level of urban resilience. (2) The impact of the urbanization level
on urban resilience is second. In the study area, where the level of urbanization is relatively
backward, the improvement of the urbanization level enables cities to more rationally
allocate resources such as population, capital, technology, and information, and improve
urban resilience. (3) Industrial structure also has a positive influence on the resilience of
the city. The research object as a traditional agricultural area, optimizing the industrial
structure can promote urban economic and social development, thereby enhancing urban
resilience. (4) Simultaneously, the administrative level and the level of emergency facilities
also have positive effects on urban resilience. Since the research object is located in an area
prone to natural disasters, the improvement of the administrative level and the level of
emergency facilities can promote the level of urban management, improve the speed of
urban emergency response, and directly affect the improvement of urban resilience. (5)
The study area is rich in population resources, but because of the backward economic and
social level there is an excess of labor resources, so population density has little effect on
the improvement of urban resilience. (6) The opening level and credit level have negative
impacts on urban resilience, which shows that the economic system of the study area inland
is relatively fragile and vulnerable to external factors, and it needs to adjust and innovate
the opening-up mechanism and development mode to enhance urban resilience.
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Table 5. Statistics of the effect of explanatory variables.

Average Value
Minimum

Value
Lower Quartile Median Upper Quartile

Maximum
Value

X1 0.1224868 −0.3816324 −0.0135089 0.0544626 0.2102124 0.3274534
X2 −0.0596576 −0.5084665 −0.2144015 −0.0717284 0.0514928 0.4990566
X3 0.4984856 −0.6077710 0.1169416 0.3406415 0.7409104 0.9372762
X5 0.1629620 −0.2222558 0.0421896 0.1616027 0.2609606 0.7530721
X6 −0.0913039 −0.3589074 −0.2115222 −0.0324012 0.0446096 0.3195433
X7 0.0390264 −0.4329643 −0.1227017 −0.0217110 0.0767105 0.3949507
X8 0.4631614 −0.0654836 0.2203307 0.4260468 0.6425338 0.8057922
X9 0.1612041 −0.0727728 0.0466173 0.1468703 0.2966193 0.5434512

Bandwidth 0.114996 N/A N/A N/A N/A N/A
AICc −271.289 N/A N/A N/A N/A N/A

R2 0.9507 N/A N/A N/A N/A N/A

4.2.2. Temporal and Spatial Heterogeneity of the Results

From the statistical results in Table 5, it can be seen that there is obvious temporal
and spatial heterogeneity within the effect of the influencing factors of urban resilience in
the Chengdu–Chongqing urban agglomeration. This paper uses ArcGIS 10.7 software to
spatially characterize the effect of the marketization level, industrial structure, urbanization
level, and emergency facility level on urban resilience. As we can see in Figure 5: (1) the
level of emergency facilities has a high degree of effect on the urban resilience of Chengdu
and Chongqing in the eastern and western of the region, while it has a low degree of effect
on the resilience of cities, such as Luzhou and Dazhou in the north and south; (2) the effect
of industrial structure on the resilience of regional cities gradually weakens from southwest
to northeast, and the impact on cities close to the Central Plains urban agglomeration is
relatively low; (3) the urbanization level has a higher degree of impact on cities with higher
resilience levels in the eastern and western of the area, and a lower degree of impact on
cities with lower resilience levels in the northern of the area; and (4) the marketization
level has a lower degree of impact on cities with higher resilience levels in the eastern and
western regions, but has a higher degree of impact on cities with lower resilience levels in
northern and southern cities.

In this paper, the effect of each influencing factor on cities with different resilience
levels was calculated to analyze the temporal heterogeneity of the influencing factors of
urban resilience. In Table 6, it can be found that with the improvement of urban resilience,
the impact of urbanization level and emergency facilities’ level on urban resilience continues
to increase, while the impact of the marketization level will gradually decrease with
the improvement of urban resilience, which is consistent with the conclusion of spatial
heterogeneity of influencing factors. The impact of administrative level, industrial structure,
and population density on urban resilience fluctuates little with the improvement of the
urban resilience level. However, with the improvement of the urban resilience level,
the opening-up level and credit level have an increasingly obvious inhibitory effect on
urban resilience. For sustainable urban development in the area, it is imperative to adjust
the opening-up mechanism and development mode to improve the overall resilience of
regional cities.
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(a) (b) 

(c) (d) 

Figure 5. Spatial distribution of the mean value of regression coefficients of influencing factors
from 2005 to 2019. (a) Emergency facility level. (b) Industrial structure. (c) Urbanization level. (d)
Marketization level.

Table 6. Mean Values of Regression Coefficients of Influencing Factors for Different Resilience Levels.

Low Resilience
Level

General Resilience
Level

Medium Resilience
Level

High Resilience
Level

X1 0.16033 0.14411 0.14294 0.11298
X2 0.05192 −0.05359 −0.18342 −0.27803
X3 0.63693 0.47339 0.10429 0.12712
X5 0.20246 0.13812 0.17777 0.25834
X6 −0.09513 −0.07018 −0.13833 −0.15987
X7 0.00500 0.08721 −0.05280 0.04182
X8 0.20684 0.43747 0.79880 0.72370
X9 0.17099 0.18069 0.19208 0.26274

5. Discussion

5.1. Theoretical Contribution

With the continuous increase of urban disaster events and the increasing threat risk,
building resilient cities and improving the level of urban resilience are becoming a new
direction for the current sustainable development of cities. This study comprehensively
evaluates the urban resilience level of the Chengdu–Chongqing urban agglomeration and
explores the influencing factors of urban resilience. This can verify and enrich the related
research on urban resilience of inland cities to a certain extent and broaden the theoretical
boundary and application scope of urban resilience.

Firstly, through the measurement of the resilience level of the cities in the study area,
this study finds that the level of economic resilience and social resilience is the key to
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determining the overall resilience level of the city. This confirms the research of Zheng
et al. (2018) [57] and Ma et al. (2020) [58], arguing that economic and social levels are the
main determinants of urban resilience. Cities with higher economic and social levels have
relatively large resource investment in improving the level of urban resilience, making their
level of urban resilience relatively high. However, cities with relatively low economic and
social levels have failed to invest too many resources in improving urban resilience, and
their resilience levels are relatively low. This also makes the social and economic level the
main driving force for the improvement of the overall resilience level of the city.

Secondly, through the analysis of the spatial differentiation characteristics of urban re-
silience in the study area, this study found that the level of urban resilience in the study area
varies greatly, and there is an obvious siphon effect locally. This finding was also confirmed
by Zhang et al. (2019) [59] and Liu et al. (2021) [35]. In the inland urban agglomeration,
the scale of different cities varies greatly. Larger cities will absorb and utilize the resources
of smaller cities, resulting in a siphon effect on the level of urban resilience in local areas.
On this basis, this paper further explores and confirms that synergistically improving the
economic and social development level of urban agglomerations can effectively reduce the
gap in the resilience levels of cities in urban agglomerations and alleviate the siphon effect
of urban resilience. This makes up for the lack of current scholars’ research on the siphon
effect of urban resilience.

Thirdly, by exploring the influencing factors of urban resilience in the study area, this
paper finds that the level of openness has a negative impact on urban resilience. The study
by Ma et al. (2022) [55] also confirmed this finding, arguing that the level of opening to the
outside world has a negative impact on inland cities. This is mainly due to the relatively
low level of opening to the outside world in most inland cities, and the relatively single
and fragile economic system. The increase in the level of openness will have an impact on
the urban economic system and reduce the overall resilience of the city. Meanwhile, this
paper also explores and finds that influencing factors such as urbanization level, emergency
facility level, and industrial structure have positive impacts on the improvement of urban
resilience, which is consistent with the findings of Dong et al. (2020) [60], Khan et al.
(2021) [36], and Ghouchani et al. (2021) [61]. On this basis, this paper further explores the
temporal and spatial heterogeneity of influencing factors on urban resilience. It makes up
for the deficiency of Chen et al.’s (2021) [54] research on the influence of influencing factors
on different resilience levels, deepens the research on the influencing factors of urban
resilience, and enriches the research results of the influencing factors of urban resilience.

5.2. Development Proposals

Based on the above findings, aiming at the sustainable development of cities in the
area, this paper proposes the following development recommendations:

Firstly, innovate the opening-up mechanism and development mode, and promote
social and economic development. The study area is located in the western inland area,
and the level of social and economic is the main driving factor of urban resilience. Actively
implementing the strategy of expanding opening-up, innovating the opening-up mecha-
nism, optimizing the internal industrial structure, and vigorously developing the inland
open economy are effective ways to enhance urban resilience.

Secondly, accelerate the process of urbanization and improve the level of urbanization.
For the cities in the area with a relatively low level of urbanization, promoting new urban-
ization can strengthen urban space design and planning, rationally allocate population
and natural resources, and improve infrastructure construction, which is important for
improving urban resilience.

Thirdly, give play to the leading role of the government and formulate urban develop-
ment plans rationally. There is a large gap in resilience levels among cities in the region,
and the effects of various influencing factors also have obvious spatial heterogeneity. Each
city government should actively take the lead, correctly grasp their own level of resilience,
and formulate urban development plans with different focuses. Chengdu, Chongqing,

20



Buildings 2022, 12, 962

and other cities with high resilience levels in the region should focus on the urbanization
development and emergency facility construction that have a great impact on them, while
cities with relatively low resilience levels in the region, such as Luzhou, Dazhou, and
Guang’an, should focus on the optimization of industrial structure and the promotion of
social and economic levels to effectively improve urban resilience.

Fourthly, strengthen regional coordinated development and solve the problem of
large gaps in urban resilience between different cities. For the coordinated development of
urban resilience in the area, it is necessary to comprehensively consider the demands of
various cities, build a regional spatial cooperation mechanism, enhance the spatial spillover
effect of talents, technology, capital and other resources in Chongqing, Chengdu, and other
high-resilience cities, and overcome the siphon effect to realize the integrated improvement
of urban resilience within the Chengdu–Chongqing urban agglomeration.

Finally, put emphasis on scientific and technological innovation and speed up the
improvement of urban resilience. Technological innovation is a boost to the improvement
of urban resilience, but the technological innovation capability of the area is relatively low
and has no significant effect on the improvement of urban resilience. It is necessary to
increase policy support for scientific and technological innovation and build a promotion
mechanism for scientific and technological innovation to improve urban resilience, so as to
make urban governance more scientific and modern and help improve the urban resilience
of the area.

6. Conclusions

This paper comprehensively evaluates the urban resilience and analyzes the relevant
influencing factors of urban resilience in the Chengdu–Chongqing urban agglomeration.
The study is concluded as follows: first, the urban resilience of the 16 cities has improved
significantly, showing an evolutionary trend from low resilience to high resilience. Second,
there are obvious spatial differences in the resilience levels of cities in the study area,
but with the continuous narrowing of regional social and economic gaps, the spatial
differences and uneven development of urban resilience have been weakening. Third, the
city’s administrative level, marketization level, industrial structure, population density,
urbanization level, and emergency facility level all play a significant role in promoting
urban resilience, but the opening level and credit level inhibit the improvement of urban
resilience in the area. Fourth, the effect of influencing factors has obvious temporal and
spatial heterogeneity. The effect of influencing factors such as marketization level, industrial
structure, urbanization level, and emergency facility level on urban resilience changes with
time and space.

This research has a certain decision-making support for the improvement of the urban
resilience level of the Chengdu–Chongqing urban agglomeration, has a certain reference sig-
nificance for the resilience development of other cities in western and southwestern China,
and has a certain reference value for the resilience research of inland cities. At the same
time, follow-up research can explore urban resilience more deeply and comprehensively
from the following aspects: first, follow-up research can further refine the research objects,
locate the research objects in towns or communities, and conduct more in-depth research;
second, follow-up research can fully consider the important components of the city such as
policy, culture, and natural environment, and build a more comprehensive urban resilience
assessment framework; and finally, follow-up research may not be limited to social and
economic factors, and should further comprehensively explore the influencing factors of
urban resilience and conduct more comprehensive exploratory research on effective ways
to improve urban resilience.
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Abstract: Value creation is the primary motivation for public-private cooperation. The development
of urban rail transit (URT) projects requires heavy investment and abundant construction and
management experience. Thus, public-private partnership (PPP) is usually adopted in URT project
development to benefit the public and private sectors. However, with the high-quality development
of PPP projects, the value creation of URT PPP projects is not only about achieving basic project
objectives but also relying on partner synergy to achieve value-added. Based on the extended
connotation of value creation, this study intends to systematically identify the influencing factors
of value creation of URT PPP projects in China. The grounded theory approach was adopted to
deduce the influencing factors of value creation through analyzing the various types of articles
related to Chinese URT PPP projects. Resources complementarity among stakeholders, cooperation
environment, and partnership synergy were identified as the main influencing factors. Meanwhile, a
theoretical model that described how these influencing factors combined to promote value creation
during public-private sectors cooperation of URT projects was established. This research helps
broaden the understanding of how public and private sectors should cooperate and collaborate in
URT projects to realize value maximization and promote the sustainable development of URT PPP
projects and provides a model for further empirical examination.

Keywords: urban rail transit (URT); PPP; value creation; grounded theory

1. Introduction

Urban rail transit (URT) has formed the cornerstone of urban public transport due
to its advantages of mass transportation, land saving, environment friendly, safety, and
fast speed [1]. The development of URT projects requires heavy investment and abundant
construction and operation experience, bringing huge financial and management pressure
on governments [2]. Public-private partnership (PPP) is a long-term partnership between
the public and private sectors to provide public goods or services by integrating the
capacities of each sector [3]. In this context, PPP has gained popularity as a novel financing
and procurement model for the delivery of URT in many countries [4].

Value creation is the primary motivation for public-private cooperation [5]. For the
government, it takes advantage of the private sectors in terms of their advanced experience
in investment, construction, and operation, thereby providing more URT projects with high
service quality and low fare [6,7]. For the private parties, they expect to obtain profits from
participating in the construction and operation of the URT project [4,8]. The opportunistic
behaviors of partners caused by their heterogeneity objectives often make URT PPP projects
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fall into cooperation dilemmas [6]. Additionally, there are a large number of internal
uncertainties and external environmental changes during the construction and operation
of URT PPP projects, resulting in the loss of project value [9–11]. Therefore, it is required to
identify the critical factors affecting the value creation of URT PPP projects to facilitate the
realization of value for money (VFM) and promote the sustainable development of URT
PPP projects.

Achieving VFM depends on high levels of performance [12]. Many scholars have
conducted research on performance management (i.e., determining performance objectives
and identifying corresponding critical success factors) of URT PPP projects to promote
value creation [13–15]. Performance goals are the foundation of performance management.
Drawing on the 3E principles (economy, efficiency, and effectiveness) of governmental funds
effectiveness auditing and considering the public nature of URT PPP projects, most scholars
proposed that the performance of URT PPP projects can be assessed through some basic
performance objectives in compliance with contract goals, such as time, cost, quality, and
public satisfaction [12,14]. Based on the defined performance objectives, different critical
success factors that influence the performance of URT PPP projects have been identified
from participating parties, external environment, and contracting and procurement, such
as the private sector with extensive experience, policy support, public support, transit
ridership, economic development level, reasonable risk allocation strategy, etc. [4,16,17].

Recently, various advanced technologies and management innovations have continu-
ously poured into the construction industry. The PPP model is changing from high-speed
to high-quality development. “Implementation Opinions on Promoting the Standardized
Development of Government and Social Capital Cooperation” issued by China′s Ministry
of Finance in 2019 emphasizes that PPP projects should strictly perform VFM evaluation
and promote PPP projects to create more value for society [18]. Therefore, achieving the
basic performance management objectives in URT PPP projects can no longer meet the ex-
pectations of participants, but rather realize value-added through effective cooperation [5].
Partnership is the basic characteristic of PPP projects [19]. Kivleniece et al. [7] indicate that
the stable partnership between public and private sectors based on shared resources and
benefit dependence can create partner synergies, thereby promoting value-added through
saving production costs, reducing transaction costs, and increasing output efficiency. Part-
nership value is thus proposed as an important manifestation of the value-added of PPP
projects. To explore the factors affecting the partnership value of PPP projects, some schol-
ars referring to transaction cost economics (TCE) theory proposed that effective governance
strategies, including contractual and relational management, facilitate partners to share
resources, and enhance partnerships, thereby increasing the efficiency of cooperation and
contributing to value creation [5,20,21].

Currently, scholars have studied the connotation of value creation of PPP projects in
terms of achieving basic performance management objectives and promoting partnership
value and have identified corresponding influencing factors from various perspectives.
However, most of the studies were conducted in a fragmented manner. Studies on the
factors influencing value creation of URT PPP projects especially focused more on the
critical success factors affecting basic performance management objectives, while lacking a
comprehensive factor analysis that includes factors affecting partnership value. In addition,
existing studies consider the impact of various factors on project value creation to be
independent of each other, ignoring their interactions.

Grounded theory is an effective qualitative research method to identify core concepts
of the research objective and construct the related theory model based on the relationships
of these concepts [22]. The grounded theory involves the application of reasoning, which
has strong application value and has been widely used in organization and management
areas [23,24]. To this end, this research will adopt the grounded theory method to systemat-
ically analyze the factors influencing the value creation of URT PPP projects in China and
establish a theoretical framework to maximize the joint value in public-private collaboration
under the influence of complex influencing factors.
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The remainder of this paper is organized as follows. Section 2 provides a literature
review on the perception of the URT PPP project value creation and capture and related
influencing factors. Section 3 presents the research framework. Section 4 introduces the
results of data analysis based on the grounded theory method. Sections 5 and 6 present the
discussions and conclusions of this study.

2. Literature Review

2.1. Value Creation of PPP Projects

Value creation is the fundamental purpose of PPP projects [5]. Kivleniece et al. [7] first
proposed the concept of value creation of PPP projects and indicated that value creation
of PPP projects refers to the joint realization of public and private values through the
integration of the capabilities of the public and private sectors. VFM is used to evaluate
whether PPP projects can create value [12]. The 3E principle including economy, efficiency,
and effectiveness is widely adopted in government capital efficiency audits to evaluate
whether a project achieved VFM [18]. Based on the 3E principles of VFM, various perfor-
mance objectives of PPP projects are proposed to promote effective cooperation between
the public and private sectors and achieve value creation. For example, Khalid et al. [25]
proposed that time, cost, quality, service, profit, and variable performance are the critical
performance indicators of PPP projects. Yuan et al. [12] identified 15 performance objectives
through literature review and questionnaire research, mainly including making the project
quality, cost, and duration more balanced, improving the quality of public services, and
promoting innovation and technological progress. Specifically for URT PPP projects, Chang
and Phang [9] proposed 11 performance objectives through case studies, including quality,
schedule, cost, safety, environmental impact, innovativeness, operational management,
service quality, public satisfaction, revenue, etc. In addition, some scholars identified the
performance objectives of PPP projects as achieving reasonable public and private values [7].
Public value covers the timely delivery of high-quality public infrastructure and services to
the public. The private value refers to the private sector obtaining reasonable profits and
other implicit benefits (such as technology improvement, good social reputations, and more
investment opportunities). Existing studies show that most scholars consistently evaluate
the performance of PPP projects through cost, time, and quality. Moreover, improving
the quality of public services and promoting innovation and technological progress are
often used to evaluate the performance level of PPP projects. These performance objectives
mainly focus on the achievement of basic project goals. With the in-depth research on the
value creation of PPP projects, some scholars suggest that the value creation of PPP projects
is not only to achieve the basic project goals but also to realize value-added [5,6,26].

During public-private cooperation, the public and private sectors have different re-
sources and capabilities. Stable partnerships between public and private sectors can be
established through resource sharing and effective collaboration, which promotes the re-
alization of synergistic effects and promote value-added [5]. Zhang and Liu [27], based
on TCE theory, indicated that stable partnerships between the public and private sectors
are important in PPP project governance to reduce project transaction costs. Based on
strategic alliance theory, Hodge et al. [28] proposed that complementary resources between
the public and private sectors enable value creation through partner synergy to be greater
than the sum of value created by individual sectors, which is reflected in the reduction
of production costs and the increase of output efficiency. Existing studies show that the
reduction of production and transaction costs and the improvement of output benefits are
the value-added part of PPP projects, which are generated through stable partnerships
and are defined as partnership value. Integrating studies on performance management
objectives as well as the value-added of PPP projects, Matinheikki et al. [29] proposed that
PPP projects should not only realize the basic project goals (e.g., cost, schedule, quality, etc.)
but more importantly create partnership value. Partnership value is the value-added cre-
ated by resource integration and collaboration between public and private sectors. Existing
studies show that the realization of basic project objectives and the value-added based on
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complementary resources and synergy effective brought by the public-private cooperation
and collaboration are important manifestations of value creation of PPP projects. Referring
to Matinheikki et al. [29], this study divided the value creation objectives of PPP projects
into the realization of project objectives and partnership value, as shown in Table 1.

Table 1. The value creation objectives of PPP projects.

Value Creation Objectives of
PPP Projects

Sub-Objectives Connotation

The realization of
project objectives

The realization of quality goals The actual engineering quality of the PPP project meets
the contractual requirements.

The realization of cost goals The PPP project is completed within the contract budget.

The realization of schedule goals The PPP project completes construction and operation
according to the contract schedule.

The realization of safety and
environmental goals

The development of the PPP project meets the
predetermined safety standards and has no negative
impact on the environment.

The realization of
stakeholder satisfaction

The development of the PPP project relieves the
financial pressure on public sectors, allows the private
sectors to obtain a reasonable profit, and provides good
services to the public.

The realization of
partnership value

Reduction of production costs
Complementary resources between the public and
private sectors reduce financing costs, construction costs,
and operating costs.

Reduction of transaction costs

Partner synergies between the public and private sectors
reduce opportunistic behavior and improve the
efficiency of handling uncertain events, thereby
reducing transaction costs.

Improvement of output benefits
Complementary resources between the public and
private sectors improve operational efficiency and thus
increase output benefits.

2.2. Factors Influencing the Value Creation of URT PPP Project

Various risk factors such as stakeholder behaviors, macro-environmental risk, com-
petition risk, and financial risk will affect the benefits of the PPP project and cause the
project to fail [9,16,30]. To make PPP projects create more value and achieve VFM, many
scholars have identified some critical success factors (CSFs) that affect the value creation of
PPP projects based on the study of PPP project performance objectives. These CSFs can
be divided into six categories: stakeholder behavior, time, public demand, public-private
collaboration, cost-benefit, and environment [4,16,17]. For example, based on a review of
academic literature and government reports, Henjewele et al. [31] proposed key factors
affecting the achievement of performance goals of PPP projects in the UK, including in-
formation factors, task factors, decision factors, project team factors, procurement factors,
macro-environmental factors, and time factors. Through case studies of PPP projects in
Hong Kong, Cheung et al. [32] identified five factors that have the greatest impact on
the value creation of PPP projects, including efficient risk sharing, industry competition,
private sector capacity, and government regulation.

URT PPP projects have the commonality of general PPP projects, and some scholars
have studied the key influencing factors for achieving the performance goals of URT PPP
projects regarding the CSFs of general PPP projects. For URT PPP projects, a private sector
with strong investment and financing capabilities and rich project experience could provide
sustainable funds and reduce construction costs [6]. The public sector has the legitimacy to
rule in URT network planning, and the division of project sovereignty can provide policy
support for private sectors to engage in URT PPP projects [33]. The complementary resource
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advantages between public and private sectors can facilitate the achievement of intended
contract objectives and create more value [5,14]. For example, the private sector can obtain
loans lower than the market level with policy support from the public sector, thereby
further reducing the financing costs [3,34]. The construction, operation, and maintenance
costs are influenced by aspects, such as construction technology, management capacity,
material/energy price, and wages in the labor market, which can be reduced by involving
the private sector with extensive construction and management experience and novel
management methods and tools [35,36]. Fare revenue, which is influenced by ridership
and fare, is a significant revenue source for a URT project [37]. Carpintero and Petersen [15]
showed that politics play an important role in the route selection of URT projects, thereby
influencing passenger flow. In addition, a timely, reliable, and comfortable service could
attract more commuters to ride URT [11]. The cooperation environment has an important
effect on the stability and sustainability of PPP projects. The resources (e.g., material,
policy and information, etc.) required for the production and delivery of public goods or
services originate from the cooperative environment [5]. Some scholars explore the effects
of cooperation environments on the value creation of URT PPP projects from the aspects of
public participation and macro market and policy environments [17,30,38].

Current studies on the factors influencing the value creation of PPP projects are mainly
related to promoting the realization of basic performance objectives (i.e., cost, quality, sched-
ule, public satisfaction). As explained in Section 2.2, realizing value-added (i.e., partnership
value) is also an important value creation objective of PPP projects. Leite and Bengtson [39]
indicated that strengthening partnerships to activate consistent interests among stake-
holders in PPP provides the possibility of realizing value-added. Some scholars started
to explore the factors to strengthen the partnership of PPP projects. For example, Jocob-
son et al. [40], through interviews and qualitative research methods, proposed 10 factors
that influence the partnership of PPP projects, including commitment, communication,
willingness to cooperate, etc. By studying the relationship among PPP project partner
subjects, cooperation environment, and public goods supply, Ye et al. [19] found that a
good cooperation environment and public participation will promote the sustainability
of the partnership and thus the realization of partnership value. Love et al. [41] indicated
that trust among partners can also enhance partnerships, reduce transaction costs, and
thus contribute to value creation. For URT PPP projects, there are relatively few studies
on the influencing factors affecting its partnership value. Several scholars investigated the
vertical structure of URT PPP projects and proposed that an effective vertical structure can
provide a good cooperation environment for partners and thus promote partnership syner-
gies [8]. Additionally, some scholars suggest that reasonable risk-sharing can increase the
trust between partners and thus promote partner synergy [42]. Eshun et al. [43] proposed
that the contract of the URT PPP project should have a high degree of completeness to
guide the cooperation behavior of partners, mitigate transaction risks, and thus promote
value creation.

The existing literature has illustrated that the factors influencing the value creation
of URT PPP projects are complicated. However, most of the studies only explored the
factors influencing the value creation of URT PPP projects on the critical success factors
affecting basic performance management objectives and lack a detailed factor analysis that
affects partnership value. They provided a partial understanding of the factors influencing
the value creation of URT PPP projects, which left a comprehensive investigation and
summarization of these factors uncovered. Thus, this study attempts to fill the gap and
systematically identify critical influencing factors of the value creation of URT PPP projects.

3. Research Methodology

There are many practical cases and experience summaries of URT PPP projects in
China. The qualitative research method has advantages in data information collection,
data processing, and theory formation, which is suitable for exploratory research [22]. The
grounded theory methodology is adopted in this study to explore the factors influencing
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the value creation of URT PPP projects and explain how these factors enable maximized
joint value creation. The research process based on grounded theory methodology is shown
in Figure 1, including data collection and data analysis parts.

 

Figure 1. Research process based on grounded theory methodology.

3.1. Data Collection

Step 1: Selecting articles related to the value creation of URT PPP projects
This study adopted two ways to obtain related literature to fully identify the factors

influencing the value creation of URT PPP projects.
(1) Searching academic database
To obtain literature related to the value creation of URT PPP projects, two academic

databases including the Web of Science (WOS) and China National Knowledge Infras-
tructure (CNKI) were selected due to their widespread journal coverage [44]. After that,
the keywords were determined to ensure that the selected literature is closely related to
the research topic. The types of URT and their abbreviations as introduced by The World
Bank [45] were presented in Keywords I of Table 2. According to PPP Knowledge Lab [46],
the selected typologies of PPP and their abbreviations were presented in Keywords II of
Table 2. Moreover, as explained in Section 2, studies related to the value creation of URT
PPP projects include performance, critical success factors, partnerships, partner synergy,
benefit, partnership value, and value-added, which were also presented in Keywords III of
Table 2. The words listed in Keywords I–III were grouped; for example, the terms “urban
rail transit”, “public-private partnership”, and “value creation” were adopted to implement
a search within the WOS and CNKI database.
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Table 2. List of selected keywords.

Categories Keywords

Keywords I: Types of URT

Urban rail transit (URT)

Rapid rail transit (RRT)

Subway/Metro (MRT)

Light rail transit (LRT)

Heavy rail (HR)

Tramways (Tram)

Streetcar

Keywords II: Typologies of PPP

Public-private partnership (PPP)

Build-operation-transfer (BOT)

Build-transfer-operate (BTO)

Design-build-finance-operate-maintain (DBFOM)

Build-own-operate-transfer (BOOT)

Design-build-finance-operation (DBFO)

Keywords III: Types of Value creation

Value creation

Performance

Critical success factors

Partnerships

Partner synergy

Benefit

Partner synergy

Value-added

(2) Searching web-based information platform
Three web-based information platforms were selected to obtain articles related to

this present study, including”China Public-Private Partnerships Centre” (CPPPC), ”PPP
wiki”, and ”PPP portal”. The CPPPC is an official platform of PPP-related policies and
regulations and interactive exchange sponsored and guided by the China Ministry of
Finance in advancing the development of the PPP model. The platform not only provides
statistics on the detailed information on all approved PPP projects in China but also reports
comprehensively and objectively the new progress and new PPP project achievements.
The PPP wiki and PPP portal are the most authoritative and influential platforms for
knowledge-sharing of PPP in China. The platforms release various types of articles on
PPP projects, including case studies, news stories, expert interviews, academic papers, and
policy interpretation. In 2021, the annual reading volume in the PPP wiki and PPP portal
reached 6.28 million, leading to the information aggregation of the PPP model. Thus, using
CPPPC, PPP wiki, and PPP portal can capture articles in China on the value creation of the
URT PPP project in a professional, timely, and comprehensive manner.

After determining the search platform, keywords that were consistent with search
rules in searching academic databases were used to search on CPPPC, PPP wiki, and PPP
portal. As Pettigrew [47] proposed, the most important factors to consider for raw article
selection are ”transparent observable”, which is the same central premise adopted in this
research. Thus, the following criteria were set to select the most relevant articles for the
study. (1) The articles must be on the topic of the URT PPP project. (2) The articles must
be related to the value creation of the PPP or URT PPP project. (3) The articles should not
be out of date (within five years from the day of article collection) to represent the current
characteristics of value creation.
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In the first round of searching (upon updating to 10 July 2021), 1386 articles were
collected through the above two ways. Second, the titles of the collected articles were
browsed to refine the list of the articles and to identify whether the article is related to
the research subjects. After this process, 892 items remained in the pool. In the following
step, the content of the articles was read in detail to determine their relevance to the
research questions. Consequently, 696 articles covering 43 academic papers, 78 case studies,
356 news stories, 166 expert interviews, and 53 policy interpretations of the URT PPP
project in China were selected for coding. Corbin and Strauss [22] proposed that 25%
of the obtained articles should be selected randomly for the theoretical saturation test of
the model, thereby ensuring adequate validity and the credibility of the coding. Thus,
174 articles were selected randomly from 696 articles to conduct a theoretical saturation
test leaving 522 articles to be coded first.

3.2. Data Analysis

Step 2: Coding to identify central factors influencing value creation of URT PPP projects
The classic grounded theory methodology includes three coding procedures: open,

axial, and selective coding [22]. In this study, Nvivo12, a computer-assisted qualitative
analysis software, was adopted to screen the articles and code the sentences [48]. The
internal folder in Nvivo12 can include various types of sources, such as documents, web
pages, and PDFs. The articles used in this study can be obtained in the web page format
by using the automatic reading function (N-capture) of Nvivo12, based on which a rapid
and in-depth qualitative analysis of data can be performed. First, the literature and web
pages were coded according to article types, such as cases, expert interviews, academic
papers, etc. The sorted web pages were then imported into Nvivo12 for standardized
information management.

Open coding refers to the categorization of sentences or phrases in the texts and the
procedure used to build the initial coding from the raw data by reading line-by-line or
sentence-by-sentence [22]. Two principles must necessarily be complied with during the
open coding process based on the data set of 522 articles to identify and depict overall
constructs related to factors influencing the value creation of URT PPP projects [49]. First,
the researcher needs to put aside subjective imagination and prejudice to obtain objective
and rational concepts and categories. Then, a sentence-by-sentence analysis is conducted
to trace continuously. “What is the relationship between the sentences and the research
object?” and “What concept does this sentence provide?” One article (ID NO.2-14) is used
as an example to present the open coding in Nvivo12, as shown in Figure 2. The left side of
Figure 2 is the part of the NO.2-14 article, which is in Chinese. The right-side information
is about the coding stripes with different colors. Two PhD graduates with a research focus
on value creation of URT PPP projects undertook coding tasks separately to reduce coders′
subjective influence on the work result.

Based on the results of open coding, axial coding is adopted to discover and establish
relationships between subcategories and main categories [22]. The main categories of nodes
are often referred to as parent nodes. The others, including subcategories and concepts, are
child nodes. A child node can only have one parent node and have different relations to
the parent node. The purpose of axial coding in this study is to classify the relationship
between each concept and obtain the factors influencing the value creation of the URT
PPP project. During the classification process, a more abstract category level can be found
through the repeated comparative and cluster analysis of the relationships of concepts
obtained from open coding [24]. In Nvivo12, the tree-like hierarchical structure of nodes
and their relationships with each other were established to present the connections between
concepts, subcategories, and main categories. Figure 3 only shows parent codes and the
sub-categories level of child nodes due to the length limitations of this article. The results
of open coding and axial coding are shown in Section 4.1 for details.
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Figure 2. Open coding of one article (ID NO.2-14).

 

Figure 3. Axial coding process.

Step 3: Saturation test
Based on the grounded theory, all codes signed in open coding and axial coding

should meet the requirements of theoretical saturation [22]. Hence, the invited two PhD
graduates were invited to code the remaining 174 articles again. No new concepts, sub-
categories and main categories appeared during the coding process of 174 articles. This
proves that the factors influencing the value creation of URT PPP projects in China were
completely identified.

Step 4: Theory building
Selective coding is used to identify core categories. The objective of selective coding is

to reveal a core field and systematically associate the core category with other categories
by presenting a “storyline” [24]. Thus, in the last step, selective coding was adopted
to integrate the identified influencing factors categories of value creation of URT PPP
projects through a storyline, thereby constructing a theoretical model that described how
these influencing factors combined to promote value creation during public-private sectors
cooperation of URT projects. The results of selective coding are shown in Section 4.2.
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4. Results

Based on open coding and axial coding, concepts and categories of the factors influenc-
ing the value creation of URT PPP projects were identified. After that, the selective coding
presented a storyline and constructed the theoretical model regarding how these influenc-
ing factors combined for effective value creation of URT PPP projects. These influencing
factor categories and the storyline and theoretical model are explained in detail as follows.

4.1. Categories of Factors Influencing Value Creation of URT PPP Projects

Twenty-three concepts, seven sub-categories, and three main categories were identified
through open coding and axial coding, as shown in Table 3. Additionally, Table 3 also
shows the connotation of each concept and its frequency of appearing in the coding process.
As shown in Table 3, the top five influencing factors that occurred with frequency in the
open coding process include: strong investment and financing capability (Fre. = 338),
regulatory (Fre. = 312), trust (Fre. = 272), risk allocation strategy (Fre. = 225), and public
participation (Fre. = 213). The occurring frequency of the influencing factor reflects the
degree of concern of scholars or project participants about this factor on the value creation
of URT PPP projects [24]. This study thus measures the degree of influence of the factor on
the value creation of URT PPP projects by its occurring frequency. Strong investment and
financing capability has the highest frequency reflecting that it has the highest degree of
influence on the value creation of URT PPP projects, supporting that financing is the basic
function of the PPP model and strong investment and financing capability can effectively
solve the problem of insufficient funds and promote the project process [2]. Following the
above factor, regulation from the public sector also has a significant impact on the value
creation of URT PPP projects. Effective regulation can reduce opportunistic behavior of the
private sector, allowing the private sector to deliver projects that meet public requirements,
thereby reducing transaction costs and increasing revenues [9]. The impact of trust on the
value creation of URT PPP projects comes in third place, reflecting that partnership is the
most essential feature of PPP projects. Good trust can enhance partnership and promote
partner synergy, thereby creating more value through reducing transaction costs [21]. Risk
allocation strategy also has a significant influence on the value creation of URT PPP projects.
A reasonable risk allocation strategy can improve the governance efficiency of risk events
and reduce transaction costs [8]. Notably, the public is the end-user of URT projects.
Thus, it is significant to make the public participate in the development of the projects to
improve their satisfaction. Based on the coding results, the influencing factors categories
are explained in detail as follows.

Table 3. Categorization of factors influencing the value creation of the URT PPP project.

Main Category Fre. Sub-Category Fre. Concept Fre. Connotation of the Concept

Resources com-
plementarity 1162

Public sectors
capability 539

Regulation 312

Public sectors have the legitimacy rights
granted by citizens to regulate the

private sectors behaviors to ensure that
the services provided by URT PPP

projects meet public requirements [9].

Subsidy 125
Public sectors provide reasonable

subsidies to private sectors and make
them obtain reasonable revenues [10].

Policy
development

and implemen-
tation

102

Supportive policies for private sector
participation in URT PPP projects can

increase the efficiency of project
development and reduce financing

costs [19].
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Table 3. Cont.

Main Category Fre. Sub-Category Fre. Concept Fre. Connotation of the Concept

Private sectors
capability 623

Strong
investment and

financing
capability

338

Strong investment and financing
capability can effectively solve the

problem of insufficient funds for the
development of URT PPP projects and
advance the process of the projects [2].

Advanced
technology 147

Advanced technologies of the private
sector can effectively reduce production

costs, while also increasing economic
returns through improved operational

efficiency [9].

Extensive
project

experience
138

Extensive project experience of the
private sector can reduce project sunk
costs and promote project success [19].

Cooperation
environment 829

Project
characteristics 131

Project scale 48

Project size reflects the amount of work
involved in the construction and

operation of a URT PPP project, which
directly affects the construction and
operation costs of the project [50].

Construction
scheme 36

The construction scheme reflects the
level of difficulty of the project

construction, which directly affects the
construction costs of the project [10].

Geological
conditions and

surrounding
environment

47
Adverse geological conditions can

increase construction difficulties and
thus increase construction costs [16].

Social
environment

309

Public
participation 216

The public is the end-user of URT
projects. Public participation makes URT
PPP projects meet public requirements

and thus improve public satisfaction and
increase ridership [18].

Media reports 93

Media reports are the main channel for
the public to obtain project information.

Unfavorable media reports can cause
public dissatisfaction [6].

Market
environment

389

Business
environment 152

The business environment reflects daily
average transit ridership, carrying

capacity, and property rents at stations
[51].

Economic
development

level
123

A lower economic level can increase the
financing cost and discourage the

positive externality benefits of a URT
project [52].

Industry
environment 114

The industry environment reflects the
number of buses and other URT lines,

which can threaten the ridership of the
developed URT PPP projects [53].
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Table 3. Cont.

Main Category Fre. Sub-Category Fre. Concept Fre. Connotation of the Concept

Partnership
synergy 1281

Concession
contract

management
834

Risk allocation
strategy 225

A reasonable risk allocation strategy can
improve the governance efficiency of risk
events and reduce transaction costs [8].

Revenue
sharing
strategy

213

A reasonable revenue sharing strategy
can enable partners to obtain reasonable

benefits, thus stimulating partners’
motivation and reducing their

opportunistic behavior [8].

Vehicle
structure 93

The vertical structure of URT PPP
contracts reflects the responsibilities and
the possible benefits of each partner [51].

Subsidy
strategy 87

A reasonable subsidy strategy can
reduce public sector pressure, allow
private sectors to receive reasonable
benefits, and thus promote partner

synergy and realize project
sustainability [54].

Pricing
mechanism 82

The pricing mechanism directly affects
the revenue of the URT PPP project and

public satisfaction [6].

Duration 33

Duration refers to the time that the
private sector can participate in the

construction and operation of URT PPP
projects [54].

Contract
flexibility 101

Contractual flexibility reflects the ability
to protect stakeholders′ interests through
contract renegotiation when uncertain

events arise [6].

Relational
management 447

Trust 272
Trust means that a party believes that its
partner can cooperate fairly and actively

fulfill their commitments [21].

Communication
and

coordination
175

Communication and cooperation mean
that partners can proactively share their

experiences and information [43].

Note: Fre. refers to Frequency.

4.1.1. Resource Complementarity

Resource complementarity between partners is a critical factor in the value creation
of the URT PPP project [5,6]. The coding results show that the integration of the unique
capabilities of the public and private sectors can provide sufficient financial, technical, and
policy support for the development of URT PPP projects that cannot be realized by just
one party and thus facilitate the achievement of contractual objectives. In addition, the
complementarity of different types of capabilities can enhance operational efficiency and
enable projects to cope with more risks, thereby realizing value-added, such as minimizing
cost, reducing the duration, and improving the functional structure. Public sector capability
and private sector capability are the two sub-categories of resource complementarity. The
occurring frequency of private sector capability and public sector capability is 623 and 539,
respectively. It is thus inferred that the private sector capability has a greater impact on the
value creation of URT PPP projects than the public sector has on it.

Public sector capability: The public sector is ultimately responsible for providing URT
projects and has the legitimacy rights granted by the general public, such as regulation,
policy development, providing subsidies, etc. Government regulation (Fre. = 312) is the
most important factor in public sector capability. Effective government regulation can
ensure that URT projects meet public demand, thereby inducing more public ridership on
URT and creating value in terms of providing high-quality public goods and services and
increasing economic benefits [9].
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During the coding process, some articles indicated that public sector incentives to the
private sector can increase the private sector′s motivation to enhance management and
innovation, which has a positive effect on reducing production costs and increasing eco-
nomic benefits [33]. For example, URT projects generally require considerable investment
and public welfare characteristics, leading to difficulties in recovering costs. Chiara and
Kokkaew [55] showed that the discrepancies between URT PPP projects’ operational ex-
penditure and fare revenue could reach 29–89%. Thus, government subsidies can mitigate
passenger flow risk and motivate private sectors to provide better projects and services [10].

Policy support from the public sector for the development of URT PPP projects is a
key factor in attracting private sector participation and enhancing the efficiency of project
collaboration [19]. Some articles show that excessive subsidies would bring financial bur-
den to the government and decrease the opportunities for other infrastructure investments,
which then affects social benefits. URT investment can lead to higher land and property
values along the route to bridging the gap between affordable fares and business feasibil-
ity [56]. Thus, land value capture (LVC) has been promoted as an alternative financing
policy to bridge the gap between affordable fares and the business feasibility of URT
PPP projects. Some LVC policies, such as tax instruments and joint development of PPP
have been adopted to capture the increased value of the land along the route [14]. For
example, Mass Transit Railway Corporation Limited (MTRCL) of Hong Kong applies the
developed-based LVC policy and creates the synergy between LVC and URT operation:
MTRCL convert the loss status in the 1980s into profit worth 16 billion yuan in 2015 by
adopting the develop-based LVC policy [52].

Private sector capability: The private sector is directly involved in the design, con-
struction, and operation of URT PPP projects. Private sector capabilities, such as investment
and financing capability, advanced technology, extensive project experience, etc., have a
significant effect on value creation (i.e., cost, revenue, and delivery of a project) [19]. The
construction and operation of the URT project require significant investment. In China,
the cost per kilometer of URT is up to 600 to 900 million yuan [2]. Strong financing and
management capability (Fre. = 338) can provide sufficient financial support for the success-
ful delivery of URT projects and advance the project process, which is the most important
factor in private sector capability.

The construction and operation of URTs require advanced technology and manage-
ment levels. Some articles propose that the private sector with advanced technology and
extensive project experience can reduce trial-and-error costs and sunk costs to realize
the successful implementation of URT projects [9]. Additionally, the patents, efficient
management, and innovative business models of private sectors can effectively reduce
the production costs of a project [19], while also increasing economic benefits through
improved operational efficiency.

4.1.2. Cooperation Environment

Chung and Hensher [6] confirmed that transport project benefits are highly exposed
and strongly influenced by the cooperation environment. Cooperation environment factors
such as project characteristics, market environment, and social environment can directly
influence the project′s cost and revenues, which the affects URT projects′ value creation.
The market environment (Fre. = 389) is the most important cooperation environment factor.
Besides, the public is the end-user of URT PPP projects. The coding results indicated that
the social environment (Fre. = 309) is also a critical cooperation environment factor that
influences the value creation of URT PPP projects.

Project characteristics: Project characteristics, which include project scale, construc-
tion scheme, geological conditions, and surrounding environments, are the fundamental
factors affecting the project cost [50]. For example, an article proposes that ”the adverse ge-
ological conditions will increase the construction difficulty, thereby increasing construction
costs.” Therefore, ecological and geological surveys are necessary to design a reasonable
construction plan and reduce the project construction cost.
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Market environment: A stable market environment can provide good resources for
the development of URT PPP projects [29]. An article indicated that economic development
level can affect the operating policies of URT projects, financial environment, and urban
GDP. A lower economic level can increase the financing cost and discourage the positive
externality benefits of a URT project, which can affect the project′s operating revenues. In
addition, some articles proposed that the business environment including daily average
transit ridership, carrying capacity, and property rents at stations affect the revenue of a
URT project. The business environment (Fre. = 152) is the most important factor in the
market environment. The deterioration of the business environment can lead directly to
lower revenues and even project failure. Furthermore, industrial environments, such as the
number of buses and other URT lines and their route plans can threaten the ridership of
the developed URT PPP projects, which would also affect project revenues.

Social environment: URT is a public good and has a profound effect on social welfare.
Enhanced public participation can enable decisions on URT PPP projects to meet public
requirements, thereby reducing project rework and increasing public satisfaction [50]. In
addition, public supervision can encourage the public and private sectors to provide more
resources and generate more social benefits. The rapid development of the Internet has
enabled the media to play an important role in guiding social opinion [6]. Some articles
indicated that adverse media reports on URT PPP projects are likely to stimulate public
discontent and lead to social risks that affect the reputation of the government and the
profits of the private sectors.

4.1.3. Partnership Synergy

The public and private sectors have different expectations to participate in URT PPP
projects and aim to obtain more benefits through resource complementarity [7]. The
heterogeneity of goals often leads to conflicts in public-private cooperation [39]. Therefore,
the success of URT PPP projects not only depends on resource complementarity but also
balances the conflicting interests of partners. Partner synergy is a critical factor in ensuring
the smooth construction and operations of the URT PPP project. Partner synergy manifested
as a close trusting relationship and active contract compliance attitude between the public
and private sectors can effectively reduce opportunistic behavior of partners and enhance
the ability to deal with problems, thereby reducing the transaction costs of the project
and realizing value-added [41]. Notably, the occurring frequency of concession contract
management (Fre. = 834) is much more than relational management (Fre. = 447). It can be
concluded that contract management is thought to be a more effective governance strategy
to promote partnership synergy. Relational management mainly depends on ethics to
bind partners′ behavior, while contract management guarantee partners′ behavior through
contract clauses. Contract management can thus better maintain a good partnership
between public and private partners and promote partnership synergy.

Concession contract management: Concession contractual management of URT PPP
projects aims to regulate the rights and obligations of public and private sectors through
formal agreements [20]. Some articles show that the vertical structure, duration, pricing
mechanism, revenue sharing strategy, and risk allocation strategy of the URT PPP project
should be defined clearly in the concession agreement to reduce the occurrence of uncer-
tainties and reduce transaction costs. Coding results show that risk allocation strategy
(Fre. = 225), revenue sharing strategy (Fre. = 213), and Contract flexibility (Fre. = 101)
are the most important concession contract management factor. Specifically, the vertical
structure of PPP contracts, which is determined by considering the characteristics of the
project and the resource advantages of the government and private sectors, can spec-
ify the responsibilities and benefits of each partner [51]. The coding results show that
various vertical structures in bundled or unbundled models were adopted in URT PPP
projects. The bundled model enables the public sector to transfer all the responsibilities
and risks related to the lifecycle of the URT project to the private sector and capture more
cost-effectiveness because it can motivate private sectors to minimize costs and maximize
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revenues. The unbundled model refers to the public sector involved in the private sector
in the design, construction, operation, maintenance, and management of URT projects
through various separated PPP contracts [15]. There is no standard answer to choosing
between bundled and unbundled models of URT PPP contracts, and instead requires a
combined consideration of the government′s financial capacity, revenue sources, project
characteristics, etc.

Concession duration length influences the private sector′s opportunities to accumulate
operational experience and capability-building and obtain fare revenues to resist uncertain-
ties [54]. Some articles indicate that ”the shorter concession durations enable the public
sector to achieve early control of the URT PPP project with a good asset state, but negatively
affect private sectors to increase investment for construction and operation; Conversely,
the longer concession durations are conducive to improving the return on investment of
private sectors, but making the public sectors take over the URT project of lower asset state
after the concession durations.” Thus, the public and private sectors need to determine a
reasonable concession duration by considering various uncertainties to balance the different
expectations of the public and private sectors.

Fare revenue is an important aspect of maintaining the financial sustainability of URT
projects [8]. Reasonable pricing mechanisms that can balance the benefits of government,
passengers, and the private sector are essential. A pricing mechanism that combines
government regulations and market mechanisms may allow dynamic fare adjustment
according to the market environments [6]. The complementary government regulations
and market mechanisms can balance multiple interests and promote value creation [57].

Profit-seeking often causes the private sector to pursue profit maximization with less
consideration for the social benefits, usually leading to a value level achieved lower than
the optimal value level [54]. Thus, the public sector provides subsidies to improve the
performance of the URT project. However, some articles show that the public sector is likely
to suffer from financial losses because the private sector may deliberately present deficits
in their revenues to obtain a minimum revenue guarantee from the public sector. Hence,
combining performance evaluation and reasonable subsidies would motivate private
sectors to improve project performance.

Some selected articles explain that the private sector obtaining excessive profits with-
out re-investment to improve the URT performance will damage the social benefits. A
reasonable revenue-sharing strategy can facilitate the formation of aligned goals between
the public and private sectors that allows the private sector to earn profits rather than
windfall profits while providing extra funds to the public sector for URT improvement and
other infrastructure development, thereby realizing the maximization of value creation [8].

Many uncertainties, such as adverse natural environment, and market environment
exist in the URT PPP projects investment; these uncertainties affect the costs and revenues
of the project [42]. Some articles indicate that “risks of PPP projects should be allocated
to the most suitable stakeholders to minimize risk management costs” [8]. Based on these
principles, the government should take risks of political factors and the lowest operating
revenues. The private sector should be responsible for risks in aspects such as financing,
organization management, and construction and operating costs. For other types of risks,
the dominant stakeholder should take the corresponding risks.

For URT PPP project concession contracts, anticipating all uncertainties (e.g., changes
in public demand, policy changes, organizational changes, etc.) is impossible, and thus,
there is a need to develop a sound mechanism to manage conflicts and risks. Some articles
indicated that the concession contract of the URT PPP project should be flexible enough to
provide partners with negotiating opportunities to adjust terms and ensure that partners
receive rational returns when suffering various risks and promote partnership synergy [6].

Relational management: Effective relationship governance, including building trust
and increasing communication between partners, can drive partners to proactively share
technology, resources, and experience, thereby facilitating the realization of value-added [39].
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A good trust between public and private sectors can increase the willingness to coop-
erate between partners and motivate them to solve various risks actively and promptly [21],
thereby improving mutual satisfaction, reducing project costs, accelerating project progress,
and providing a guarantee for the realization of value creation. Additionally, some articles
indicated that active communication and collaboration between partners can enhance
partnerships and make partners sincerely share technology and experience [43], thereby
providing more complete construction solutions for URT project development, improving
project construction efficiency, and creating more value for the project.

4.2. Selective Coding

The aforementioned categories of influencing factors are critical for the value creation
of the URT PPP project. The open and axial coding process showed that those influencing
factors categories are interrelated. For example, “public and private sectors with advanced
project experience and management capabilities” has been posited by several studies to
be the prerequisite to realizing value creation while a “good social environment” would
significantly increase the performance of resources complementarity by providing a stable
cooperation environment. “A good communication and coordination between partners”
motivate partners to share knowledge and experience openly and promote partnership
synergy and create more values. Therefore, the selective coding helped explicitly link the
three influencing factors categories through the following storyline.

(1) Resource complementarity between public and private can directly influence

the value creation of URT PPP projects.

As explained in Section 4.1.1, the distinct resources and capabilities of the public
and private sectors are the starting point for the value creation of URT PPP projects. The
integration of complementary resources ensures the smooth construction and operation of
URT projects following the basic contract goals (e.g., quality, schedule, and cost objectives).
In addition, the complementarity of different types of resources can enhance the partners′
ability to cope with risks, thereby improving operational efficiency, reducing production
costs, and realizing value-added.

(2) Partnership synergy can directly influence the value creation of URT PPP projects.

As explained in Section 4.1.3, appropriate governance strategies belonging to “con-
cession contract management” and “relational management” need to be implemented to
control the heterogeneous goals and opportunistic behavior of partners and thus realize
“partnership synergy”. Effective partnership synergy can reduce transaction costs by reduc-
ing opportunistic behaviors of partners and improving efficiency in dealing with problems,
thereby creating more partnership value.

(3) Resource complementarity has a mediating effect on the relationship between

partnership synergy and value creation of URT PPP projects.

The coding results show that higher partnership synergy implies a stable partnership
between the public and private sectors. This makes partners show a strong willingness to
cooperate and adopt cooperative behaviors, such as devoting more dedicated resources and
sharing more information. Thus, partner synergy can promote resource complementarity
and thus create more value.

(4) Cooperation environment has a moderating effect on the relationship between

resource complementarity and value creation of URT PPP projects.

The coding results show that the cooperation environment is also a critical factor that
influences the value creation of URT PPP projects. Influencing factors belonging to the
“cooperation environment” provides the basic resource foundation of public-private coop-
eration and influence the resource complementarity performance by affecting project cost
and revenues. Therefore, a theoretical model was built based on the storyline, illustrating
how the various influencing interacts to realize the maximization of value creation of the
URT PPP projects, as shown in Figure 4.
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Figure 4. The generation mechanism of the value creation of the URT PPP projects under the influence
of various factors.

5. Discussion

5.1. Theoretical Contribution

Previous studies on the value creation of URT PPP projects mainly focused on the
achievement of basic performance objectives (e.g., time, quality, cost, and public satis-
faction) [12,14]. However, with the high-quality development of PPP projects, the value
creation of URT PPP projects is not only about achieving basic project objectives but relying
on partner synergy to achieve value-added [5]. This study thus defines the objectives
of value creation of URT PPP projects as the achievement of project basic goals and the
realization of partnership value (value-added). Based on the extended connotation of value
creation, this study explores what and how the factors influence the value creation of URT
PPP projects. The study proposes that public-private cooperation is a generator to make
URT projects bring more value and develops some contributions.

First, this study proposed that resource complementarity between the public and
private sectors is a source of value creation. The public and private sectors that offer more
complementary resources or capabilities can provide products or services that meet the
public requirements more easily and create extra partnership values through production
cost savings and reduced transaction costs, which many researchers emphasized as the
primary driving factor of value creation of URT PPP projects [5,6,26]. Notably, the coding
results show that private sector capabilities are considered to have a greater impact on value
creation than public sector capabilities. This supports that the private sector is responsible
for the entire design, construction, and operation of the URT PPP project, and its capabilities
and resources directly affect the project′s cost and efficiency [19]. Additionally, to create
more extra value for URT PPP projects, especially the development-based LVC policy, prior
studies argued that the public sector should consider implementing an LVC policy, which
can not only bring steady long-term revenues through leasing or rental of retail as well as
commercial and residential spaces for private sectors, but also provide better accessibility
for the public through integrating the property and commercial developments into the URT
investment [11,52].

Second, this study proposed that the cooperation environment has a moderating effect
on the relationship between resource complementarity and value creation of URT PPP
projects. Various uncertainties risks, such as demand risk, operation risk, competition risk,
and financial risk, from a cooperation environment, can affect the project′s financing costs,
production costs, operating revenues, and thus the resources complementarity performance
between partners. The public is the end-user of URT PPP projects. However, existing studies
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focused more on the impact of the public and private sectors on the value creation of URT
PPP projects and neglected the role of the public. This study finds that public participation
will monitor the behavior of the public and private sectors and motivate them to invest
more resources, thus contributing to value creation. Moreover, public satisfaction directly
influences the costs and revenues of the project.

Partnership is the basic feature of PPP projects [41]. However, there is little research
on the impact of partnership synergy on the value creation of URT PPP projects. This study
finds that partnership synergy is in activating the consistent interests between public and
private sectors and providing the possibility of creating joint value maximization. Both
concession contract management and relational management are critical factors to promote
partnership synergy. The coding results show that contract management is considered to
have a greater impact on value creation than relational management. Relational manage-
ment mainly depends on ethics to bind partners′ behavior, while contract management
guarantees partners′ behavior through contract clauses [18]. Contract management can
thus better maintain a good partnership between public and private partners and promote
partnership synergy. As for concession contract management of the URT PPP project,
the vertical structure of the URT PPP project should be first determined, determining the
responsibilities and the possible benefits of each partner. In addition, to align the interests
of each partner with the overall value creation, the public and private sectors need to play
the game through an integrated consideration of concession duration, pricing mechanism,
revenue sharing strategy, and risk allocation strategy, and explicitly indicate them in the
contract. Existing studies also validated the importance of contract flexibility to improve
partnership synergy and promote value creation. Alvanchi et al. [20] found that flexible
terms in contracts allow partners to deal with uncertainty risks more efficiently and en-
sure that they obtain reasonable benefits. As for the relational management of the URT
PPP project, trust and communication between partners can help motivate partners to
share their resources and technologies and elevate their willingness to be involved in joint
working and decision making, thereby improving cooperation efficiency and promoting
value creation.

Finally, the study proposed that resource complementarity, partnership synergy, and
a cooperation environment are the decisive elements for bringing the maximized value
creation of URT PPP projects. Resources complementarity incentivizes the public and
private sectors to become involved in cooperation. The cooperation environment has a
moderate effect on resource complementarity. During the cooperation, partners′ interests
become interdependent through the effective contract and relational management, thereby
activating the alignment in the interests of partnerships. This finding indicates that re-
source complementarity among partners together with the cooperation environment and
partnership synergy generates the proper conditions to realize the joint value maximization
in public-private collaboration.

5.2. Implications for Practice

This study provides a comprehensive framework for public and private sectors to
better understand value creation in the cross-sector cooperation of URT projects. Based on
the constructed theory model, the study proposes that identifying the advantages of each
partner, fully considering the influence of the cooperation environment, and activating
the commonality from partners’ heterogeneous motives would promote mutual support
among the cross-sector in achieving the maximization of the joint value of public, private
and partnership values.

Public sectors should cooperate with private sectors with advanced technology and
management experience in the construction and operation of the URT PPP project to
improve cost-revenue efficiency. As an example, the public sector can select private sectors
with advanced technology and experience by adopting a prequalification system. In
addition, the public sector should enact favorable policies to support the URT project to
obtain more benefits. For example, LVC bridges the gap between affordable fares and the
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business feasibility of URT PPP projects [11]. The government could adopt a development
strategy that combines LVC and transit-oriented development (TOD). TOD improves the
traffic network and business environment along the URT lines, thereby incentivizing the
public to take the URT and indirectly increasing the land values along the route [53].

To facilitate partnership synergy, governments could consider formulating a frame-
work of disclosure to increase information transparency among stakeholders during the
lifecycle of URT PPP projects. Increasing information transparency during cooperation has
been advocated to improve trust among partners and reduce public misgivings, thereby
enhancing the performance of resource complementarity among partners [43]. However,
finding a balance between providing critical information to inform and obtain the trust and
support of stakeholders and guaranteeing business confidentiality, and complying with
the legal provisions can be difficult [50]. Thus, the public sector should better provide the
information to satisfy the stakeholders′ curiosity and concerns and simultaneously main-
tain business confidentiality. Additionally, the government should thoroughly consider
adopting some effective strategies and identifying them in the contract to strengthen the co-
hesiveness of motives among partners. The vertical structure of URT PPP projects with the
bundled model is recommended to ensure project feasibility. The bundled model enables
the public sector to transfer the responsibility for the design, construction, operation, main-
tenance, and management of URT projects to the private sector [15]. Therefore, the private
sector can optimize costs and improve revenues, thereby obtaining the expected profits. At
the same time, the public sector can devote more energy and funds to other infrastructure
investments and management. It is worth noting that the government should conduct
continuous monitoring of the construction and operational performance of the private
sector to avoid focusing on short-term interests at the expense of project sustainability.

The findings also indicate that public involvement is a critical cooperation environment
factor that influences resource complementarity performance. Thus, the public sector can
build more information communication channels for the public to obtain their suggestions
in time.

6. Conclusions

The significance of public-private cooperation in the success of URT projects has been
recognized in some previous studies. However, in-depth studies on the influencing factors
and the mechanism of value creation beyond self-interest maximization in cross-sector
cooperation of URT projects have been limited. The study obtains concepts from selected
articles, explores relationships between concepts, and finally constructs a theoretical model
on the generation mechanism of the value creation of URT PPP projects. The findings
suggest that value creation comes from the combination of resources complementarity,
cooperation environment, and partnership synergy. URT PPP projects can create more
values that are difficult to achieve depending on any partner on their own by accessing
and integrating the legitimacy advantages of the public sector and the competence in the
construction and operation of private sectors. The influence of project characteristics and
market environment on project cost and revenues should be considered, and more focus
should be given to the public and media attitudes towards the project to strengthen the
performance of resource complementarity. However, the heterogeneity of expectations
between the public and private sectors often leads to the expectation of maximizing self-
interest. Therefore, the interaction partners in PPP need to explore the balance criteria to
satisfy heterogeneous expectations through effective contract management and relational
management, thereby promoting joint value maximization.

In conclusion, the study assists the public and private sectors in better understanding
the factors and relationships that influence the value creation in public-private cooperation
of URT projects, leading them to make more reasonable benefit adjustments, sharing and
governance strategies in the URT PPP project’s lifecycle. The finding enables stakeholders
to become more aware of the resource complementarity, cooperation environment and
cohesiveness of motives among partners to realize the value creation of URT PPP projects.
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Moreover, the study can serve as a research foundation for further analyzing the value
creation of the URT PPP project. Future studies can use detailed quantitative analysis to
explore the action mechanism of different factors in the value creation of URT PPP projects.
A simulation analysis would also be beneficial in generating strategies for the dynamic
adjustment of value creation.

This study has some limitations, and further research needs to be conducted to obtain
a more detailed and practical perspective on value creation. First, the data collected in
this study came from China. Due to differences in institutions and cultural norms across
countries, it is possible to extend the scope of data collection to other countries in a future
study to demonstrate the generality of the results. Next, the object of this present study
focused on URT PPP projects. For other types of inter-sector cooperation projects, factors
influencing the realization of value creation should be further identified. Nonetheless, the
findings in this study can provide a reference for future research on value creation.
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Abstract: Smart home, as a typical Internet of Things (IoT) application, provides people with a variety
of conveniences. Unfortunately, it may suffer from security and privacy issues. Currently, blockchain
theory is considered as one of the potential solutions to the IoT security problem. However, according
to the rules of blockchain, it requires large storage to store distributed ledgers and undertakes long
latency caused by proof of work (PoW), which cannot be performed by resource-constrained IoT
devices. To address the issue, we propose a classification-based blockchain architecture with a
hierarchical PoW mechanism, which can reduce the storage consumption and decrease the latency. In
our architecture, we divide IoT devices into several child nodes by data classification and convert the
data storage into partial network storage. Furthermore, we try to set the moderate-cost security grades
(SG) to adjust the difficulty of PoW for reduction of latency. Finally, comparing the performance
of our scheme with the traditional method and current technology, the proposed architecture not
only takes up less storage (i.e., almost 90% reduction) but also increases efficiency (i.e., almost 50%
running time saving) while ensuring safety.

Keywords: smart home; secure architecture; blockchain; storage efficiency; IoT

1. Introduction

The smart city refers to the use of various information technologies or innovative ideas
to build and optimize the urban management framework [1,2]. It usually integrates the
systems and services of the city to improve the efficiency of resource utilization and the
quality of citizens’ lives. In a sense, a smart city is the product of the rapid development of
information technology, the high-quality and sustainable development of modern cities.
As an important part of the smart city, the smart home, which is one of the applications
filed on the Internet of Things (IoT), has brought a new modern concept of people living
in recent years [3–5]. It integrates with a series of digital techniques that influence the
daily life of individuals [6]. As millions of devices are continuously being linked to the IoT
networks, how to keep IoT systems secure and avoid various kinds of malicious attacks is
an open issue and a matter of great concern [7–9]. Currently, a highly centralized security
framework is widely used for IoT due to its easy control. However, it is incompletely
suitable for IoT since a single central control node may be vulnerable by attackers [10].

One effective solution to protect the IoT network is to employ blockchain
technology [11–16]. Usually, blockchain is an open distributed digital ledger that maintains
a growing list of blocks one after another within a chain. Each block is added to the ledger
after mining, which is verified by the participating nodes. To mine a block, some specific
nodes called miners try to solve a time-consuming cryptographic problem known as proof
of work (PoW) [17]. This is how blockchain eliminates the need for trusted third parties
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through the distributed record preservation and verification system. Currently, blockchain-
based technology is widely used in various fields, such as smart education [18], smart
healthcare [19], smart home [12], etc.

Recently, there has been much research regarding secure IoT systems [20–23]. Dorri et al. [24]
propose a blockchain-based architecture for IoT devices that supports security and privacy.
However, it is not fully built on a distributed architecture due to the use of a central cloud
storage. Furthermore, they try to reduce the latency by removing the PoW consensus mech-
anism, but cannot prove whether it would withstand attacks performed by compromised
nodes [25]. Similarly, to eliminate the PoW mechanism, a blockchain-enabled architecture
of software-defined networking (SDN) controllers using a cluster structure with a new
routing protocol is proposed for resource-constrained IoT device scenarios [26]. It actually
uses public and private blockchains for peer to peer (P2P) communication between IoT
devices and SDN controllers. In order to improve the architecture (or features, e.g., struc-
ture, verification, storage) of the original blockchain, as shown in Table 1, Qu et al. [27]
propose a hypergraph-based blockchain model to reduce data storage, but cannot deal
with the long latency caused by PoW. Mohanty et al. [28] develop an integrated blockchain
model that includes a lightweight consensus algorithm, certificateless cryptography, and
distributed throughput management scheme. It generates an overlay network to assign
higher resources to a public blockchain to guarantee the dedicated security and privacy.
But this scheme seems a bit complex for smart home scenarios. We can see the existing
blockchain-based architecture for smart home devices face the challenge of imbalanced
security and efficiency [29]. It exposes the traditional highly centralized architecture to
huge security risks and vulnerabilities. Therefore, it is necessary to design a decentralized,
safe, and efficient blockchain-based smart home architecture for human living.

Table 1. Comparison of blockchain models.

Features
Description

Original Blockchain Hypergraph-Based Blockchain

Structure One chain Several subchains
Verification By node itself By other nodes

Storage One node one copy Partial nodes have a copy
Miners’ function PoW PoW and linear independence matrix

In this paper, we propose a classification-based blockchain architecture for smart
homes with a hierarchy-based PoW mechanism. In our architecture, we focus on reducing
storage for IoT devices while decreasing the latency caused by PoW in the condition
of acceptable security risks. The major contributions of this paper can be summarized
as follows.

• To replace the high-risk centralized frameworks, we propose a classification-based
blockchain architecture for smart homes that stores data in a fully decentralized
way. In the architecture, we divide IoT devices into several child nodes by data
classification and convert the data storage into the partial network storage. It not only
helps decrease risks such as single point failure but also reduces almost 90% storage
for resource-constrained IoT devices.

• We design a moderate-cost hierarchical PoW mechanism, i.e., set different security
grades according to the security requirements, which can reduce the latency and the
security risks to an acceptable level. By experimenting, the proposed architecture can
help reduce running time by almost 50%.

The rest of this paper is organized as follows. Section 2 discusses the current problem
associated with centralized blockchain-based architectures. In Section 3, we design and
propose a new improved blockchain-based architecture that is a typically distributed mode.
Furthermore, we propose a hierarchical PoW mechanism to balance the performance of
security and computational complexity in Section 4. Experiments are conducted to further
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analyze the proposed scheme on storage, security, and latency in Section 5. Finally, we
conclude this paper in Section 6.

2. Problem Statement

In the traditional smart home, as shown in Figure 1, the architecture is so highly
centralized that the key node (i.e., control center) is located at the center of the IoT network
to control all the devices. However, it cannot always guarantee services availability because
it is vulnerable to a single point of failure and malicious attacks such as Sybil and DDoS
attacks [30]. Furthermore, the control center acts as the data switching station and the
interactive information is prone to eavesdropping under the transmission process. In order
to protect user privacy, we try to design a blockchain-based decentralized architecture for
the smart home.

Figure 1. The traditional highly centralized smart home architecture.

The distributed ledger of the blockchain requires a full network accounting model.
All nodes in the blockchain retain a ledger that contains all transaction data, and update
it to maintain integrity if a new transaction is available. When a transaction occurs, all of
the participant nodes would verify it during the mining process which may cause long
latency according to the PoW mechanism. The higher the difficulty of the PoW mechanism,
the more secure the transaction data, and the greater the latency. Once the transaction is
verified and added to the blockchain, it will be stored in all nodes and cannot be tampered
unless the attacker can simultaneously control more than 51% of the nodes in the system.

Consequently, it is not always necessary for all nodes to store all of the transaction
records in the blockchain network. Actually, there is no need to set the same high level of
security for all categories of transaction data. For one transaction record, it is enough to
guarantee that it is stored by a sufficient number of nodes and it only needs to ensure that
each kind of transaction is at an acceptable security level. When a new transaction occurs,
only the associated nodes will verify and store the transaction record.

3. System Architecture

3.1. Architecture Overview

To address the above problem, we design an improved blockchain-based architecture.
Firstly, we introduce the main objects within the architecture that are described as follows.
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• Node: a device with storage in a blockchain. Each node contains several child nodes
(CNs), and it belongs to at least one vertex set.

• Miners: are devices used to calculate encryption block hash keys in the blockchain.
• Vertex set (VS): contains a number of CNs that are involved in different devices and

store the same category of transaction data. Each VS maintains a sub-blockchain.

Figure 2 shows an example of the proposed blockchain-based architecture. In Figure 2,
our blockchain network contains 7 devices (Node1 to Node7), 19 CNs (CN1 to CN19), 2 min-
ers (Miner1 and Miner2), and 2 local networks (LN1 and LN2). Moreover,we classify CNs
which record the same category of data to the same VS, and they are divided into five sets
(VS1 to VS5) that are represented as connected blocks of the same color. Here, a device can
be involved in two or more VSs at the same time. For example, Node4 belongs to VS1 and
also belongs to VS5. In addition, devices belonging to the same VSs may or may not be in
the same local network.

Figure 2. A classification-based blockchain decentralized architecture.

In the proposed architecture, a CN can only belong to one VS. The CNs in the same VS
must be synchronized in the storage process. In order to balance the storage distribution and
avoid the phenomenon that some CNs in the largest VS store too much data, we define the
maximum and minimum size of a VS as maxn, minn, respectively, where minn = maxn/4.
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3.2. The Data Structure of Nodes

Since a node in the blockchain must contain all transaction data related to the device,
it involves the categories of transaction data generated from both itself and other devices.
Meanwhile, the node must store the synchronized transaction data in different VSs. How-
ever, the original working mechanism of blockchain cannot reach the requirements due to
its structure. Therefore, we designed a data structure for each node.

As shown in Figure 3, the storage structure designed for each node includes three
parts: the blockchain-list, sub-blockchain, and relation vector. The blockchain-list involves
several indexes of sub-blockchains that store synchronous transaction data related to the
device, which means each VS maintains a sub-blockchain. Specifically, the total number of
indexes is equal to the number of categories of data associated with the device in the whole
blockchain. Each sub-blockchain is stored in the CNs of the device, and the data category
between sub-blockchains are different from each other. The relation vector is a vector that
records all the indexes of CNs related to this device, where rk represents the indexes of CNs
related to CNk.

Figure 3. The data structure of nodes.
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4. Hierarchical PoW Mechanism

As far as we know, PoW is the most widely used consensus algorithm in the blockchain
which can effectively defend against various malicious attacks [17,22]. However, it is
overloaded for power-constrained IoT devices. We cannot eliminate PoW since it may
cause system vulnerabilities and threats. To address the above problem, we propose a
moderate-cost hierarchical PoW mechanism for such power-constrained IoT devices to
make the trade-off between efficiency and security.

In our architecture, we use small-scale private blockchain and each sub-blockchain
only records the same category of data. According to the security requirements, we define
that a data category has a security grade (SG), i.e., the SG of each data category must
be positively related to its security requirement and cannot be much higher to make the
IoT device overload. On the other hand, each CN also has the same security grade as a
data category. The difficulty of PoW is self-adaptive according to the SG of each CN. The
higher the SG, the longer it takes to run the PoW mechanism. Thus, this mechanism allows
the CNs that store the data category with low-security requirements to consume fewer
resources. However, letting the miners know the SG of the transaction data and run a PoW
of corresponding difficulty when a transaction is released is a key problem.

We built a blockchain between miners to record the mapping of all the categories of
data in the blockchain system to SGs that have been initialized. When a transaction occurs,
the source CN constructs a record that includes information such as timestamp, the index
of the category of transaction data, transaction content. The miners read the index from the
constructed records and obtain the security grade through the mapping. Then, they run
the PoW with corresponding difficulty for verification. If the transaction is verified to be
legal, the record is added to the current block of the sub-blockchain with the same index of
transaction data category.

When the current block in a sub-blockchain of a CN is full, according to the working
principle of blockchain, the data in the current full block, the hash value of previous block
and other information will be published to the whole sub-blockchain network. Miners
receive this data and competitively calculate the cryptographic hash value. Once a miner
settles down the puzzle, it will publish to the sub-blockchain for verification. If the verified
result is acceptable, the block will be encrypted and stored, otherwise, it will be discarded
and the above process will be repeated.

In addition to setting the security grade, the number of CNs in each VS must be
sufficient to reach the security requirements. To avoid the construction of a VS with only
a few CNs (e.g., some CNs are deleted from the blockchain), we designed a series of
algorithms to manage the process of node joining (i.e., connect to network) and deletion
(disconnection).

When a new node is connected to the network, each of its CNs is added to the VS
that contains its other associated CNs and stores the same data category. If there is no VS
associated with the new node in the network, its CNs will be randomly added to a VS
in which the stored data category is the same as the corresponding CNs. On the other
hand, if the number of CNs in a VS is greater than maxn, then the VS is split into two
sets, one of which has a number of minn CNs and the other is (maxn-minn). Specifically,
there is no association for CNs in these two VSs. Here we can assume that the number of
interconnected devices is less than minn since there are not many associated devices in
the context of the smart home. The process for node addition is shown in Algorithm 1. In
contrast, when a node is deleted from the network, i.e., disconnected from the network, it
may cause the number of CNs in a VS to be less than minn. At this time, we merge this VS
and the other VS whose number of child nodes does not exceed (maxn-minn). The process
of node deletion is given in Algorithm 2.
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Algorithm 1 Node Addition

1: for each CN in NewAddSet do
2: k ← index(NewAddSet, CN)
3: if RelationVector[k] �= null then
4: rk ← RelationVector[k]
5: else
6: rk ← random()
7: end if
8: j ← index(VS, rk)
9: VS[j] ← VS[j] ∪ CN

10: if size(VS[j]) > maxn then
11: split minn CNs in VS[j] to a new VS
12: end if
13: end for

Algorithm 2 Node Deletion

1: for each CN in deletedSet do
2: i ← index(VS, CN)
3: VS[i] ← VS[i]− CN
4: if size(VS[i]) < minn then
5: select VS[j] whose size < (maxn − minn)
6: VS[j] ← VS[i] ∪ VS[j]
7: end if
8: end for

5. Performance Evaluations

To evaluate the proposed architecture, in this paper, one real smart home scenario
(maxn = 5, the number of categories is 100) is conducted for emulation and verification.
Specifically, as shown in Figure 4, we designed a small testbed with the self-design IoT
devices (nodes) to emulate the scenario of the smart home. In our testbed, we used PCs
as miners and used Raspberry Pi Model 3B with 1 GB memory as a normal node which is
integrated with various physical sensors.

Figure 4. The IoT device.

For a given N IoT nodes in the network, we try to calculate the average storage of
each node and the running time of generating a certain amount of blocks. Furthermore,
we try to find the relationship among the maxn of VS, the average storage of each node,
and the security. Here we define the safety factor for security evaluation as the maximum
number of malicious CNs that the system can tolerate. In order to prove the advantage
of our classification-based blockchain architecture, we compare with original blockchain
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and hypergraph-based blockchain [27] on the performance of total used memory capacity
and running time of generating a certain amount of blocks, respectively. All the analysis is
verified under the average results of multiple experiments, since the evaluation may have
random factors.

5.1. Storage Used Analysis

Figure 5 shows the used memory comparison between three architectures in a real
smart home scenario. As shown in Figure 5, we can easily find each node in an original
blockchain architecture consumes more memory than that in the other two architectures.
This is because every node stores a copy of all records (all transaction data), and the used
memory capacity of the entire network is proportional to the number of categories of
data in each node. In contrast, our architecture and the hypergraph-based blockchain
architecture require much smaller storage consumption because both schemes use multiple
blockchains to store data. On the other hand, our architecture has almost the same result
as the hypergraph-based blockchain architecture in memory consumption but is a little
better in some scenarios. Specifically, the number of CNs in each VS which maintains a
sub-blockchain is limited in our architecture, thus the average storage of each node and the
transaction data for synchronization are also limited to a certain range. In our experiments,
it can save up to 90% of storage space when the network is large with many nodes/devices.
Thus, our scheme needs less storage through experiments analysis while comparing with
the same type of methods.

Figure 5. The used memory comparison among three architectures in real smart home scenario.

5.2. Latency and Security Evaluation

In this section, we evaluate the performance of the hierarchical PoW mechanism while
comparing it with the traditional PoW. Generally, the running time of PoW is a linear
positive correlation with the difficulty. Both the original and hypergraph-based blockchain
architecture use traditional PoW so that they can only set one kind of difficulty for all
data categories. In order to ensure safety, they have to set all categories of data to the
highest difficulty. However, our architecture with hierarchical PoW mechanism can set the
appropriate difficulty to each data category. As shown in Table 2, we compare the running
time of generating a certain amount of blocks among three architectures. The results reflect
the running time of ours is almost 50% less than other architectures, due to our proposed
hierarchical PoW mechanism. That means our scheme has less latency than the others.
Moreover, in our experimental test, the difficulty of each security grade is not high, and the
average block time of all security grades is only about 3 s.
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Table 2. Comparison of the running time of generating certain number of blocks among
three architectures.

Number of Blocks
Running Time(s)

Original Blockchain Hypergraph-Based Blockchain Classification-Based Blockchain

1 5.7 5.1 2.8
2 10.8 10.4 5.6
3 16.9 16.2 7.9
4 21.5 21.2 10.6
5 27.5 27.1 14.1
6 32.9 32.5 17.4
7 37.2 36.8 19.8
8 44.3 43.9 22.7

To further evaluate our safety performance, we conducted several attacks on the
system, tampering with data with malicious nodes to affect integrity. As shown in Figure 6,
in our experiment, both the safety factor and average storage of each node are proportional
to the maxn of a VS (i.e., the maximum number of participated devices in a sub-network).
Obviously, the security level is determined by the maximum size of the VS. The greater
the maxn of a VS is, the higher the security, and vice versa. In other words, the specific
number of participating devices determines the safety factor of the system. Since smart
homes usually contain dozens of devices, the systems have a high safety factor, and the
cost of hacking is quite high. Consequently, the safety factor can be improved by increasing
the number of participating devices depending on the specific scenarios. In summary, our
scheme has a good integrity performance.

Figure 6. The relationship among the maxn of VS, the average storage of each node, and the security.

6. Conclusions

In this paper, we propose a classification-based blockchain architecture with hierar-
chical PoW mechanism in the smart home to address security challenges for resource-
constrained IoT. With the proposed scheme, the experimental results show that it decreases
risks to a certain degree, and reduces storage by almost 90%. Meanwhile, our moderate-cost
hierarchical PoW mechanism balances the security and performance to an acceptable level
so that it can reduce the running time by almost 50%.

As we know, the PoW-based mechanism always needs to consume a lot of device
resources for the blockchain calculation. Although we use a moderate-cost strategy to
reduce the resource consumption in our proposed architecture, unfortunately, the efficiency
of the system is still not enough. Consequently, our next work will focus on further
improving the efficiency of the system. The possible research direction may use a more
lightweight approach to replace the PoW-based scheme.

55



Buildings 2022, 12, 1321

Author Contributions: Conceptualization, W.L., N.W., X.X. and Z.H.; methodology, N.W. and Z.H.;
software, X.X.; validation, W.L. and X.X.; formal analysis, W.L., N.W. and X.X.; investigation,
W.L. and N.W.; writing—original draft preparation, W.L., N.W. and X.X.; writing—review and edit-
ing, Z.H.; visualization, X.X.; funding acquisition, Z.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China under
Grant No. 62072408, Zhejiang Provincial Natural Science Foundation of China under Grant No.
LY20F020030, and New Century 151 Talent Project of Zhejiang Province.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank all of the anonymous reviewers who spent their own
time to review this article and provide suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Camero, A.; Alba, E. Smart city and information technology: A review. Cities 2019, 93, 84–94. [CrossRef]
2. Laufs, J.; Borrion, H.; Bradford, B. Security and the smart city: A systematic review. Sustain. Cities Soc. 2020, 55, 102023. [CrossRef]
3. Dattana, V.; Kumar, A.; Kush, A.; Kazmi, S.I.A. Manet for Stable Data flow in Smart home and Smart city. In Proceedings of the

2019 4th MEC International Conference on Big Data and Smart City (ICBDSC), Muscat, Oman, 15–16 January 2019; pp. 1–4.
4. Almusaylim, Z.A.; Zaman, N. A review on smart home present state and challenges: Linked to context-awareness internet of

things (IoT). Wirel. Netw. 2019, 25, 3193–3204. [CrossRef]
5. Sovacool, B.K.; Del Rio, D.D.F. Smart home technologies in Europe: A critical review of concepts, benefits, risks and policies.

Renew. Sustain. Energy Rev. 2020, 120, 109663. [CrossRef]
6. Scuotto, V.; Ferraris, A.; Bresciani, S. Internet of Things: Applications and challenges in smart cities: A case study of IBM smart

city projects. Bus. Process Manag. J. 2016, 22, 357–367. [CrossRef]
7. Hoque, M.A.; Davidson, C. Design and Implementation of an IoT-Based Smart Home Security System. Int. J. Netw. Distrib.

Comput. 2019, 7, 85–92. [CrossRef]
8. Touqeer, H.; Zaman, S.; Amin, R.; Hussain, M.; Al-Turjman, F.; Bilal, M. Smart home security: Challenges, issues and solutions at

different IoT layers. J. Supercomput. 2021, 77, 14053–14089. [CrossRef]
9. Yu, R.; Zhang, X.; Zhang, M. Smart home security analysis system based on the internet of things. In Proceedings of the IEEE 2nd

International Conference on Big Data, Artificial Intelligence and Internet of Things Engineering (ICBAIE), Nanchang, China,
26–28 March 2021; pp. 596–599.

10. Roman, R.; Zhou, J.; Lopez, J. On the features and challenges of security and privacy in distributed internet of things. Comput.
Netw. 2013, 57, 2266–2279. [CrossRef]

11. Song, J.C.; Demir, M.A.; Prevost, J.J.; Rad, P. Blockchain Design for Trusted Decentralized IoT Networks. In Proceedings of the
2018 13th Annual Conference on System of Systems Engineering (SoSE), Paris, France, 19–22 June 2018; pp. 169–174.

12. Moniruzzaman, M.; Khezr, S.; Yassine, A.; Benlamri, R. Blockchain for smart homes: Review of current trends and research
challenges. Comput. Electr. Eng. 2020, 83, 106585. [CrossRef]

13. Arif, S.; Khan, M.A.; Rehman, S.U.; Kabir, M.A.; Imran, M. Investigating smart home security: Is blockchain the answer? IEEE
Access 2020, 8, 117802–117816. [CrossRef]

14. Khan, M.A.; Abbas, S.; Rehman, A.; Saeed, Y.; Zeb, A.; Uddin, M.I.; Ali, A. A machine learning approach for blockchain-based
smart home networks security. IEEE Netw. 2020, 35, 223–229. [CrossRef]

15. Baucas, M.J.; Gadsden, S.A.; Spachos, P. IoT-based smart home device monitor using private blockchain technology and
localization. IEEE Netw. Lett. 2021, 3, 52–55. [CrossRef]

16. Giannoutakis, K.M.; Spathoulas, G.; Filelis-Papadopoulos, C.K.; Collen, A.; Anagnostopoulos, M.; Votis, K.; Nijdam, N.A. A
blockchain solution for enhancing cybersecurity defence of IoT. In Proceedings of the 2020 IEEE International Conference on
Blockchain (Blockchain), Rhodes, Greece, 2–6 November 2020; pp. 490–495.

17. King, S. Primecoin: Cryptocurrency with Prime Number Proof-of-Work. 2013. Available online: http://primecoin.io/bin/
primecoin-paper.png (accessed on 7 July 2013).

18. Khan, A.A.; Laghari, A.A.; Shaikh, A.A.; Bourouis, S.; Mamlouk, A.M.; Alshazly, H. Educational blockchain: A secure degree
attestation and verification traceability architecture for higher education commission. Appl. Sci. 2021, 11, 10917. [CrossRef]

19. Khan, A.A.; Shaikh, Z.A.; Baitenova, L.; Mutaliyeva, L.; Moiseev, N.; Mikhaylov, A.; Laghari, A.A.; Idris, S.A.; Alshazly,
H. QoS-ledger: Smart contracts and metaheuristic for secure quality-of-service and cost-efficient scheduling of medical-data
processing. Electronics 2021, 10, 3083. [CrossRef]

56



Buildings 2022, 12, 1321

20. Suchaad, S.A.L.; Mashiko, K.; Ismail, N.B.; Abidin, M.H.Z. Blockchain use in home automation for children incentives in parental
control. In Proceedings of the 2018 International Conference on Machine Learning and Machine Intelligence, Hanoi, Vietnam,
28–30 September 2018; pp. 50–53.

21. Tantidham, T.; Aung, Y.N. Emergency service for smart home system using ethereum blockchain: System and architecture.
In Proceedings of the 2019 IEEE international conference on pervasive computing and communications workshops (PerCom
Workshops), Kyoto, Japan, 11–15 March 2019; pp. 888–893.

22. Saxena, U.; Sodhi, J.S.; Tanwar, R. Augmenting smart home network security using blockchain technology. Int. J. Electron. Secur.
Digit. Forensics 2020, 12, 99–117. [CrossRef]

23. Qashlan, A.; Nanda, P.; He, X. Security and privacy implementation in smart home: Attributes based access control and
smart contracts. 2020 IEEE 19th International Conference on Trust, Security and Privacy in Computing and Communications
(TrustCom), Guangzhou, China, 29 December–1 January 2021; pp. 951–958.

24. Dorri, A.; Kanhere, S.S.; Jurdak, R. Blockchain in internet of things: Challenges and Solutions. arXiv 2016, arXiv:1608.05187.
25. Dorri, A.; Kanhere, S.S.; Jurdak, R. Towards an Optimized BlockChain for IoT. In Proceedings of the 2017 IEEE/ACM Second

International Conference on Internet-of-Things Design and Implementation (IoTDI), Pittsburgh, PA, USA, 18–21 April 2017;
pp. 173–178.

26. Yazdinejad, A.; Parizi, R.M.; Dehghantanha, A.; Zhang, Q.; Choo, K.K.R. An energy-efficient SDN controller architecture for IoT
networks with blockchain-based security. IEEE Trans. Serv. Comput. 2020, 13, 625–638. [CrossRef]

27. Qu, C.; Tao, M.; Yuan, R. A Hypergraph-Based Blockchain Model and Application in Internet of Things-Enabled Smart Homes.
Sensors 2018, 18, 2784. [CrossRef] [PubMed]

28. Mohanty, S.N.; Ramya, K.C.; Rani, S.S.; Gupta, D.; Shankar, K.; Lakshmanaprabu, S.K.; Khanna, A. An efficient Lightweight
integrated blockchain (ELIB) model for IoT security and privacy. Future Gener. Comput. Syst. 2020, 102, 1027–1037. [CrossRef]

29. Yazdinejad, A.; Srivastava, G.; Parizi, R.M.; Dehghantanha, A.; Karimipour, H.; Karizno, S.R. SLPoW: Secure and low latency
proof of work protocol for blockchain in green IoT networks. In Proceedings of the 2020 IEEE 91st Vehicular Technology
Conference (VTC2020-Spring), Antwerp, Belgium, 25–28 May 2020; pp. 1–5.

30. Yu, H.; Gibbons, P.B.; Kaminsky, M.; Xiao, F. SybilLimit: A Near-Optimal Social Network Defense against Sybil Attacks. In
Proceedings of the 2008 IEEE Symposium on Security and Privacy (S&P 2008), Oakland, CA, USA, 18–22 May 2008; pp. 3–17.

57





Citation: Salazar, J.; Guevara, J.;

Espinosa, M.; Rivera, F.; Franco, J.F.

Decarbonization of the Colombian

Building Sector: Social Network

Analysis of Enabling Stakeholders.

Buildings 2022, 12, 1531. https://

doi.org/10.3390/buildings12101531

Academic Editor: Francesco

Asdrubali

Received: 28 August 2022

Accepted: 14 September 2022

Published: 26 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Decarbonization of the Colombian Building Sector: Social
Network Analysis of Enabling Stakeholders

John Salazar 1,*, Jose Guevara 1, Monica Espinosa 2, Felipe Rivera 2 and Juan F. Franco 2

1 Department of Civil and Environmental Engineering, Universidad de los Andes, Bogota 111711, Colombia
2 Hill Consulting, Bogota 111711, Colombia
* Correspondence: js.salazarf@uniandes.edu.co

Abstract: Reducing greenhouse gas (GHG) emissions is one of the main challenges to stopping
climate change; in particular, the building sector acts as one of the main emitters. In response,
governments have been developing nationally determined contributions (NDCs) and roadmaps to
establish measures to achieve net-zero emissions. One of the main barriers to implementing these
measures, particularly in the building sector, underlays in stakeholder integration. Through social
network analysis (SNA) concepts, this research explores the roles of the actors whose participation is
required in decarbonizing the Colombian building sector. These stakeholders engage in enabling
categories (e.g., policy, finance, technology, and capacity development) required to achieve net-zero
emissions, according to the goals proposed by the Colombian Green Building Council (CGBC). For
the network analysis, we employ the results of semi-structured interviews led by the CGBC within
the framework of the Zero Carbon Building Accelerator (ZCBA) project. Findings show highly
interconnected networks characterized by redundant connections among actors. Three types of actors
are identified within each enabler network: prominent actors with high centrality values, in charge of
coordinating most of the actions required to achieve net-zero emissions; second-level actors limited
to specific roles in policy-making processes; and perimeter actors focused on a few particular actions.

Keywords: climate change; GHG mitigation; public policy; enabler networks; net-zero roadmap;
developing countries; social network analysis

1. Introduction

According to the Intergovernmental Panel on Climate Change (IPCC), in 2019, the
building sector emitted 19% of global greenhouse gases (GHGs) and 31% of carbon diox-
ide (CO2) emissions [1]. Under the current policy scenario, GHGs associated with the
construction sector will increase by 2.2% yearly [2]. Developing countries are one of the
main drivers of global emissions because these economies are growing in population and
economy, with increasing floor areas per capita, while employing non-efficient construction
methods as a standard practice [1,3]. Building-related emissions, particularly CO2, are
closely linked to energy production and use. Energy is responsible for 67% of the emissions
from buildings [4,5]. Future energy–building consumption growth is a major concern
because emerging economies hold a large portion of the world’s housing demand poten-
tial [6], and more than 80% of the nations with the highest projected population growth
through 2030 lack any kind of obligatory energy code [5].

Although carbon emissions per capita in high- and upper-middle-income countries are
more elevated than those in low- and lower-middle-income countries, most industrialized
economies have implemented programs to reduce energy consumption and mitigate GHG
emissions [7], in particular, in the building sector [5]. In contrast, many developing nations
have chosen to expand their investment in fossil fuel energy and keep their tendencies in
the construction and operation of buildings instead of migrating to cleaner options [8,9].
The development of programs to reduce energy consumption and mitigate GHG emissions
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remains one of the main challenges for all sectors and regions, including the building sector
in developing countries.

Within the Paris Agreement, 196 participants presented their updated nationally de-
termined contributions (NDCs) in COP26 in 2020 to reiterate their commitment to reducing
GHG emissions [10]. The two most common GHG mitigation measures in international
pledges are to increase renewable energy use and enhance building energy efficiency [5].
However, many nations have struggled to address GHG mitigation in the life cycle of build-
ings and continue to use inefficient construction and building operation methods [5,11].
Scholars, industry practitioners, and government officials have proposed ambitious mea-
sures to reduce buildings’ energy consumption and GHG emissions in buildings throughout
their life cycle. There are different alternatives to reduce emissions at the product stage,
construction phase, usage stage, and end-of-life stage [12]. Among others, the options
include changes in the steel [13] and cement production [14] processes; optimization of
building designs and alternative construction systems in the construction stage [15]; passive
design and service systems in the operational stage [16]; and circularity of materials at the
end of life stage [17].

Despite extensive research on GHG emission reduction strategies for the building
industry, these strategies are only just beginning to be implemented globally [5]. A lack of
integration among stakeholders is one of the key obstacles to GHG emissions mitigation
actions in the building sector [18]. The reasons for this are multiple. First, the plurality
of participants throughout all life cycle phases creates complicated relationships in the
building sector [19]. There are different actors intervening in building design, construction,
financing, operation, and maintenance processes [20]. Second, actors have different inter-
ests, affecting decision-making procedures [20–22]. Third, different players are impacted
in very diverse ways by the adoption of GHG mitigation strategies. Some actors win,
and some actors lose, depending on the type of interventions used to minimize GHG
emissions [23]. These factors generate differences and conflicts between actors. One of
the main goals established during COP26 to develop mitigation actions to face climate
change is mutual work among all stakeholders [24]. This includes governments, businesses,
academia, and civil society. In order to understand the role and importance of different
stakeholders inside specific contexts, social network analysis (SNA) has been widely ap-
plied [25,26]. In the building sector, SNA has been used to understand the relationships
between stakeholders of the biomass industry [25], comprehend the influence of the actors
impacting building energy efficiency [27], and understand stakeholders’ influence on green
retrofit projects’ success [28], among other analyzes.

Therefore, even though SNA has been applied in the building field, and the absence of
integration among stakeholders has been recognized as one of the main barriers to achieving
GHG emissions mitigation, most studies have focused on specific problems rather than
the overall characterization of the sector [29]. In particular, building sector stakeholders’
characterization via SNA strives to improve engagement and knowledge transfer [30], align
internal collaboration [29], and identify potential problems [31]. Thus, due to the necessity
of lining up stakeholders toward common goals to achieve GHG emissions mitigation,
this study analyzes the network of key actors and stakeholders involved in the design and
implementation of the Colombian Net-Zero Carbon Buildings Roadmap.

This study aimed to identify the key players within the major enablers of the roadmap
(policy, technology, finance, and capacity development) and to identify the critical links and
relationships among stakeholders. The results of this analysis are useful for the implemen-
tation phase of the Colombian Net-Zero Carbon Buildings Roadmap. Policymakers can
take advantage of the findings in multiple ways. First, they can identify fundamental actors
per category and their tasks. Second, they also can recognize potential challenges, such
as the lack of integration among crucial stakeholders in certain links within the networks.
Third, SNA helps identify potential opportunities for collaboration. Due to the complexity
of relations among actors in the different enablers to achieving GHG emissions mitigation,
SNA is a suitable tool for supporting the subsequent phases of the roadmap.
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2. Background

2.1. Zero Carbon Building Accelerator Project in Colombia

There are different international initiatives to support compliance with the long-term
mitigation goals established in the Paris Agreement. An example of these initiatives is
the Zero Carbon Building Accelerator (ZCBA) project carried out by the World Resources
Institute (WRI) with the support of global partners such as the Global Environment Facility
(GEF), the United Nations Environment Program (UNEP), and the World Green Building
Council (WGBC) [32]. In the first stage, the program supports Colombia in mitigating
buildings’ GHG emissions. The project led by the CGBC consisted in designing the Colom-
bian Net-Zero Carbon Buildings Roadmap. Between 2021 and 2022, different stakeholders
from the national government, local governments, building industry, and academia par-
ticipated in formulating the roadmap. The CGBC performed nine workshops between
May 2021 and February 2022. Each month, nine groups of experts met to elaborate and
define the roadmap by discussing multiple points of view. The CBGC employed a snowball
technique [33,34] to gather as many experts as possible during the workshops [35]. This
technique involved beginning the initial workshops with a group of experts and gradually
approaching new experts through the initial group. In total, 357 actors participated in the
workshops, representing universities, private companies, construction guilds, the Colom-
bian government, NGOs, and international organizations, among others [35]. Information
about the participants is shown in Table 1.

Table 1. Workshop participants.

Organization Role Number of Participants Roles of Participants

Universities 35 Professors, graduate students, legal representatives, and
program directors.

Construction guilds 33 Technical experts, consultants, technical directors, project
directors, and coordinators.

Private companies 191
Analysts, architects, CEOs, consultants, coordinators, directors,

technical experts, engineers, researchers, builders,
and contractors.

Colombian government 79 Advisors, contractors, coordinators, directors, and
technical specialists.

Non-governmental organizations 11 Managers, consultants, coordinators, directors, and
technical experts.

International organizations 8 Consultants, directors, and CEOs.

In the process conducted by the CGBC, an exhaustive literature review to define the
transformative actions required to achieve net-zero emissions in the Colombian building
industry [35] was developed. These actions were established in concordance with the
national policy of sustainable buildings [36] and classified according to their strategic
importance in first-, second-, and third-level action categories. Additionally, actions were
examined through the lens of four enablers (i.e., policy, technology, finance, and capacity
development) (Table 2), as defined by the Global ABC Roadmap for Latin America [37].
Transformative first-level measures were defined (i.e., life cycle assessment, energy effi-
ciency, green labeling, promotion of sustainable materials and systems, decarbonization
of energy sources, sustainability standards, sustainability practices in the industry sector,
information management, integrated urban planning, resilience, ecosystemic services, con-
struction processes, and cross-cutting actions). Based on that, second-level actions were
established for every first-level category within each enabler (i.e., 54 for policy, 43 for tech-
nology, 15 for capacity development, and 50 for finance). Subsequently, every second-level
action was associated with a set of third-level action categories (or subgroups). Table 3
displays a graphical representation of a typical enabler associated with first level-measures,
second-level actions, and third-level action categories.
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Table 2. Definition of enablers in the Colombian Net-Zero Carbon Buildings Roadmap.

Enabler Definition

Policy Includes processes to be developed through regulation and other public policy instruments.
Technology Includes processes of technological improvement.

Capacity development Includes processes to improve the capabilities of the actors in the supply chain of the building sector.
Finance Includes processes to create financial mechanisms to make possible the actions required.

Table 3. Example of a typical enabler.

First-Level
Measures

Second-Level
Actions

Action Categories or Subgroups
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7

1

1.1 x x x
1.2 x
1.3 x x
. . . . . .
1.n x x

. . . . . . . . .

12

12.1 x x x x
12.2 x x x
12.3 x x x
12.4 x x
. . . . . .

12.m x x x

The working groups, one per action category, responded to a questionnaire
(Appendix A) [35] to evaluate second-level actions within the enabling groups. The results
of this process were the base for the network analysis presented in this manuscript.

2.2. SNA in Construction and Sustainability

SNA has been implemented in a great variety of research fields for more than
80 years [34,38]. Grounded on graph theory, SNA takes advantage of its notation to
represent sets of actors (nodes) and their relationships (links or edges) [39]. Therefore, it is
frequently considered a relational model focused mainly on the stakeholders’ connections
instead of their individual attributes [40]. Accordingly, SNA grants information about social
structures, recognizing that each stakeholder is embedded in multiple systems defined by
its connections [34]. To grasp information and construct SNA models, researchers usually
rely on qualitative (e.g., semi-structured interviews) and quantitative (e.g., SNA metrics)
methods [41].

Those qualitative and quantitative methods have been widely applied in the construc-
tion and sustainability fields. Schröpfer et al. (2017) evaluated, via questionnaires, the
flow of knowledge of sustainable construction project teams in the UK and Germany [42].
Alexandrescu et al. (2016) studied the social network of brownfield regeneration actors
through semi-structured interviews, evaluating their embeddedness across regeneration
goals [43]. Xu et al. (2021) investigated the stakeholders’ power in cutting emissions
and energy savings in building energy performance; this was achieved through literature
review and semi-structured interviews [27]. More recently, Jin et al. (2021) proposed
qualitative and quantitative methods to create an SNA model to evaluate construction
industrialization in the Hong Kong building sector, focusing on industrial performance
and sustainability [44]. These studies collected qualitative information through surveys,
which subsequently were processed to build social networks and compute network- and
actor-based metrics to understand underlying information about network structures and
stakeholders [21,45,46].

Furthermore, similar studies within specific contexts have found network structures
for green building projects prone to be dominated by consultant enterprises rather than
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universities [1], highlighting the importance of studying network structures rather than
assuming main actors. Moreover, SNA studies focused on timber structure building
observed that a lack of collaboration and understanding of network structures could
jeopardize a project’s quality [4]. Indeed, researchers have identified major project concerns
to achieve common goals through the position of stakeholders in networks, prioritizing
the main concerns according to the actor’s centrality indexes [2]. In line with this, this
study strived to identify the potential network structures of the four major action categories
(policy, technology, finance, and capacity development) of the Colombian net-zero roadmap
for the building sector, finding the prominent actors and underlying network structures of
each category.

3. Methodology

This study sought to analyze the network of key actors and stakeholders involved in
the design and implementation of the Colombian Net-Zero Carbon Buildings Roadmap. We
conducted an SNA to characterize and examine prominent actors and critical relationships
associated with achieving a net-zero carbon transition in the Colombian building sector.
We followed a three-step methodological approach, as shown in Figure 1. Stage 1 involved
collecting data from the results of the questionnaires conducted by the CGBC. The data
referred to information that regarded stakeholders that had to participate in the main goals
established to achieve net-zero emissions. These data were represented initially within
reference matrices. In the matrix, if actor i participated in the second-level action j, the
value of this cell was 1. With the expert answers, we filled out one reference matrix per each
enabler, following the rule: a cell filled with the number “one” represented the situation
when, according to the experts’ answers, there was a common ground of the necessity of
an actor to participate in an SLA (Figure 2). In the second stage, we processed the collected
data and developed four two-mode networks following the methodology proposed in
previous studies [21,34]. For each enabler, we built a two-mode network. In step three,
the two-mode networks were transformed into one-mode networks by multiplying each
enabler matrix by their transpose matrix. We developed four actor networks per enabler
and finally computed the SNA metrics. These networks were drawn and computed with
UCINET 6 [47].

Figure 1. Methodology.

63



Buildings 2022, 12, 1531

(a) 

  
(b) 

Figure 2. Reference matrices (a). Multiplication of the reference matrix by its transpose matrix (b).

3.1. Stage 1: Data Collection

We employed the information collected by the CGBC, supplementary information (http
s://www.cccs.org.co/wp/download/reporte-de-recomendaciones-proyecto-acelerador-d
e-edificaciones-neto-cero-carbono/, accessed on 28 August 2022), across the workshops
(Appendix A) and analyzed the responses to the questionnaires to develop network dia-
grams and indicators. We identified participants and actor categories within the Colombian
building sector (see Table 4) and their corresponding links with second-level actions (SLAs)
in each one of the four enablers (e.g., policy, technology, finance, and capacity development
actions). We considered actors’ and SLAs’ complexity, nature, and specific properties.

Table 4. Actor categories identified by the workshop participants.

Actors Role

National government Official entities with jurisdiction at the national level.
Local governments Official entities with jurisdiction at the local level.

Guilds and professional associations Different groups of affiliated companies participating in the operation, construction, and
maintenance of buildings.

Public utility companies Entities in charge of providing public services across Colombia.
Standards organizations Technical standardization entities.
Private sector Private companies participating in the life cycle of buildings.

Financial institutions Banks, pension funds, insurance companies, and brokerage commission companies related
to the building sector.

Academia Universities and research entities working in Colombia in related areas to buildings,
sustainability, and carbon markets.

Civil society Different groups representing civil society working in Colombia in related areas to
buildings, sustainability, and low-carbon projects.

Relationships between actors and SLAs were organized into four reference matrices
(one per enabler) (Figure 2a). We followed the methodology proposed in similar ana-
lyzes [21]. For each enabler, the rows corresponded to actors, and the columns represented
the second-level actions. In each cell in this matrix, Aik was assigned a value of 1 if actor i
participated in the SLA k; or 0 otherwise.
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3.2. Stage 2: One-Mode Networks

Once the reference matrices (two-mode arrays) were developed, we calculated the
adjacency matrix (one-mode array) associated with each enabler. To obtain the one-mode
network adjacency matrix per enabler, it was required to multiply the reference matrices
obtained in Figure 2a by each one of their transpose matrices. This step followed the
projection method for transforming two-mode networks to one-mode networks presented
in previous studies [48]. Figure 2b represents this process for the policy enabler network.
This process allowed for obtaining the arrangements representing one-mode networks,
which related to all the participants in any given enabler [21]. The cells Aik and Aki in
Figure 2b represented the number of SLAs in which actor i (Ai) needed to participate with
actor j to develop the established actions per enabler.

3.3. Stage 3: Computing Network Statistics

After developing the four one-mode matrices, the authors input them into UCINET 6 in
order to produce network metrics and diagrams. Table 5 describes the two types of network
metrics employed in this study. Network-based metrics helped to understand each network
globally [21]. Actor-based metrics provided information on the role of each individual
stakeholder within their specific network. The selection of these metrics was consistent
with previous studies in the fields of construction and sustainability [21,34,41–45,49], which
have proven to provide valuable information about network configuration [21,50]. For each
one of the four enablers (e.g., policy, technology, finance, and capacity development), using
the matrices obtained in stage 2, this last stage consisted of drawing one-mode networks
with UCINET 6 [47] and computing network statistics according to the metrics presented
in Table 5.

Table 5. Network-based metrics and Actor-based metrics.

(a)

SNA Metric Definition in Construction and Sustainability

N
e

tw
o

rk
-b

a
se

d
m

e
tr

ic
s Network size The number of stakeholders in each category of enablers [21,50–52].

Short average path length The average minimum number of links separating two actors [45,53].

Density The ratio between the total number of links and the theoretical maximum number of
relationships [21,41,54].

Average weighted degree The mean number of relationships of an actor in a network [21,45].

Degree centralization The measure of the concentration of the degree of centrality in a few actors [45,55].

Average stakeholders The average number of stakeholders participating per second-level action in each enabler.

A
ct

o
r-

b
a

se
d

m
e

tr
ic

s Degree centrality (D) The number of links of each stakeholder within each enabler network [21,53,56].

Betweenness centrality (B) The propensity of each stakeholder to be a bridge that communicates multiple
actors [21,49,50].

Closeness centrality (C) The propensity of each stakeholder to be close to all the other actors in a given
network [21,49,50].

Eigenvector centrality (E) The propensity of each stakeholder to communicate with the most important actors in
each network [21,49,50].

4. Results

The networks developed for each enabler are shown in Figure 3. These networks
showed the ties established between actors and the way each actor was integrated into the
set of SLAs per enabler. This reflected the way the roadmap of the Colombian Net-Zero
Carbon Building Roadmap was intended to be implemented. In each network, the size of
the node representing each of the actors was proportional to the number of relationships of
each stakeholder.
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Figure 3. Cont.
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(c) 

(d) 

Figure 3. (a) Public policy network; (b) technology network; (c) finance network; and (d) capacity
development network.

For each link in any network, the thickness and darkness of color were proportional
to the number of times the pair of actors needed to participate together per enabler. The
darker and thicker the link, the stronger the relationship between stakeholders because they
had to participate more times together in second-level actions per enabler. To provide a
quantitative interpretation of Figure 3, Tables 6 and 7 show the results of the network-based
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metrics and actor-based metrics per network, respectively. These results allowed comparing
the networks and actors participating in each enabler.

Table 6. Network-based metrics per enabler.

Network of Enablers Network Size
Short Average
Path Length

Density
Average

Weighted Degree
Degree

Centralization
Average

Stakeholders

Policy 28 1.36 0.64 17.36 0.37 10.40
Technology 30 1.39 0.61 17.73 0.42 9.56

Finance 35 1.43 0.57 18.94 0.45 8.82
Capacity development 23 1.23 0.77 17.04 0.25 9.23

Table 7. Network-based metrics per actor.

Policy D C E B Technology D C E B

National government 18.15 1.00 0.51 0.07 National government 12.79 1.00 0.54 0.06
Local governments 18.07 0.90 0.51 0.02 Private sector 12.41 1.00 0.53 0.06

Private sector 17.44 0.96 0.50 0.04 Ministry of the
Environment 10.24 0.94 0.44 0.04

Ministry of Housing 16.48 0.96 0.47 0.06 Academia 10.03 0.91 0.44 0.04
Guilds and professional
associations 16.26 0.93 0.47 0.04 Local governments 9.86 0.97 0.43 0.05

Academia 13.33 0.87 0.39 0.02 Guilds and professional
associations 9.07 0.85 0.41 0.03

Civil society 12.44 0.90 0.37 0.03 Ministry of Housing 8.83 0.91 0.39 0.04
Ministry of the
Environment 11.07 0.87 0.33 0.02 Ministry of Energy 7.90 0.81 0.36 0.02

Ministry of Energy 10.70 0.84 0.31 0.01 Financial institutions 7.00 0.88 0.32 0.03
Financial institutions 9.33 0.90 0.27 0.03 Civil society 6.52 0.85 0.29 0.02
Public utility companies 9.30 0.87 0.28 0.02 Public utility companies 5.52 0.81 0.25 0.02

Standards organizations 6.59 0.75 0.21 0.00 Ministry of Industry and
Commerce 4.72 0.69 0.22 0.00

National Planning
Department (DNP) 5.44 0.79 0.17 0.02 Standards organizations 4.21 0.78 0.19 0.01

Ministry of Finance and
Public Credit 5.44 0.75 0.17 0.00 Mining and Energy

Planning Unit (UPME) 3.79 0.73 0.18 0.01

Mining and Energy
Planning Unit (UPME) 5.04 0.77 0.15 0.00 Ministry of Science 3.48 0.67 0.16 0.00

Finance D C E B Capacity Development D C E B

National government 10.82 1.00 0.54 0.07 Guilds and professional
associations 5.55 1.00 0.52 0.03

Private sector 10.30 0.94 0.52 0.05 National government 5.46 1.00 0.51 0.03
Guilds and professional
associations 8.70 0.87 0.45 0.03 Academia 5.46 1.00 0.51 0.03

Local governments 8.24 0.94 0.42 0.05 Private sector 5.27 1.00 0.50 0.03
Financial institutions 7.94 0.89 0.42 0.04 Local governments 4.82 0.98 0.46 0.02
Development Bank 6.58 0.87 0.35 0.03 Ministry of Housing 4.59 0.98 0.44 0.02

Civil society 6.42 0.77 0.35 0.02 Ministry of the
Environment 4.41 1.00 0.41 0.03

Ministry of Housing 6.09 0.92 0.33 0.04 Ministry of Energy 3.86 1.00 0.35 0.03
Ministry of the
Environment 5.27 0.83 0.28 0.02 National Planning

Department (DNP) 2.50 0.93 0.23 0.01

National Planning
Department (DNP) 4.94 0.85 0.27 0.03 Mining and Energy

Planning Unit (UPME) 2.09 0.93 0.19 0.02

Commercial bank 4.85 0.73 0.28 0.01 Standards organizations 1.86 0.84 0.19 0.01

Ministry of Energy 4.82 0.77 0.26 0.01 Ministry of Industry and
Commerce 1.82 0.88 0.16 0.02

Ministry of Finance and
Public Credit 4.64 0.81 0.25 0.02 Ministry of Education 1.82 0.88 0.20 0.00

Public utility companies 4.58 0.81 0.25 0.02 Financial institutions 1.59 0.78 0.15 0.00
Ministry of Industry and
Commerce 3.33 0.73 0.18 0.00 Ministry of Labour 1.05 0.76 0.10 0.00

Degree centrality (D), betweenness centrality (B), closeness centrality (C), and eigenvector centrality (E).

According to the network-based metrics (Table 6), all networks showed at least
23 stakeholders and exhibited density values higher than 0.5. The density values obtained
meant that more than 50% of the possible relationships between actors took place within
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the proposed structures. Such density values also indicated that the actors participating in
achieving net-zero emissions in the Colombian building sector needed to keep redundant
relationships among them. The density values obtained showed a difference from previous
studies, in which similar networks exhibited density values lower than 0.5 [21,41,45]. The
redundancy in network relationships could also be examined by exploring indicators such
as average distance and degree. While many studies in the extant literature exhibited short
average path lengths higher than 1.5 [45,50], the four structures presented in this study
exhibited values lower than those. This denoted that Colombian stakeholders required
fewer links to communicate with each other, suggesting that all actors in the enabling net-
works remained highly interconnected. Furthermore, regarding the average degree, most
stakeholders revealed multiple relationships, supporting the idea of a vastly interconnected
network.

Even though the above-mentioned network-based metrics (e.g., density and short av-
erage path length) suggested the idea of highly interrelated networks with well-connected
actors in each enabler, the degree of centralization indicated that the studied networks
seemed to be dominated by central actors. In particular, the degree centralization exhibited
its highest value in the finance network, in which the degree centralization for the national
government showed a value of 0.45 (see Table 7). Overall, degree centralization values
were higher than 0.25 in all networks, indicating the dominance of well-connected players
across all arrangements.

Table 7 identifies the main actors whose efforts are necessary to achieve net-zero
emissions in the Colombian building sector. This table shows the 15 most prominent actors
in each network by considering multiple actor-based metrics (i.e., D—degree centrality,
C—closeness centrality, B—betweenness centrality, and E—eigenvector centrality). It
is important to highlight that the national government, local governments, guilds and
professional associations, financial institutions, the Ministry of Environment, the Ministry
of Housing, and the private sector were cross-sectional participants in all enabling networks
within the building sector. This means that they all should participate as leading actors in
supporting the proposed SLAs.

4.1. Characterization of Enabling Networks: Similarities and Differences

All the enabling networks shared some common structures. Figure 3 and Table 6 show
that the short average path length in all networks exhibited low values, varying between
1.23 and 1.36, thus, indicating efficiency and few intermediaries in the communication
among stakeholders [50,53]. In respect of the average stakeholders per network, it is worth
appreciating that the average number of actors in charge of each second-level action varied
between 8.82 and 10.4, exhibiting high levels of participation per SLA in each enabler. In this
sense, the density values varied between 0.57 and 0.77, and the average weighted degree
indicated very interrelated networks, strengthening the idea of highly cohesive networks
with redundant components and connectivity [41,50,57]. Even though there were common
attributes across the enabling networks and relative homogeneity in their network-based
metrics, there were also some singular attributes. Specifically, in terms of network sizes, it
is important to highlight that despite differences in the number of SLAs assigned to each
network, the number of participants in every structure remained very similar across the
four studied structures. For instance, while the capacity development network incorporated
three times fewer SLAs than the policy network (i.e., 15 vs. 54 SLAs), the number of actors
in each one was 23 and 28, respectively. Similarly, the technology and finance networks
had associated 43 and 50 SLAs and 30 and 35 participants, respectively. This indicated
that the number of actors was not related to the number of second-level actions but to the
complexity and synergies of each specific enabling network. Consequently, the set of actors
in charge of developing the proposed enablers varied according to the priorities, value
chains, and skillsets [58].

On the other hand, the degree centralization metric displayed in Table 6 highlighted
differences among enablers. Even though all the degree centralization values were low (less
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than 0.5) compared to some values found in the literature [59,60], the enabling networks
denoted important variations in this metric. In particular, the values of the finance (0.45)
and technology (0.42) networks were close to 0.5, indicating the presence of intertwined
structures prone to be controlled by a few main actors (i.e., the national government).
This tendency was smaller in the policy and capacity development networks due to these
exhibiting less centralized structures. In general, while high centralization values were
associated with the degree of power of an actor in the decision-making process, low
centralization figures indicated plurality in such a process [61,62]. Thus, and according to
Tables 6 and 7, the national government seemed to act to coordinate and avoid conflicts
among actors, mainly in the policy, technology, and finance enabling networks, as it was
the most dominant player in these structures. In contrast, in the capacity development
network, in which there was not a clear, prominent player, the guilds and professional
associations, national government, and academia seemed to be responsible for playing a
crucial function in coordinating their roles to develop innovation [61].

This proposed set of network-based metrics allowed for understanding the overall
structure of the networks’ actors in charge of decarbonizing the Colombian building sector.
This analysis exhibited the strengths and weaknesses of each enabler network in terms
of connectivity, participation, and centralization by finding similarities and distinctions
between the networks of stakeholders. A deeper analysis of the main actors participating
in each of the four enabling networks is presented below.

4.2. Characterization of ZCBA Actors across the Enabling Networks

Table 7 displays the 15 most important stakeholders in each enabling network accord-
ing to their degree centrality (D), closeness centrality (C), betweenness centrality (B), and
eigenvector centrality (E). Most of these actors were public entities (Colombian ministries,
national government, and local governments). Still, many actors belonged to non-public
sectors (private companies, guilds, standards organizations, and civil society), showing
the need for joint work and coordination among different actors in achieving net-zero
emissions goals in the Colombian building sector.

4.2.1. Public Policy Enabling Network

According to Figure 3a and Table 6, the public policy enabling network allowed for
visualizing a highly interconnected structure within one single cluster. In this network, the
five most prominent actors were the national government, local governments, the private
sector, the Ministry of Housing, and guilds and professional associations. These players
participated in at least 47 (87%) of the 54 SLAs proposed for this network. They held the
highest values in all the actor-based metrics, showing the need to achieve a balance between
the public sector and other actors to reach the net-zero emissions targets. Specifically, while
the public sector seemed to be in charge of defining technical specifications, determining
environmentally friendly procurement methods, and establishing mandatory energy codes,
the non-public sector seemed to require working on procurement processes focused on the
mitigation of CO2 emissions [63].

In addition to the five main actors in this network, four additional stakeholders
appeared as second-tier actors, participating in more than 50% of the SLAs. In particular,
academia, civil society, the Ministry of Environment, and the Ministry of Energy were
seemingly important in implementing 29 of the 54 second-level actions within this network.
According to the connection exhibited in Figure 3a and the metrics shown in Table 6,
these second-tier actors seemed to focus on objectives associated with social inclusion and
structural changes within the public policy realm [64].

4.2.2. Technology Enabling Network

According to Figure 3b and Table 7, the technology-enabling network showed two
prominent actors, the national government and the private sector. These two participants
were involved in 42 second-level actions within this structure (i.e., 98% of all SLAs in this
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network). Both of these actors had the highest values in all actor-based metrics, show-
ing their importance in developing the technology actions required to achieve net-zero
emissions in the Colombian building sector. As proposed in previous studies [65], the gov-
ernment seemed fundamental in supporting research and development for environmental
sustainability, while the private sector had a role in supporting innovation by investing in
cleaner productive processes [65].

Apart from the two most prominent actors, eight stakeholders also exhibited essential
values in their actor-based metrics (i.e., the Ministry of the Environment, academia, local
governments, guilds and professional associations, the Ministry of Housing, the Ministry
of Energy, financial institutions, and civil society). All these actors were influential in at
least 21 second-level actions (i.e., 49% of all SLAs in this network). These stakeholders
are prone to pursue multiple goals: improving sustainability, research, and development
by establishing frameworks and supporting innovation, supporting the technological
transformation financially, and veiling up for societal welfare.

4.2.3. Finance Enabling Network

Although highly interconnected, the finance enabling network was the least dense
network within the four studied structures (Figure 3c and Table 7). This can be partially
explained by the roles of the leading, prominent actors in this arrangement. In particular,
the finance enabling network had the same two prominent actors as the technology enabling
network (i.e., the national government and the private sector). However, and in contrast to
the policy enabler network and the technology enabler network, the national government
and the private sector participated in at least 42 SLAs (i.e., 84% of all SLAs within the
network). This percentage was marginally smaller than the share of participation of the
main actors in the policy and technology networks, even though the network-based metric
values were in line with the values of the previously analyzed structures.

In this sense, the role of the government in this network seemed to be providing
financial incentives and resources to make the transition towards net-zero emissions in the
building sector economically viable. On the other hand, as suggested by previous studies,
the private sector seemed to be involved in continuous collaboration with all stakeholders
by mobilizing capital and capabilities [66].

Along with the leading actors in the finance enabler network, participants such as
guilds and professional associations, local governments, financial institutions, the Devel-
opment Bank, and civil society also stood out as important players in this structure. All
these actors participated in at least 24 SLAs (i.e., 48% of all SLAs within the network).
Interestingly, this set of actors contained mainly stakeholders belonging to the non-public
sector. This group of participants seemed to focus on developing financial mechanisms
to achieve net-zero emissions and guarantee coordination among government actors and
other players.

4.2.4. Capacity Development Enabling Network

The capacity development enabling network exhibited four main stakeholders, namely,
guilds and professional associations, the national government, academia, and the private
sector (Figure 3d and Table 7). In general, these leading actors had the highest actor-based
metrics and dominated the flow of information within the network, as they participated in
at least 14 SLAs (i.e., 63% of all SLAs in the structure). However, compared to the other
three enabling networks, these actors exhibited slightly less centralized behaviors, which
made relationship patterns less dependent on the national government and private sector.
Instead, relationships seemed to focus on the roles of guilds and professional associations,
and academia, as these players seemed to be centered on disseminating the knowledge and
establishing the technical bases required to achieve net-zero emissions.

In addition to the leading actors mentioned before, the local governments, the Min-
istry of Housing, the Ministry of Environment, and the Ministry of Energy exhibited an
important role within this network, as each one of these stakeholders participated in at least
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eight SLAs (i.e., 53% of all SLAs within the structure). While local governments seemed to
be focused on coordinating the dissemination of information and knowledge at local scales,
the ministries of housing, environment, and energy showed behaviors associated with
developing standards and defining regulations for establishing common ground regarding
the knowledge and capacity required to reach net-zero emissions.

5. Discussion

There were common actors leading the four enablers (policy, technology, finance, and
capacity development) to achieve GHG emissions reduction in the building sector. Three of
these actors, the national government, local governments, and the private sector, appeared
as one of the main five leaders in all the categories, suggesting common main actors of all
networks. These similitudes were strengthened with the network-based metrics, presenting
high values compared to previous literature analyzes [21,41,45]. Despite this, the action
category networks also had distinct features. For instance, while in the policy network, the
Ministry of Housing was the main actor, in the technology network, this role was occupied
by the Ministry of Environment. The guilds and professional associations became the
leaders in the finance and capacity development networks.

The results suggest multiple ways to take advantage of each enabler’s network struc-
tures and show options to anticipate the best strategies. Regarding the policy networks,
the two main actors were the national government and local governments. The experts
recognized the role of the national government in leading the decision-making process
to implement the roadmap to net-zero buildings. However, according to the results, this
is only possible with the intervention of local governments implementing the policies in
a differentiated way according to each region’s context. Therefore, it is essential to con-
sider decentralization mechanisms [67] for a successful low-carbon roadmap application.
Additional to this, other actors such as the private sector, the guilds and professional
associations, academia, and civil society exhibit the importance of coordinating public
policies articulated by the interest of all the actors in the Colombian building sector.

Concerning the technology network, in addition to the national government and the
local governments, the private sector, the Ministry of Environment, and academia were
the following three main actors. It is possible to visualize the role of the private sector in
supporting the adoption of new technology via the Ministry of Environment’s regulations
and the academia’s innovation [65].

The two main actors in the finance network corresponded to the national government
and the private sector. The private sector plays a role in funding sustainable infrastructure
jointly with the national government [68] and simultaneously opened the debate on the fea-
sibility of exploring alternative financial methods such as public–private partnerships [69].

In contrast to the other networks, the guilds and professional associations played the
primary role in the capacity development network. They are vital in adopting new tech-
nologies and in promoting new capacities. The national and local governments, academia,
and the private sector are essential in supporting the new capacity formation in the entire
Colombian building sector.

Lastly, it is necessary to depict potential problems associated with the enablers’ net-
work structure. Even though it has been widely assumed that high cohesion values,
associated with density, lead to improving team performance, some studies have shown
that excessive density values can exhibit underperformance issues [70]. The four ma-
jor categories of the roadmap presented network-based metrics higher than previous
studies [21,41], potentially leading to stagnation, poor team performance, and lack of co-
ordination [70]. For this reason, the Colombian government should constantly evaluate
the role of the main actors and define their tasks specifically. Additionally, future studies
based on improving team performance can be carried out to the extent of the execution of
the Colombian roadmap.
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6. Limitations and Future Research

This research had several limitations. Even though the sample size corresponded to
357 participants from diverse sectors, the inclusion of participants in the building sector
from rural and other areas, rather than main cities, might add vital information to further
studies.

Regarding how the CGBC classified actors in the survey, it would be better to have
more specific categories of actors for future analysis. For instance, within the private sector
would be valuable information to know the types of companies they represent.

This study adopted many metrics from the literature [45,50]; however, other method-
ologies, such as community analysis, might allow obtaining more specific results for the
different groups of participants. Future investigations could also explore metrics at different
points in time; one option is to use temporal social network analysis [71].

7. Conclusions

We analyzed the networks of actors involved in designing and implementing the
Colombian Net-Zero Carbon Buildings Roadmap. Through SNA, we identified the key
players within the major categories of the roadmap (policy, technology, finance, and capac-
ity development) and the critical links and relationships among actors. Compact and dense
structures characterized the four enabling networks (e.g., public policy, finance, technology,
and capacity development) required to achieve net-zero emissions in the Colombian build-
ing sector. Small short average path lengths and a high degree of collaboration defined
these network structures. Three types of players composed the networks:

- Leading stakeholders participated in more than two-thirds of the SLAs. They exhibited
high centrality values and dominated most network connections and information
flows.

- Second-tier actors participated in approximately one-half of the SLAs and coordinated
specific objectives and information flows.

- Perimeter actors had low centrality values and participated in less than one-half of
the SLAs. They were in charge of developing punctual actions of the roadmap and
worked together with the leading and second-tier actors.

The studied networks had singularities, most of them regarding their leading actors
and roles. While the national government and the private sector participated as leading
actors in all enabling fields, other main actors changed according to the attributes of each
network. For example, while academia was one of the five most prominent actors in the
technology and capacity development networks, its role was less pronounced in the policy
network and very limited in the finance network.

Overall, this research supports the field of sustainability and management in several
ways. Even though the academic literature provides examples of social networks for
sustainability in specific contexts, there is little evidence of using this methodology to
analyze a whole economic sector. Social network analyzes allow identifying the actors,
their interactions, and their roles in implementing net-zero roadmaps in the building sector.
The diversity of actors intervening in the building sector and the complexity of the relations
are vital factors in implementing effective GHG mitigation strategies.

This study provides a novel approach to studying decarbonization roadmaps by
using SNA. Developing a social network through the actions required to achieve net-
zero emissions allows a better definition of responsible actors at different levels and is
an alternative for changing the focus from traditional actor maps to relational structures
incorporating communication flows between multiple stakeholders. Governments and
policymakers can take advantage of the shape of the enabling networks to achieve strategic
goals within their roadmaps toward net-zero emissions.
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Appendix A

Semi-structured interview for the group of experts in the ZCBA project.

Question 1.

Please provide a score from zero to one for each cross-cutting issue (e.g., equity, resilience, consumption
habits, and habitability) within the second-level action you are analyzing.
Question 2.

In your opinion, what should happen at the national level to implement this second-level action?
Question 3.

What are the current barriers at the national level to implementing this second-level action?
Question 4.

In which subsectors of the third or residential sectors should this action be prioritized first?
Question 5.

What is the gradual time (dates) where this action should occur?
Question 6.

What actors should participate in this second-level action?
Question 7.

In your opinion, are there additional enablers required for this second-level action to be effective?
Question 8.

Do you have any comments regarding the four cross-cutting issues identified (e.g., equity, resilience,
consumption habits, and habitability)?
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Abstract: Cities worldwide are actively promoting their Night-Time Economies (NTEs) to recover
from the economic crisis caused by COVID-19. However, in the case of Seoul, Korea, the interest in
the NTE from an urban perspective remains insufficient. Therefore, this study was performed with
the following two objectives: (1) To empirically identify the characteristics of Korea’s NTE and derive
an indicator of the nighttime economic vitality (NTEV) by considering the NTE in urban regions;
(2) to explore the structural relationship between NTEV, COVID-19, and credit-card sales in Seoul,
to which operational restrictions were stringently applied according to the COVID-19 policy of Korea.
The NTEV was evaluated using indicators of the nightly floating population, night-lighting value,
and number of entertainment facilities. Moreover, to identify the structural relationship between
COVID-19, NTEV, and credit-card sales based on abnormal analysis data, a formative measurement
model of the partial least squares structural equipment modeling framework was used. The results
highlighted that the effect of COVID-19 differed depending on the density of facilities to which the
“social distancing policy” was applied, and the NTEV boosted the consumption economy of the entire
city. Moreover, we empirically confirmed that an increase in the number of confirmed COVID-19
patients directly or indirectly decreased credit-card sales, which deteriorated the urban economy.

Keywords: COVID-19; COVID-19 response policy; operational restrictions on facilities; Night-Time
Economy (NTE); Night-Time Economic Vitality (NTEV); credit-card sales; PLS-SEM (partial least
square structural equation modeling); formative measurement model

1. Introduction

COVID-19 has affected various sectors of the society, culture, economy, and envi-
ronment worldwide. In particular, the pandemic has led to massive losses in economic
fields such as trade, domestic demand, stock, and labor markets [1]. Consumer spending,
which supports 70% of the economy, has declined with people avoiding visiting restaurants,
cinemas, offices, and other public places [2]. In other words, the pandemic has directly
shrunk the floating population, the card-transaction volume, and sales at both the national
and urban levels [3,4].

As the pandemic continues, cities in various countries are pursuing diverse night
policy projects in an attempt to recover from the pandemic-induced economic crisis. Night-
Time Economy (NTE) is considered an important aspect to revitalize the urban economy,
and thus, cities are encouraging people to engage in various activities and boost consump-
tion by promoting night tours, night markets, and night festivals [5]. In China, NTE is
rapidly emerging as an urban trend given that the country has mobilized various support
policies to revitalize the NTE, which has boosted the sluggish economies of various cities
such as Shanghai, Beijing, and Guangzhou [6]. In contrast, in the case of Seoul, Korea,
the Korea Tourism Organization organized only one forum in 2020 based on the theme of
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revitalizing the NTE through night tourism, and interest in restoring and revitalizing the
NTE from an urban perspective remains limited.

Seoul is known as “a city that does not sleep”, “a city that is awake 24 h”, and “a city
with active economic activities in the nighttime” [7]. However, from the beginning of the
pandemic, Seoul has strictly limited the operating hours of all industries to 9 p.m. or 10 p.m.
as part of “social distancing”, a COVID-19 response policy. Consequently, the appearance
of Seoul’s night streets after COVID-19 has changed rapidly. The COVID-19 response
policy of limiting operating hours has led to a decline in family outings, work dinners, and
restaurant sales, and people are returning home earlier. Consequently, 20,000 commercial
entities in Seoul closed down in the first quarter of 2020 alone [8]. This economic impact
highlights the significance of the NTE as a key factor supporting the vitality of Seoul’s
urban economy.

Against the background of the perception that the NTE is important for urban vitality,
this study is aimed at empirically verifying whether COVID-19 actually affected Seoul’s
self-employment sales and whether the policy of restriction on operating hours to limit the
spread of COVID-19 influenced the vitality of Seoul’s NTE.

The objectives of this study can be summarized as follows: First, although Korea is
one of the countries in which most commercial facilities such as restaurants, cafes, and
shopping centers operate until late, there are no positive indicators pertaining to the NTE.
Moreover, although the NTE theory mainly focuses on tourism and economics, the number
of NTE indicators that can be used in diverse urban studies remains insufficient. Therefore,
we refer to the NTE theory applicable to urban studies as Night-Time Economic Vitality
(NTEV) and attempt to construct the NTEV indicators that reflect the characteristics of
Korea. Second, to determine whether the pandemic actually had an adverse effect on the
urban economy, we investigate the structural relationship between COVID-19, NTEV, and
credit-card sales and compare the differences in the structural relationships by industry.
To these ends, partial least square structural equation modeling (PLS-SEM) is performed
to clarify the structural relationships among multiple variables. The spatial scope of the
study is Seoul, where social distancing and operating restriction policies have been most
strictly applied in Korea. The temporal scope of the study is 2021, when the level of social
distancing and number of confirmed COVID-19 cases in Seoul were higher than those in
2020, which is the year of the COVID-19 outbreak.

Figure 1 shows the process flow of this study. The remaining paper is organized as
follows: Section 2 describes the concepts related to the design of the NTEV indicators and
presents a literature review to highlight the novelty of this study. Section 3 describes the
variable selection and establishment of hypotheses. After collecting and processing the
data suitable for selected variables and reviewing the data through exploratory analysis,
the analysis method and model were identified. Section 4 describes the PLS-SEM analysis
performed to compose the NTEV indicators and identify the structural relationship be-
tween COVID-19, NTEV, and credit-card sales. Moreover, the differences in the structural
relationships across industries were examined. Section 5 presents the concluding remarks
and discusses the significance and implications of our results.
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Figure 1. Flowchart of the study.

2. Literature Review

The term NTE emerged in the UK in 1995 when operating hours were extended to late
night hours to revitalize the urban economy [9]. Since then, the concept has been used as a
measure to understand a city’s nighttime activities and has been treated as part of urban
branding strategies, especially because young people flock to nighttime economic centers
such as bars and clubs [10,11]. Successful nightlife places attract more foreign visitors to a
city, and in addition to maintaining the vitality of the city center, promote the growth of the
local economy [12].

According to Jane Jacobs [13], the ability to freely enjoy the nightlife of a city is
an unequivocal social good. Similarly, when nightlife is aggregated, it creates a spatial
basis for generating economies of agglomeration, which contributes to the city’s overall
social capital. The NTE has attracted extensive attention in major metropolitan cities such
as New York, London, and Sydney because it secures urban competitiveness, increases
sociocultural attractiveness, promotes urban development, and improves the urban vitality,
in addition to boosting the city’s economy, employment, and consumption [10,11]. In Asia,
the NTE emerged as an issue in earnest when China hosted the 2019 Nighttime Economy
Forum [14]. In Korea, the importance of nightlife has been recognized, and various tourism-
focused projects (publication of night tourism guidebooks and the organization of the Seoul
night goblin night market) for the public have been promoted; however, NTE terms were
introduced only after the 2020 Night Tourism Forum [15].

With the growing importance of the NTE worldwide owing to COVID-19, many
researchers have focused on this concept. Notably, the existing studies mainly covered
the concept of NTE from the viewpoints of “entertainment and crime [16–18]”, “behav-
ioral patterns of people who have nightlife [19–21]”, and “the night culture and social
phenomenon [22–25]”. In contrast, in Korea, primarily, survey-oriented studies to revitalize
night markets or night tourism have been conducted recently from the perspective of
tourism [26,27]. To analyze the NTE from the perspective of a city’s social and economic
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revitalization, Lin et al. proposed the concept of NTEV by grafting the NTE into urban
studies, developed an indicator using diverse urban data, and calculated an index of the
NTEV in Zhejiang Province, China [5].

However, the NTE is not a standardized concept yet, because it addresses nighttime
activities in various industries such as food and beverage, tourism, shopping, culture, and
leisure [5]. One researcher defined the NTE as economic consumption in the fields of leisure,
culture, entertainment, and food and beverage [28], whereas another researcher referred to
it as day-to-day activities in urban public spaces, such as walking [29]. In addition, certain
researchers emphasized the social aspect of the NTE [30], whereas others emphasized the
economic aspect [5,11].

Definitions related to the timeslot of the NTE differ across countries and studies. One
study defined the starting point of the night timeslot as the time at which people leave
from work in the evening [31], whereas another study defined the nighttime slot as the
interval between sunset and sunrise, that is, between 6 p.m. and 6 a.m. [10]. In addition,
other researchers subdivided the NTE timeslot from 5 p.m. to 10 p.m. and nights after
10 p.m. [32,33]. At the national level, in the US, the interval between 6 p.m. and 6 a.m. is
considered the nighttime [34]. In the UK, the nighttime is divided as follows: The interval
between 6 p.m. and midnight is considered evening, and that between midnight and 6 a.m.
is considered late night [35]. In Australia, the intervals between 6 p.m. and 9 p.m., 9 p.m.
and 11 p.m., and 11 p.m. and 2 a.m. are considered early evening, evening, and late night,
respectively [36].

Despite rich academic research on the NTE, most of the measurement scales have
been devised based on qualitative indicators [19–25]. As quantitative indicators, the gross
domestic product (GDP) and night-lighting data have been used with a focus on economic
performance [37–39]: The GDP has been used as an official indicator of national growth,
and night-lighting data, which represent the brightness of night lights, have been widely
used by academicians in recent years as an alternative indicator because it represents the
activities of people during nighttime [40]. However, GDP and night-lighting data are
somewhat inadequate as indicators when they are uniformly applied to cities, which are
characterized by the simultaneous occurrence of diverse economic, social, and cultural
phenomena. Moreover, qualitative indicators do not fully reflect the characteristics of
cities [5]. Studies related to the NTE of Korea, which focused on tourism, qualitatively
measured people’s behaviors and manners and the activities related to night tourism, night
markets, and night festivals. The related indicators were designed based mainly on the
results of surveys [26,27].

Considering these aspects, based on a literature review, we identified the following
research gaps: (1) The NTE has been actively investigated, except in Korea, and the
development of measurement indicators has been limited. Most of the developed indicators
are qualitative, and only a few quantitative indicators exist, which can be applied to cities.
(2) Korea’s policies related to and academic interests in the NTE have mainly been centered
around tourism, and urban studies remain to be performed. (3) The concept and definition
of NTE vary across countries and focus industries. Moreover, a concept of the NTE in urban
studies that reflects the characteristics of Korea and the associated indicators to measure it
have not been developed yet.

To overcome these limitations, in this study, an analysis was performed considering
the NTE as a factor that reflects the vitalization of a city. Instead of qualitative indicators,
quantitative indicators that reflect the characteristics of Korea’s NTE were constructed using
urban statistical data. Furthermore, structural relationships of the NTE were established,
reflecting the effects of COVID-19. The novelty of this study pertains to the empirical
determination of the relationship between COVID-19, NTEV, and credit-card sales.

Before describing the analysis, we present an operational definition of the study
objective. The objective of this study was to examine the NTE from the perspective of the
city by using the concept of NTEV [5], which appeared with the application of the NTE
concept in the field of urban studies. To measure the NTEV of the city, we defined the
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concept as “the degree of vitalization of the city’s nighttime”. Furthermore, we defined
the NTEV timeslot as the interval between 7 p.m. and 8 a.m. The temporal definition of
“night” in Korea is extremely diverse. Under the Labor Standards Act, working hours at
night are from 10 p.m. to 6 a.m., and the dictionary definition of night refers to the time
from sunset to sunrise. Moreover, the Seoul Metropolitan Government defines the floating
population at night as the population between 7 p.m. and 8 a.m. [41]. Because the objective
of this study was to measure the urban activity in the nighttime slot, that is, the NTEV, we
defined nighttime as the interval between 7 p.m. and 8 a.m. based on the timeslot of the
nightly floating population specified by Seoul Metropolitan Government and the definition
that human nightlife begins from the time people leave work [31].

3. Analysis Framework

3.1. Variable Selection and Hypothesis

The measures and latent variables required for the analysis were constructed with
reference to the literature (Table 1) and used to establish hypotheses. First, to confirm
the effect of COVID-19, the COVID-19 construct was devised using the number of daily
confirmed patients as a measurement variable.

We constructed the measurement variables of the NTEV by referring to studies such
as those of Zikiriya et al., Xia et al., and Jeong and Jun [42–44]. Notably, Lin et al. used the
nighttime electricity consumption, number of facilities, and online review data as NTEV
measurement indicators [5]. Zikiriya et al. identified the urban vitality in the COVID-19
era considering the night-lighting data obtained using satellites [42]. Xia et al. and Jeong
and Jun used the number of restaurants and night-lighting data as measures of floating
population and credit-card sales, respectively [43,44].

The electricity consumption data for Korea in the night timeslot are not available
because they are not segregated by the time zone. Consequently, we used night-lighting
data instead of the electricity consumption variable, as an NTEV-related variable. In
terms of operating-hour restrictions in response to COVID-19, the Seoul Metropolitan
Government designated high-density entertainment facilities as Group 1 and has been
managing them stringently. In other words, entertainment facilities, which are the most
active at night in Seoul, have been the most adversely affected by COVID-19. In addition,
because restaurants and businesses, which have been the focus of existing studies, mainly
operate starting from daytime, we selected the number of entertainment facilities such as
liquor and karaoke bars (entertainment facilities in Korea are stores that cook and sell food
and alcoholic beverages, and they operate only at night) as a variable. Eventually, we used
the night-lighting data, number of entertainment facilities, and nightly floating population
as measurement indices constituting the NTEV.

To identify the structural relationship between COVID-19, NTEV, and credit-card
sales, we considered credit-card sales as the dependent variable, with reference to the
literature [5,45,46]. The reason is that credit cards represent the main payment option in
many countries [47], and in Korea, the proportion (58.3%) of credit-card payments is higher
than that of cash payments (21.6%). Moreover, in recent years, the number of cashless
stores in Korea has increased [48]. Furthermore, in this study, the industry of credit-card
sales was classified with reference to an existing study [45] that highlighted that the effect
of COVID-19 on credit-card sales varied across industries. According to a classification
provided by Shinhan Card Co., Ltd. (Seoul, Korea), these industries can be divided into
13 categories: restaurant and entertainment; distribution; food and beverage; clothing and
merchandise; sports, culture, and leisure; travel and accommodations; beauty; life service;
education and academy; medical care; furniture and home appliances; automobiles; and
refueling industries. The furniture and home appliances and automobile industries, which
are mainly sales-driven, are merged to obtain 12 categories. The differences across these
12 industrial groups are compared (Table 2).

Given this background, we aimed to evaluate the relationship between the number
of confirmed COVID-19 patients and credit-card sales by industry. The influence of the
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number of confirmed COVID-19 patients on the decrease in self-employment sales has
been widely discussed politically and academically [8,45,46], and thus, we established
hypothesis Hypothesis 1. We established Hypothesis 2 to examine whether the number
of confirmed COVID-19 patients negatively (−) affects the NTEV and Hypothesis 3 to
evaluate whether the relationship between the NTEV and credit-card sales is affected by
the number of confirmed COVID-19 patients as a moderating variable. Through these
hypotheses, we attempted to identify the impact pathway of the number of confirmed
COVID-19 patients, that is, direct, indirect, or moderating impact.

Hypothesis 1 (H1). The number of confirmed COVID-19 patients has a negative (−) effect on
credit-card sales.

Hypothesis 2 (H2). The number of confirmed COVID-19 patients has a negative (−) effect on
the NTEV.

Hypothesis 3 (H3). In the relationship between NTEV and credit-card sales, the number of
confirmed COVID-19 patients serves as a moderating variable.

The Seoul Metropolitan Government has implemented a social-distancing policy as a
measure to reduce the spread of COVID-19. This policy has been applied differentially to
each facility. This objective is to prevent people from being active during night hours and
encourage them to return home by limiting the operating hours of commercial facilities
to 9 p.m. or 10 p.m. In addition, the Seoul Metropolitan Government has adjusted the
number of spectators and events at cultural and sports facilities and recommended or
mandated telecommuting for business facilities [49]. Notably, factory facilities related to the
manufacturing industry, and residential facilities, have been excluded from these policies.
Consequently, the effect relationships of COVID-19 and the NTEV differ depending on the
region in which these facilities are concentrated. Because Korea’s COVID-19 policy restricts
the use of facilities, several studies have reported that the number of confirmed COVID-19
patients and sales decreased in areas with a high concentration of business and commercial
facilities, but increased in areas with a high concentration of residential facilities [50,51].
In addition, because people’s activities have revolved around residential areas after the
COVID-19 outbreak, the movements and sizes of floating populations in residential areas
have been more intense and larger, respectively, than those in other areas [50,51]. Therefore,
to confirm the differences in terms of the density of facilities, we considered the density
of each type of facility (residential, manufacturing, cultural, business, and commercial)
as measurement variables and categorized them as (1) residential and manufacturing
facilities and (2) cultural, business, and commercial facilities. This categorization was
performed because Korea has restricted the operations of cultural, business, and commercial
facilities under the regulatory policy in response to the pandemic, but the operations of
residential and manufacturing facilities have not been restricted. Therefore, we classified
the latent variables of the measurement variables as operationally restricted facilities and
non-restricted facilities. Hypothesis 4 was established to examine the variation in the effect
of the number of confirmed COVID-19 patients in the case of operationally restricted or
non-restricted facilities (Hypothesis 4). Thereafter, we investigated whether credit-card
sales (Hypothesis 4 + Hypothesis 1) and NTEV (Hypothesis 4 + Hypothesis 2) change with
the number of confirmed COVID-19 patients in operationally restricted or non-restricted
facilities, through mediation channels.

Hypothesis 4 (H4). The impact of the number of confirmed COVID-19 patients varies depending
on whether the operation of a facility is restricted.

These hypotheses were focused on identifying the effects of the number of confirmed
COVID-19 patients. To identify whether the spread of the pandemic influenced the consid-
ered structural relationship, the differences among the scenarios were compared by adding
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a structural relationship that excluded the number of confirmed COVID-19 patients. To
this end, we attempted to identify the structural relationship related to COVID-19 from
various viewpoints by checking for differences depending on the operating hours of op-
erational restrictions on facilities, even in the absence of confirmed COVID-19 patients
(Hypotheses 5 and 6).

Hypothesis 5 (H5). The impact of the NTEV varies depending on whether the operation of a
facility is restricted.

Hypothesis 6 (H6). The NTEV has a positive (+) impact on credit-card sales.

To effectively examine the abovementioned structural relationship, we set the environ-
mental factors as control variables (Hypothesis 7). Environmental factors that influence
the population activity, urban vitality, and credit-card sales include measurement variables
such as the minimum temperature, precipitation, and PM10 (Particle Matter 10 μm), as out-
lined by Yan et al., Keiser et al., and Kang et al. [52–54]. Finally, we established Hypothesis
8 to recognize that all of the previous influencing relationships differ by industry [45].

Hypothesis 7 (H7). In the relationship between the NTEV, COVID-19, and credit-card sales,
environmental factors serve as control variables.

Hypothesis 8 (H8). The structural relationship between the NTEV, COVID-19, and credit-card
sales differs by industry.

Table 1. Variables used in previous studies.

Variables (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
This
Study

Dependent
Variables

Credit-Card
Sales

Credit-Card Sales
by Industry • • • • • •

Independent
Variables

Night Time
Economic

Vitality

Nighttime Electricity
Consumption •

Night-Lighting • • • • •
Nightly Floating

Population • • • • •

Number of Restaurants •
Number of

Entertainment Facilities • •

Number of Facilities • •

COVID-19 Number of Confirmed
Patients • • • •

Operating
Restriction/

Non-Restricting
Facilities

Residential Facilities • • •
Cultural Facilities •

Manufacturing Facilities •
Business Facilities • • •

Commercial Facilities • • •

Control
Variables

Environment

Minimum Temperature • • •
Precipitation • • •

PM10 • • •
PM25 •

(1) Lin et al., 2021 [5]; (2) Zikiriya et al., 2021 [42]; (3) Xia et al., 2020 [43]; (4) Hobbs et al., 2000 [19]; (5) Jeong and
Jun, 2020 [44]; (6) Horvath et al., 2021 [46]; (7) Jo et al., 2020 [45]; (8) Kang et al., 2019 [54]; (9) Yan et al., 2019 [52];
(10) Kim., 2021 [50]; (11) Lim and Choi., 2022 [51].
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Table 2. Industry classification of Shinhan Card Co., Ltd., and this study.

Industry Classification of Shinhan
Card Co., Ltd.

Facilities Included in the Industry Industry Classification of This Study

1 Restaurant and Entertainment e.g., Fast food chain; Cafe;
Bakery shop 1 restaurant and entertainment

2 Distribution e.g., Department store; Convenience
store; Market 2 distribution

3 Food and Beverage e.g., Butcher shop; Fisheries wholesale
market; Flower market 3 food and beverage

4 Clothing and Merchandise e.g., Optician; Jewelry shop; Offline
fashion store 4 clothing and merchandise

5 Sports, Culture and Leisure e.g., Movie theater; Indoor swimming
pool; Bookstore 5 Sports, culture and leisure

6 Travel and Accommodations e.g., Hotel; Duty free shop 6 travel and accommodations

7 Beauty e.g., Hair shop; Cosmetics store 7 beauty

8 Life service e.g., Laundry; Shoe repair shop 8 life service

9 Education and Academy e.g., Reading room; Educational
institute; English academy 9 education and academy

10 Medical care e.g., Hospital; Pharmacy 10 medical care

11 Furniture and Home appliances e.g., Home appliance store
11 Furniture, home appliances and

automobiles12 Automobiles e.g., Automobile dealership;
Tire sales department

13 Refueling e.g., Gas station 12 refueling

3.2. Data Collection and Processing

The spatial units for data collection were 424 administrative districts (dong) in Seoul.
In July 2021, the Seoul Metropolitan Government changed the number of administrative
districts to 425, but data for only 424 administrative districts are available. Therefore, we
analyzed 424 districts. In terms of the spatial scale of the analysis units, the average area
per administrative district was 1.42 km2, given that the total area of Seoul is 605.2 km2.
The temporal target of this study was 2021, and to perform a cross-sectional analysis, we
aggregated and analyzed one-year data.

We used the data of Shinhan Card Company (provided by the Seoul Metropolitan
Government) as the credit-card sales data, i.e., the dependent variable. Among the indepen-
dent variables, the entertainment facility variable representing the NTEV was computed by
totaling the number of liquor and karaoke bars in operation as of December 2021. To reflect
the floating population variable representing the population activity at nighttime, we used
the data provided by the Seoul Metropolitan Government.

The illuminance values collected from the Smart-Seoul Data of Things (S-DoT) network
were used as the night-lighting variable representing the nighttime brightness. The S-DoT
data are real-time data provided by the Seoul Metropolitan Government for identifying
and measuring various urban phenomena. As of December 2021, about 1100 monitoring
sensors have been installed evenly throughout the 424 administrative districts of Seoul
(Figure 2) [55]. The real-time data represent the actual nighttime brightness as the sensing
data measured in minutes. We considered both the size of the nightly floating population
and night-lighting values in our analysis by extracting only the data corresponding to the
night timeslot (from 7 p.m. to 8 a.m.).
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Figure 2. Distribution plot of Smart-Seoul Data of Things (S-DoT).

Moreover, we used data pertaining to the daily numbers of confirmed COVID-19
patients in 2021 provided by the Korea Centers for Disease Control and Prevention as the
COVID-19 variable. Because these data are provided in units of 25 autonomous regions
(gu), we requested each autonomous region to provide data in units of 424 administrative
districts, which are the unit of analysis of this study (A gu is subdivided into several dong).
Only 7 of 25 autonomous regions of Seoul provided the requested data. Therefore, to ensure
data consistency, we estimated the data of the administrative district units by using the
daily number of confirmed COVID-19 patients provided for the autonomous region units
through population interpolation. To ensure the validity of population interpolation and
reliability of the estimated data, we verified the accuracy of the population interpolation
by comparing the relative errors between the estimated and actual data using the seven
datasets of administrative districts units provided by autonomous agencies (Equation (1)).
The accuracy of the estimated daily number of confirmed COVID-19 patients by adminis-
trative district was 98.96%; therefore, the information was considered useful.

Accuracy(%) = 100 − elativeErrorRelative

Error(%) = (|ε|)/X × 100
(1)

The residential, manufacturing, cultural, business, and commercial facility variables,
which were classified as operationally restricted and non-restricted facilities, were repre-
sented by Seoul’s building data by use type, provided by the Ministry of Land. Notably,
these data are point data, and all building data in Seoul are provided in the shp format.
Therefore, we used the QGIS (Quantum Geographical Information System version 3.27)
online open source program to extract the data provided for each building unit into admin-
istrative unit data.

The data of environmental variables can typically be acquired using three approaches:
estimation from satellite images; determination using personal measurement means,
or measurement using fixed weather-observation equipment [56]. In general, it is challeng-
ing to ensure the accuracy of satellite imagery data because of orbital cycles or cloud cover.
Landsat data, which have intermediate resolution grades and are suitable for analysis, are
often discontinuous because the orbital period is 16 d [57]. In addition, because these data
are estimated using the surface radiation energy instead of being directly measured, they
may differ marginally from the actual values [58]. Direct data acquisition using personal
measurement means is difficult over a large area, which renders it challenging to grasp the
trends across the entire city. Moreover, when using the data obtained from fixed weather-
observation equipment such as automated weather station (AWS), spatial interpolation
must be performed to extract data for a small spatial scale because typically only a few
AWS exists in the region. Because the distance between the AWS equipment points is large,
the estimated spacing values may differ from the actual values [58]. Considering these
aspects, the actual S-DoT data of the minimum temperature and PM10 variables were used
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in this study. Because S-DoT does not provide precipitation data, the AWS data provided
by the Korea Meteorological Administration for each autonomous district were collected,
and the average daily rainfall in each administrative dong was estimated through spatial
interpolation.

The credit-card sales, nightly floating population, night-lighting data, minimum tem-
perature, and PM10 data, as variables used in this study, represented vast amounts of big
data provided temporally. The credit-card sales data were provided on a daily basis for
the 19,153-census output area, and the nightly floating population data were provided
on an hourly basis for 424 administrative districts. The night-lighting data, minimum
temperature, and PM10 data were collected in real time on an hourly basis using about
1100 sensors. Because each dataset was composed of micro units, data mining was per-
formed by administrative district on a one-year basis, as shown in Figure 3.

 

Figure 3. Data processing.

In particular, because the night-lighting, minimum temperature, and PM10 data ob-
tained from the S-DoT network was expected to have missing values owing to the char-
acteristics of sensing data, we attempted to eliminate any missing values identified in the
data-review process.

3.3. Explanatory Data Analysis
3.3.1. Descriptive Statistics

Exploratory data analysis was performed to evaluate the accuracy and basic charac-
teristics of the collected data. First, by conducting a descriptive statistics analysis using
the SPSS program, the missing values, average values, minimum and maximum values,
median values, and kurtosis and skewness of the data were confirmed (Table 3). In ad-
dition, data visualization was performed to visually examine the data of major variables
such as COVID-19 confirmed cases, floating population, entertainment facilities, and five
facility variables. Figure 4 shows the distribution and degree of data for 424 administrative
districts in Seoul. The confirmed patients and floating population variables visualized the
distribution degree of the population, and the five facility variables integrated all facilities
to visualize the density of the entire facility. The number of samples of the entertainment
facility variable was smaller than that of the other major variables: there were about 4000,
and 101 of the 424 administrative districts of Seoul had zero data because there were no
entertainment facilities. Therefore, the location of the entertainment facility variable was
confirmed by visualizing the distribution of the facilities.
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(a) (b) 

 
(c) (d) 

Figure 4. Data visualization of important variables. (a) distribution of COVID-19 confirmed pa-
tients; (b) distribution of floating population; (c) location of entertainment facilities; (d) density of
five facilities.

According to the results, in terms of the credit-card sales by industry, which is a
dependent variable, the sample sizes of the distribution, travel and accommodations, and
refueling industries differed by 423, 332, and 280, respectively. Therefore, we deleted the
three models corresponding to these industries based on the sample size of the industry,
not the 424 administrative districts in Seoul. The resulting data were used for the analysis.
In addition, we confirmed that the skewness (<3.0) and kurtosis (<7.0) exceeded the criteria,
indicating non-normality of the data.

3.3.2. Normality and Preprocessing

Next, we performed quantile-quantile plot (Q-Q plot) and Shapiro–Wilk analysis by
using R to confirm the normality of the data and distribution. The results of the Shapiro–
Wilk analysis, which confirms the statistical normality, indicated the extremely small
p-values of all the variables (Table 4) In the scatter plot of each variable in the Q-Q Plot
indicated, the data points did not follow a straight line slope, which indicated that the data
were not normally distributed (Figure A1).
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Table 4. Shapiro-Wilk analysis results.

Variables W p-Value * Variables W p-Value *

Credit-Card Sales 1:
restaurant and entertainment 0.31158 2.2 × 10−16 Night-Lighting Data 0.12087 2.2 × 10−16

Credit-Card Sales 2:
distribution 0.23756 2.2 × 10−16 Nightly Floating

Population 0.95555 5.303 × 10−10

Credit-Card Sales 3:
food and beverage 0.16137 2.2 × 10−16 Number of

Entertainment Facilities 0.52375 2.2 × 10−16

Credit-Card Sales 4:
clothing and merchandise 0.18961 2.2 × 10−16 Number of Confirmed

Patients 0.96143 4.165 × 10−9

Credit-Card Sales 5:
sports, culture and leisure 0.29631 2.2 × 10−16 Residential Facility 0.22571 2.2 × 10−16

Credit-Card Sales 6:
travel and accommodation 0.14183 2.2 × 10−16 Cultural Facility 0.69550 2.2 × 10−16

Credit-Card Sales 7:
beauty 0.10576 2.2 × 10−16 Manufacturing Facility 0.09384 2.2 × 10−16

Credit-Card Sales 8:
life service 0.15037 2.2 × 10−16 Business Facility 0.34267 2.2 × 10−16

Credit-Card Sales 9:
education and academy 0.28369 2.2 × 10−16 Commercial Facility 0.66494 2.2 × 10−16

Credit-Card Sales 10:
medical care 0.25221 2.2 × 10−16 Minimum Temperature 0.93564 1.446 × 10−12

Credit-Card Sales 11:
furniture, home appliances

and automobiles
0.03860 2.2 × 10−16 Precipitation 0.62332 2.2 × 10−16

Credit-Card Sales 12:
refueling 0.77614 2.2 × 10−16 PM10 0.95274 2.107 × 10−10

* The e-value of the p-value means that the p-value is less than or equal to 10 to the power of −n, which indicates
an extremely small numerical value that does not satisfy the significance level of >0.05.

To convert the units and ranges of different data into forms suitable for analysis and
enhance the normality, we performed a normalization process by taking the log of the
non-normal data. Thereafter, the abovementioned analysis process was repeated. The
results indicated that the range of data was reduced through the use of log, although the
normality of certain data did not increase (Figure A1). Thus, the exploratory data analysis
indicated that the dataset used in this study did not follow the normal distribution.

3.4. Analysis Method and Models

We performed structural equation modeling (SEM) to clarify the relationship between
COVID-19, NTEV, and credit-card sales, which has not been academically identified yet.
SEM is a statistical technique designed to analyze structural relationships between corre-
lation and theoretical causality among constituent concepts on the basis of metrics [59].
Because latent factors without measurement errors can be identified through confirmatory
factor analysis, and the latent factor relationship can be simultaneously confirmed by a
path analysis, the degree of explanation of a research model can be confirmed. This method
is mainly used in exploratory studies to analyze multiple influences by simultaneously
setting various independent and dependent variables or to identify the direct and indirect
effects between the variables [59]. Notably, this method can enhance the analysis reliabil-
ity by measuring the overall model fit, and handling data that are difficult to calculate
(e.g., time-series data with autocorrelation errors, nonnormal distributions, and categorical
variables).

According to the results of the exploratory data analysis, the dataset used in this study
did not satisfy the conditions of the general structural equation from the standard viewpoint
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of distribution normality. The general structural equation pertains to covariance-based
SEM (CB-SEM), as in the data used in CB-SEM, each variable must represent stationarity
as a basic condition [60]. Considering this aspect, we performed PLS-SEM to address the
nonnormal data encountered in SEM. The principal-component-based PLS-SEM method is
less rigid in terms of the sample size and residual distribution requirements and is, thus,
advantageous for analyzing data that do not follow a normal distribution [61]. Moreover,
this method can be used to estimate the parameters more efficiently than typical CB-SEMs
and offers higher statistical power [62]. In particular, in the application of formative
indicators such as urban data to the model, model identification is facile, and the analysis
is stable.

PLS-SEM was performed using the Smart-PLS 3.0 program. Figure 5 shows the
structural relationship obtained in this study using the PLS-SEM method, and using the
example of one of several industry-specific analysis models employed in this study.

 

Figure 5. An analysis model used in this study.

The analysis models were composed of the potential variables representing the con-
cept (internal variables) and measurement variables explaining the potential variables
(external variables). The measurement of the relationship between these variables was
set as the formative measurement model. A key consideration in PLS-SEM is the iden-
tification of the measurement indicators, including formative and reflective indicators.
The formative indicators are causative indicators, i.e., they define the characteristics of
the concept. In addition, a measurement variable induces a latent variable; homogeneity
(correlation) between the measurement variables is low, and; these variables are mainly
used in relationships in which an effect occurs when one measurement variable is removed.
In contrast, reflective indicators are result indicators, i.e., the causal direction is directed
from the concept to the indicator, and these indicators are signs of the construct. In other
words, latent variables not only induce the measurement variables, but also stipulate that
the measurement variables must be similar, such as survey questions [62].

The existing SEM studies mainly used reflective indicators owing to the lack of support
for programs that analyze formative indicators or the difficulty associated with identify-
ing models by using formative indicators. In addition, in the data or research to which
formative indicators must be applied, reflective indicators have typically been applied.
Notably, if the measurement indicators are set incorrectly in the SEM framework, model
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errors may occur, because the path coefficient and R2 increase [59,61]. All the measurement
variables used in this study were continuous variables based on urban data, and because
the characteristics between the variables were independent, formative indicators were
found to be more suitable than reflective indicators. Therefore, considering the data used
in this study and objectives, we perform PLS-SEM using a formative measurement model
and used all indicators as formative indicators.

In addition, to confirm the effects of the number of confirmed COVID-19 patients
from various perspectives, we set the COVID-19-related construct as an exogenous latent
variable, an endogenous latent variable, and a moderating variable. In PLS-SEM, because
the moderating effect is confirmed as an interaction term, we added a moderating structure
by performing mean-centering over the COVID-19 variable. This structural relationship
is illustrated in Figure 4. Moreover, to identify the mediation effect of NTEV, we set the
NTEV-related construct as an endogenous potential variable, which serves as both an
independent variable and a dependent variable.

After setting up the basic study model, we classified and analyzed the analysis model
for 12 industries: restaurant and entertainment; distribution; food and beverage; clothing
and merchandise; sports, culture, and leisure; travel and accommodation; beauty; life
service; education and academy; medical care; furniture, home appliances and automobiles,
and; refueling.

When using a formative measurement model, the PLS-SEM analysis process is dif-
ferent from that of CB-SEM or reflective measurement modeling. Because the formative
measurement model is free from measurement errors, the measurement variables must
be independent and not correlated. Moreover, it is assumed that no error exists between
the variables owing to the model characteristics [63,64]. In this context, the formative
measurement model has criteria other than the assessment criteria, such as the validity,
construct reliability and averaged variance extracted, used in general SEM (or reflective
measurement models). As shown in Figure 6, the assessment procedure of the formative
measurement model involves verification of the hypothesis of the structural model through
path analysis after evaluating the measurement model in terms of the indicator validity,
construct validity, outer weight, and outer loading. Therefore, using the Smart-PLS 3.0
program, we constructed the NTEV indicators and analyzed the structural relationships
following the procedure of the formative measurement model (Figure 6).

 

Figure 6. Assessment procedure of the formative measurement model (Step 7). Adapted from [59,62].
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4. Analysis

4.1. Composition of NTEV Indicators

The Smart-PLS program was used to verify the NTEV indicators, as an objective of this
study. All the variables used to identify the NTEV, i.e., the nightly floating population, night-
lighting, and number of entertainment facilities, were set as indicators based on a review
of the existing studies and established theories. The indicators were formative indicators
with independent characteristics based on urban data. We performed a rigorous analysis
to confirm the significance and suitability of these formative indicators and determine
whether they appropriately reflect the construct.

Formative indicators can typically be assessed using the outer weights and outer
loadings in bootstrapping analysis. If the t-value of the outer weights is greater than at
least ±1.65 at the 10% significance level in the two-tail test, or if the p-value is significant,
indicator construction is considered to be possible. In contrast, if the value of the outer
weights is not significant, the value of the outer loading must be 0.5 or higher. If the outer
weight of an indicator is not significant, and the value of the outer loading is 0.5 or lower,
the indicator is not suitable for forming a concept and must be discarded.

Therefore, we performed a bootstrapping analysis involving 5000 extractions to reduce
errors and ensure consistency in estimation. In terms of the outer weights, both the t- and
p-values were significant (Table 5), and the nightly floating population, night-lighting, and
number of entertainment facilities were found to be suitable NTEV indicators, even without
checking the outer loadings (Table 5).

Table 5. Verification of NTEV indicators (outer weights).

Construct Indicators Outer Weights T-Value p-Value

NTEV
Nightly Floating Population 0.588 24.002 0.000

Nightly-Lighting 0.535 13.452 0.000
Number of Entertainment Facilities 0.306 3.374 0.001

4.2. Structural Relationship Analysis
4.2.1. Evaluation of Measurement Models

To evaluate a formative measurement model using formative indicators, the validity
of the measurement indicators and constituent factors of the model must be evaluated.
In a formative measurement model, both the indicators and constituent factors must be
independent and noncorrelated, because strong correlations are problematic from the
viewpoints of methodology and interpretation [62,63].

The validity between measurement indicators is typically evaluated considering the
multicollinearity, outer weights, and outer loadings. First, in terms of the multicollinear-
ity, the variance inflation factor (VIF), defined as VIFxs = 1/TOLxs, must be 5.0 or less.
According to a few researchers, the VIF must be equal to or less than 10, as in case of the
reflective indicators, but it is not appropriate to apply the same acceptable reference values
to reflective and formative indicators [65,66]. Because all the analysis models used in this
study were formative measurement models that used formative indicators, we performed
multicollinearity analysis with VIF = 5.0. For all the formative indicators (measurement
indicators) constituting the 12 models, the VIF value ranged between 1.000 and 1.145, which
indicated the lack of collinearity between the indicators. Thereafter, we analyzed the outer
weights or outer loadings to evaluate the contributions and relevance of the formative
indicators. This analysis was similar to the process of evaluating the construct validity
of the NTEV indicators. The difference was that the previous measurement indicated the
validity of the indicators constituting the NTEV concept, whereas this analysis was aimed
at confirming the suitability of all indicators constituting the model. The suitability of the
indicators reflected whether the corresponding construct of the multiple formative indica-
tors (measurement indicators) was appropriate; thus, single formative indicators, such as
the number of confirmed COVID-19 patients and credit-card sales, were not measured.
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First, all the 12 models were checked using outer weights to verify the existence of the
relative contributions of the formative indicators to the construct, that is, the relative impor-
tance levels of the constructs. For all the models, the PM10 variable of the environmental
construct, manufacturing variable classified under the non-restricted facilities construct,
commercial and business variables classified under the restricted facilities construct, and
entertainment facilities variable of the NTEV construct were found to be not significant.
If the values of the outer loadings were less than the reference value (0.5) and simultane-
ously nonsignificant, the indicator was required to be removed. We examined the absolute
contribution of the indicators based on the outer loading values. The cultural variables
classified under the restricted facility construct were not eliminated because the outer
loading values were greater than 0.5 or significant. In particular, although these indicators
were insignificant, they were important for the model validity [62]. We eliminated the PM10
variable under the environment construct, manufacturing variable under the non-restricted
facilities construct, and business variable under the restricted facilities construct because
they were nonsignificant and the value of the outer loadings was less than 0.5.

The outer weight values of the minimum temperature and precipitation variables
under the environment construct and night-lighting data and entertainment facilities
variables under the NTEV construct were insignificant in several models. According to
the outer loadings, all variables except the minimum temperature variable of Model 6
were derived reasonably and were not removed. For the minimum temperature variable,
the outer weights and outer loadings were insignificant, but this variable was not removed
to ensure model consistency because it was an important indicator and was appropriately
derived in several models simultaneously. The VIF values and outer weights values of the
final indicators used in this study are summarized in Table 6.

Subsequently, we confirmed the validity between the constructs. For the formative
measurement model, the correlation between all constructs must be less than 0.7 [67].
According to the analysis results, the relationship between the constructs was less than 0.7
for all models, which confirmed that the constructs composed of the formative indicators
were independent of one another.

4.2.2. Structural Model Validation

Before the path analysis, we computed the R2 and Q2 values to measure the predictive
accuracy and suitability, respectively, of the formative measurement model of PLS-SEM.
Because the R2 value indicates a higher level of prediction accuracy with a larger coefficient,
and the standard for an acceptable R2 value depends on the model complexity and the
study premise, researchers must check the coefficient level of the overall research model,
then decide the standard by referring to previous studies. In urban studies, values between
0.02 and 0.12 are considered weak, those between 0.13 and 0.25 are considered moderate,
and those higher than 0.26 are considered strong [68]. According to the analysis results,
most of the 12 industries exhibited moderate or strong model accuracy, and the COVID-19
construct of Model 6 and COVID-19 and credit-card sales constructs of Model 12 exhibited
low accuracies (Table 7). Therefore, we excluded Models 6 and 12 from the path analysis
because of their low predictive accuracy.
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Table 7. Coefficients of determination of the models.

Models R2 Adj. R2 Q2

1
sales 0.548 0.544 0.503
covid 0.150 0.146 0.093
night 0.589 0.585 0.246

2
sales 0.367 0.361 0.264
covid 0.147 0.143 0.087
night 0.606 0.602 0.241

3
sales 0.301 0.296 0.264
covid 0.148 0.144 0.089
night 0.605 0.601 0.239

4
sales 0.387 0.383 0.361
covid 0.150 0.146 0.094
night 0.580 0.576 0.244

5
sales 0.498 0.495 0.480
covid 0.149 0.145 0.093
night 0.597 0.593 0.247

6
sales 0.354 0.346 0.319
covid 0.120 0.114 0.100
night 0.575 0.569 0.229

7
sales 0.508 0.505 0.487
covid 0.149 0.145 0.092
night 0.601 0.597 0.247

8
sales 0.369 0.365 0.312
covid 0.150 0.146 0.093
night 0.592 0.588 0.245

9
sales 0.284 0.279 0.246
covid 0.148 0.144 0.089
night 0.605 0.601 0.239

10
sales 0.403 0.399 0.363
covid 0.149 0.145 0.092
night 0.602 0.598 0.248

11
sales 0.274 0.268 0.233
covid 0.149 0.144 0.093
night 0.597 0.593 0.246

12
sales 0.037 0.023 −0.004
covid 0.084 0.077 0.077
night 0.649 0.644 0.238

The Q2 value indicates predictive relevance. If the Q2 value is 0 or higher, the standard
is satisfied. According to the analysis, a negative (−) value was obtained for Model 12,
which implied that the model had no predictive relevance (Table 7). For the other 11 models,
the path model was noted to be a structurally acceptable measurement model [69].

Because this analysis was aimed at verifying the structural relationship of the models,
if the predictive power of a measurement model was low, its reliability of the analysis result
was low. Therefore, based on the results of previous analyses (evaluation of measurement
models and structural model validation), we selected 10 models for the path analysis, after
excluding Models 6 and 12 from the subsequent analysis.

Thereafter, we identified the structural relationships of the 10 industries through a
path analysis. The results of hypothesis testing and path analysis conducted using the
formative measurement model of PLS-SEM are presented in Table A1. Table A1 presents
the results of not only the alternative hypothesis representing the research hypothesis, but
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also the null hypothesis and f 2 value indicating the degree of contribution of the exogenous
latent variable to the endogenous latent variable.

The f2 value indicates the effect size of the causative variable on the resulting variable.
When the effect size is between 0.02 and 0.15, the effect of the exogenous latent variable is
small. When the effect size is between 0.15 and 0.35, the exogenous latent variable has a
moderate effect on the endogenous latent variable. When the effect size is 0.35 or higher,
the exogenous latent variable has a strong effect on the endogenous latent variable. The
effect size can be represented as “has” or “does not have” and large or small [69]. According
to the analysis results, in the relationships in which the p-value of the path was insignificant,
the f 2 value had no effect or small effect size (Table A1).

As shown in Table A1, we first verified only the hypothesized direct paths. The path
analysis results for each hypothesis could be summarized as follows. According to Hypoth-
esis 4, the areas with concentrated operationally non-restricted facilities had a positive (+)
effect on the number of confirmed COVID-19 patients, whereas the areas with concentrated
operationally restricted facilities did not affect the number of confirmed COVID-19 patients.
These results were the same across all 10 models, and the result of Hypothesis 4 could be in-
terpreted as the count of the number of confirmed COVID-19 patients in Korea. Because the
number of confirmed COVID-19 patients in Korea was based on resident registration [70],
the number of confirmed COVID-19 patients increased in the residential areas, whereas
the cultural and commercial areas were not influenced. Therefore, Hypothesis 4, which
stated that the effect on the number of confirmed COVID-19 patients differed with the
concentration of operationally restricted or non-restricted facilities, was accepted.

Hypotheses 2 and 5 related to night economic vitality were tested. Hypothesis 2, which
stated that the number of confirmed COVID-19 patients had a negative (−) effect on the
NTEV, was rejected because a positive (+) result was observed for all models. In contrast,
Hypothesis 5, which stated that the effect of the model on the NTEV differed depending on
whether facilities are operationally restricted or non-restricted, was accepted for all models.
Specifically, the results varied across the types of facilities: The operationally non-restricted
and restricted facilities had a negative (−) and positive (+) effect on the NTEV, respectively.

The results of Hypotheses 2 and 5 could be interpreted as follows: First, as in the case
Hypothesis 5 without a COVID-19 construct, if no pandemic occurred and the facilities
were operating in the current state (if the operating hours, number of operations, and
number of visitors to the facility were the same as those in the current limited state),
the vitality of the night timeslot appeared to be active in areas with concentrated cultural
and commercial facilities. Conversely, in residential areas, the vitality of the night timeslot
tended to decrease. Moreover, according to Hypothesis 2, more confirmed COVID-19
patients in an area corresponded to a higher nighttime vitality in the area.

These results were more extensively interpreted by examining the mediated paths
(restricted/non-restricted facilities → COVID-19 → night in Table A2). Table A2 shows
the results of intermediate or indirect paths. The indirect path reflected the indirect effects
between two or more variables through the statistical significance between the paths,
although no hypotheses were established for this aspect [62]. Therefore, in addition to
the hypotheses representing the direct path, we examined various paths through the
indirect path.

In a path without the pandemic (Hypothesis 5), the NTEV was invigorated in areas
with concentrated cultural and commercial facilities and suppressed in residential areas. In
contrast, in the mediated path with the pandemic, the NTEV was invigorated in areas with
concentrated residential facilities and not affected in areas with concentrated cultural and
commercial facilities. These results highlighted that when the number of confirmed patients
was considered, the scope of people’s activities changed from cultural and commercial
facilities to residential facilities. This finding is attributable to the fact that confirmed
patients cannot leave the vicinity of their residences under Korea’s COVID-19 regulation
policy [70]; thus, people respond sensitively to the number of confirmed patients and
reduce the scope of activities near their residences. Consequently, during the pandemic, in
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residential areas, the number of confirmed patients was high, and simultaneously, the NTEV
increased. Moreover, in the areas with concentrated cultural and commercial facilities,
no correlation was observed between the number of confirmed patients and NTEV. The
result of Hypothesis 2 (COVID-19 had a positive effect on NTEV) could alternatively be
interpreted as follows: In both the direct and indirect paths (mediated paths) from the
operationally restricted or non-restricted facilities to the NTEV, the coefficient values were
larger in the residential areas than those in the cultural and commercial areas, suggesting
that the characteristics of the residential areas had a stronger effect on Hypothesis 2.

Hypothesis 1, which stated that the number of confirmed COVID-19 patients neg-
atively (−) affected credit-card sales, was accepted because a negative (−) effect was
observed in all nine industries, except the food and beverage industry. In other words,
the number of confirmed COVID-19 patients adversely influenced the sales in most in-
dustries. In the case of the food and beverage industry, the sales were not affected by
the number of confirmed COVID-19 patients because people continued to consume the
products, regardless of the pandemic. Furthermore, according to the mediation path
(COVID-19 → night → sales in Table A2), even if COVID-19 had an effect, the credit-card
sales in all industries increased when using NTEV as the mediation path. These results
highlighted that the NTEV factor is important for increasing sales across industries. Upon
reconfirming this result based on the direct path between the NTEV and credit-card sales
(Hypothesis 6), from which the number of confirmed patients of COVID-19 was removed,
it was found that the NTEV had a positive (+) effect on credit-card sales. Thus, Hypothesis
6 was accepted for all models, and we confirmed that the NTEV had a strong positive effect
on credit-card sales.

In addition, the paths formed according to the types of facilities were examined. When
the COVID-19 factor was removed (restricted/non-restricted facilities → night → sales in
Table A2), even when the NTEV was used as a mediated factor, credit-card sales decreased
in residential areas but increased in areas with cultural and commercial facilities. When the
COVID-19 factor was considered (restricted/non-restricted facilities → covid → night →
sales in Table A2), unlike the previous results, credit-card sales increased in residential areas
and were unaffected in areas with a concentration of cultural and commercial facilities.
Similar to the results of Hypothesis 2 and 5, in the absence of the COVID-19 factor, people’s
consumption was centered in areas with a concentration of cultural and commercial facili-
ties. In contrast, in the presence of the COVID-19 factor, people’s consumption was centered
in areas with a concentration of residential facilities. These results demonstrated that the
scope of not only the activities, but also the consumption changed around residential areas
due to COVID-19.

Hypothesis 3, representing the moderating effect, and Hypothesis 7, representing the
control effect, were rejected for all models, except the distribution industry. In the formative
measurement model of PLS-SEM, the moderating and control effects were interpreted
as being present and absent if the path was significant and not significant, respectively.
Therefore, Hypothesis 3, which stated that the number of confirmed COVID-19 patients had
an effect as a moderating variable on the relationship between the NTEV and credit-card
sales, was accepted only in the distribution industry (Model 2) owing to the significant effect
in the negative (−) direction. For the remaining nine models, the hypothesis was rejected,
confirming that the number of confirmed COVID-19 patients did not have any moderating
effect. In addition, the control effect of the environmental factor (Hypothesis 7) appeared to
be significantly positive (+) in the distribution industry, indicating that the control effect
was present. In contrast, no effect was observed for the other nine models. The significant
result obtained for the moderating effect of COVID-19 in the relationship between the NTEV
and credit-card sales of the distribution industry indicated that sales decreased because of
COVID-19 in typical distribution industries, such as large supermarkets and department
stores. Moreover, the significant result obtained for the control effect in the distribution
industry indicated that the environmental factors had a positive effect in terms of increasing
sales in the distribution industry. This result is consistent with that of a previous study [71],
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which indicated that the distribution industry was negatively (−) affected by COVID-19
but positively (+) affected by environmental factors, such as temperature and precipitation,
compared to other industries.

Finally, because the relationship between the paths was not the same across all the
models, Hypothesis 8, which stated that the structural relationship of the models differed
according to the industry, was accepted.

4.3. Discussion

According to the path analysis and hypothesis testing using 10 models with 10 indica-
tors for each model, Hypothesis 4, Hypothesis 5, and Hypothesis 6 were accepted for all
models, and Hypothesis 2 was rejected for all models. Hypothesis 1 was accepted for all
models, except the food and beverage industry, and Hypothesis 3 and Hypothesis 7 were
rejected for all models, except the distribution industry. Hypothesis 8 was accepted (the
structural relationships differed by industry).

The structural relationship derived in this study can be interpreted as follows
(Appendices B and C): First, the number of confirmed COVID-19 patients changes the
scope of people’s activities and consumption spaces. If the impact of COVID-19 is not
considered, people’s consumption and nighttime activities are enhanced in areas with
a concentration of cultural and commercial facilities compared to those in areas with a
concentration of residential facilities. In other words, if the operating hours of commercial
facilities are shortened or the number of operations of cultural facilities is reduced (as in the
current scenario) and the factor of the number of confirmed COVID-19 patients is absent,
people would consume and engage in nighttime activities in areas with a concentration
of cultural and commercial facilities. In contrast, if the COVID-19 impact spreads, and
the number of confirmed patients increases, people’s consumption and nighttime activity
spaces may change from cultural and commercial facilities to residential facilities. These
results are consistent with those of several previous studies [50,51] that indicated that
people focused their activities in residential areas due to COVID-19.

Second, because of the effect of Korea’s COVID-19 regulation policy, people’s activities
are concentrated around residential areas rather than cultural and commercial areas as
the effect of COVID-19 intensifies. Korea has restricted the operating hours of cultural
and commercial facilities as a part of its COVID-19 policy. Consequently, in the paths in
which the number of confirmed COVID-19 patients was included, the activity patterns
in the areas with a concentration of cultural and commercial facilities, where operations
were restricted, and those in the areas with a concentration of residential facilities, where
operations were not restricted, were reversed. These phenomena are attributable to the
effect of the COVID-19 policy that limited the scope of people’s activities to areas with a
concentration of residential facilities.

Third, the NTEV is a major factor influencing the increase in the sales of various
industries. In the direct path between the NTEV and credit-card sales, the NTEV had a
positive effect on the credit-card sales. Moreover, in the mediated path between COVID-19,
NTEV, and credit-card sales, the NTEV led to increased credit-card sales. In the direct
path between COVID-19 and credit-card sales, the latter decreased owing to the number
of confirmed patients, but in the indirect path between COVID-19, NTEV, and credit-card
sales, the latter increased due to the NTEV input. Therefore, the analysis results of this
study support the results of previous studies [5,12,72] that the local economy is vitalized
when the local NTEV is activated.

5. Conclusions

The NTE invigorates night consumption markets and vitalizes cities. Therefore, major
cities worldwide have taken increased interest in the NTE as a measure to boost urban
economies, enhance citizens’ leisure and tourism activities, and revitalize cities that have
been affected by COVID-19 [73]. However, the understanding of and interest in the NTE
and NTEV in Korea is inadequate. Moreover, NTE-related academic research in Korea
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has mainly been conducted in the field of tourism studies. In the field of urban studies,
only limited research has been performed to measure the urban vitality through nighttime
satellite imagery. None of the existing studies on the NTE have reflected the limited
operating hours in response to the COVID-19 pandemic.

Therefore, this study has the following academic contributions to Korean research:
We attempted to empirically analyze the concept of the NTE, which is being actively
studied globally but has not been sufficiently reviewed in Korea. Moreover, we developed
quantitative indicators of NTEV for Korea by applying the NTE concept to urban studies,
which have otherwise focused mainly on the qualitative indicators used in tourism-related
studies. This study is timely, in that, it exploratorily confirms the structural relationship
between NTEV, COVID-19, and credit-card sales in Seoul, where the COVID-19 regulation
pertaining to operating restrictions was applied the most strictly in Korea.

According to a comparison of the results of this study to those of previous studies,
the relationship between NTEV and credit-card sales was identified in the same context
as that in the studies of Lin et al. and Fu et al. [5,72]. In other words, we confirmed
that the NTEV activates the consumption economy of the entire city [39,72,74]. Moreover,
the analysis results of the relationship between COVID-19 and NTEV were similar to those
reported in several previous studies. Jo et al. reported that the consumer behavior was
strongly affected only in the early stages of COVID-19, and since then, daily life has been
maintained to a certain extent as the pandemic has become commonplace [45]. Kim and
Lim and Choi reported that people’s activities increased in residential areas during the
COVID-19 outbreak [50,51]. Thus, the analysis results of this study can be interpreted as
being consistent with those of previous studies. In addition, the analysis results indicating
that the influence relationships differ by industry are consistent with the results of previous
studies [45,46]. Therefore, the academic implication of this study is to integrate the results
obtained in the existing studies through a structural relationship.

The policy implications of this study, which would be valuable to managers and in-
vestors in the urban fields, are as follows: First, we confirmed that the COVID-19 pandemic
hit the urban economy. Most industries, such as restaurant and entertainment; distribution;
clothing and merchandise; sports, culture, and leisure; beauty; life services; education and
academy, medical care, and; furniture and home appliances, experienced decreased sales
due to COVID-19. We verified that Seoul’s commercial district experienced a downturn
owing to an increase in the number of confirmed COVID-19 patients and restrictions on
operating hours, and assigned weight to the claim of economic damage to self-employment
due to COVID-19 spreading. Second, we confirmed the importance of the NTEV. Our
results indicated that the number of confirmed COVID-19 patients negatively affected
credit-card sales, but if NTEV were to be used as a mediated factor, it was expected to
have a positive effect. In other words, the NTEV is crucial for revitalizing the urban econ-
omy that has stagnated due to the pandemic, and policymakers must implement various
projects to revitalize the night timeslot. Third, we confirmed the effectiveness of Korea’s
COVID-19 policy. An analysis of the facilities subjected and not subjected to operating
restrictions under the social-distancing policy revealed that during the pandemic, people’s
activities and consumption were concentrated in residential areas, as opposed to cultural
and commercial areas. Consequently, Korea’s COVID-19 regulation policy, which restricted
activities in cultural and commercial facilities, was effective in terms of enforcing quaran-
tine. Fourth, the structural relationships differed across industries, which indicated that the
government’s response and policy measures must be tailored in the light of COVID-19.

This study represents a basic study on NTEV in Korea, focused on exploring and
identifying the structural relationship between COVID-19, NTEV, and credit-card sales. We
systematically analyzed the formative measurement model, which is relatively difficult to
interpret and analyze among the PLS-SEM methods, using urban statistical data. Moreover,
we applied the NTE theory, which has mainly been used in the tourism field, to urban
studies. Therefore, this study can be rated as a high-quality study in terms of its research
contribution and importance, pertaining to the expansion of structural equation data and
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techniques (use of a formative measurement model of structural equations in conjunction
with nonnormal statistical data) and theories and topics (NTE and NTEV) to urban studies.

However, this study has a limitation, in that, it was not able to identify individual
variables that affected credit-card sales by industry because the structural influence rela-
tionships between the constructs were identified owing to the exploratory nature of the
study. In addition, the analysis results obtained in this study cannot be generalized because
the effect of the COVID-19 policy was indirectly evaluated considering the restrictions and
lack thereof on facility operation. Referring to the structural relationships presented in this
study, future work can be used to perform time-series studies rather than cross-sectional
studies and identify individual factors affecting credit-card sales or the NTEV by industry.
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Figure A1. Q-Q Plot (Quantile-Quantile Plot) after log. Credit card sales 1 → restaurant and
entertainment; credit card sales 2 → distribution; credit card sales 3 → food and beverage; credit card
sales 4 → clothing and merchandise; sales 5 → credit card sales 5 → sports, culture and leisure; credit
card sales 6 → travel and accommodation; credit card sales 7 → beauty; credit card sales 8 → life
service; credit card sales 9 → education and academy; credit card sales 10 → medical care; credit card
sales 11 → furniture, home appliances and automobiles; credit card sales 12 → refueling.

Appendix B

Table A1. Path and f2 analysis results.

Model 1 Path Coefficients t Statistics f 2 Hypotheses Hypotheses Test

COVID → sales −0.415 *** 5.880 0.179 Hypothesis 1
H0 Reject

H1 Accept

COVID → night 0.645 *** 11.441 0.693 Hypothesis 2
H0 Accept

H1 Reject

COVID * → sales −0.125 1.525 0.065 Hypothesis 3
H0 Accept

H1 Reject

non-restric. → COVID 0.406 *** 3.389 0.167
Hypothesis 4

H0 Reject

restric. → COVID −0.062 0.902 0.004 H1 Accept

non-restric. → night −0.283 ** 2.882 0.107
Hypothesis 5

H0 Reject

restric. → night 0.494 *** 7.285 0.505 H1 Accept
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Table A1. Cont.

Model 1 Path Coefficients t Statistics f 2 Hypotheses Hypotheses Test

night → sales 0.806 *** 14.085 0.864 Hypothesis 6
H0 Reject

H1 Accept

evir → sales 0.217 *** 5.989 0.095
Hypothesis 7

H0 Accept

evir → night 0.070 1.210 0.008 H1 Reject

Model 2 Path Coefficients t Statistics f 2 Hypotheses Hypotheses Test

COVID → sales −0.174 ** 1.985 0.016 Hypothesis 1
H0 Reject

H1 Accept

COVID → night 0.730 *** 14.160 0.901 Hypothesis 2
H0 Accept

H1 Reject

COVID * → sales −0.127 * 1.770 0.053 Hypothesis 3
H0 Reject

H1 Accept

non-restric. → COVID 0.402 *** 3.479 0.153
Hypothesis 4

H0 Reject

restric. → COVID −0.047 0.625 0.002 H1 Accept

non-restric. → night −0.232 ** 2.568 0.069
Hypothesis 5

H0 Reject

restric. → night 0.313 *** 3.293 0.199 H1 Accept

night → sales 0.595 *** 7.233 0.252 Hypothesis 6
H0 Reject

H1 Accept

evir → sales 0.110 ** 2.498 0.017
Hypothesis 7

H0 Reject

evir → night 0.100 * 1.768 0.017 H1 Accept

Model 3 Path Coefficients t Statistics f 2 Hypotheses Hypotheses Test

COVID → sales 0.043 0.548 0.001 Hypothesis 1
H0 Accept

H1 Reject

COVID → night 0.723 *** 12.409 0.818 Hypothesis 2
H0 Accept

H1 Reject

COVID * → sales −0.027 0.576 0.002 Hypothesis 3
H0 Accept

H1 Reject

non-restric. → COVID 0.402 *** 3.501 0.151
Hypothesis 4

H0 Reject

restric. → COVID −0.042 0.565 0.002 H1 Accept

non-restric. → night −0.205 ** 2.050 0.048
Hypothesis 5

H0 Reject

restric. → night 0.283 ** 2.811 0.162 H1 Accept

night → sales 0.503 *** 7.451 0.159 Hypothesis 6
H0 Reject

H1 Accept

evir → sales −0.005 0.107 0.000
Hypothesis 7

H0 Accept

evir → night 0.129 1.319 0.024 H1 Reject

Model 4 Path Coefficients t Statistics f 2 Hypotheses Hypotheses Test

COVID → sales −0.320 *** 4.483 0.086 Hypothesis 1
H0 Reject

H1 Accept

COVID → night 0.626 *** 10.663 0.658 Hypothesis 2
H0 Accept

H1 Reject

COVID * → sales −0.068 1.162 0.014 Hypothesis 3
H0 Accept

H1 Reject
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Table A1. Cont.

Model 4 Path Coefficients t Statistics f 2 Hypotheses Hypotheses Test

non-restric. → COVID 0.405 *** 3.362 0.168
Hypothesis 4

H0 Reject

restric. → COVID −0.063 0.946 0.004 H1 Accept

non-restric. → night −0.294 ** 2.997 0.118
Hypothesis 5

H0 Reject

restric. → night 0.521 *** 7.175 0.549 H1 Accept

night → sales 0.713 *** 14.546 0.535 Hypothesis 6
H0 Reject

H1 Accept

evir → sales 0.111 ** 2.483 0.019
Hypothesis 7

H0 Accept

evir → night 0.054 0.888 0.005 H1 Reject

Model 5 Path Coefficients t Statistics f 2 Hypotheses Hypotheses Test

COVID → sales −0.348 *** 4.829 0.105 Hypothesis 1
H0 Reject

H1 Accept

COVID → night 0.663 *** 11.909 0.706 Hypothesis 2
H0 Accept

H1 Reject

COVID * → sales −0.058 1.050 0.013 Hypothesis 3
H0 Accept

H1 Reject

non-restric. → COVID 0.406 *** 3.442 0.165
Hypothesis 4

H0 Reject

restric. → COVID −0.060 0.845 0.004 H1 Accept

non-restric. → night −0.267 ** 2.551 0.089
Hypothesis 5

H0 Reject

restric. → night 0.459 *** 6.568 0.442 H1 Accept

night → sales 0.835 *** 18.422 0.792 Hypothesis 6
H0 Reject

H1 Accept

evir → sales 0.102 ** 2.640 0.019
Hypothesis 7

H0 Accept

evir → night 0.095 1.423 0.014 H1 Reject

Model 7 Path Coefficients t Statistics f 2 Hypotheses Hypotheses Test

COVID → sales −0.211 ** 3.070 0.037 Hypothesis 1
H0 Reject

H1 Accept

COVID → night 0.695 *** 13.257 0.835 Hypothesis 2
H0 Accept

H1 Reject

COVID * → sales −0.048 0.856 0.009 Hypothesis 3
H0 Accept

H1 Reject

non-restric. → COVID 0.406 *** 3.404 0.163
Hypothesis 4

H0 Reject

restric. → COVID −0.058 0.817 0.003 H1 Accept

non-restric. → night −0.279 ** 2.885 0.107
Hypothesis 5

H0 Reject

restric. → night 0.430 *** 6.020 0.384 H1 Accept

night → sales 0.825 *** 16.955 0.744 Hypothesis 6
H0 Reject

H1 Accept

evir → sales −0.008 0.170 0.000
Hypothesis 7

H0 Accept

evir → night 0.070 1.052 0.009 H1 Reject
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Table A1. Cont.

Model 8 Path Coefficients t Statistics f 2 Hypotheses Hypotheses Test

COVID → sales −0.351 *** 3.867 0.092 Hypothesis 1
H0 Reject

H1 Accept

COVID → night 0.659 *** 10.808 0.720 Hypothesis 2
H0 Accept

H1 Reject

COVID* → sales −0.110 1.420 0.037 Hypothesis 3
H0 Accept

H1 Reject

non-restric. → COVID 0.406 *** 3.421 0.166
Hypothesis 4

H0 Reject

restric. → COVID −0.061 0.866 0.004 H1 Accept

non-restric. → night −0.285 ** 2.893 0.107
Hypothesis 5

H0 Reject

restric. → night 0.479 *** 5.621 0.475 H1 Accept

night → sales 0.680 *** 10.140 0.445 Hypothesis 6
H0 Reject

H1 Accept

evir → sales 0.191 *** 4.784 0.055
Hypothesis 7

H0 Accept

evir → night 0.070 1.200 0.008 H1 Reject

Model 9 Path Coefficients t Statistics f 2 Hypotheses Hypotheses Test

COVID → sales −0.346 *** 4.268 0.055 Hypothesis 1
H0 Reject

H1 Accept

COVID → night 0.721 *** 12.511 0.815 Hypothesis 2
H0 Accept

H1 Reject

COVID * → sales −0.077 1.433 0.017 Hypothesis 3
H0 Accept

H1 Reject

non-restric. → COVID 0.402 *** 3.527 0.152
Hypothesis 4

H0 Reject

restric. → COVID −0.043 0.563 0.002 H1 Accept

non-restric. → night −0.207 ** 2.079 0.049
Hypothesis 5

H0 Reject

restric. → night 0.289 ** 2.764 0.169 H1 Accept

night → sales 0.712 *** 11.348 0.316 Hypothesis 6
H0 Reject

H1 Accept

evir → sales 0.012 0.258 0.000
Hypothesis 7

H0 Accept

evir → night 0.129 1.359 0.023 H1 Reject

Model 10 Path Coefficients t Statistics f 2 Hypotheses Hypotheses Test

COVID → sales −0.179 ** 2.302 0.022 Hypothesis 1
H0 Reject

H1 Accept

COVID → night 0.682 *** 11.759 0.762 Hypothesis 2
H0 Accept

H1 Reject

COVID* → sales −0.079 1.396 0.021 Hypothesis 3
H0 Accept

H1 Reject

non-restric. → COVID 0.406 *** 3.476 0.163
Hypothesis 4

H0 Reject

restric. → COVID −0.058 0.820 0.003 H1 Accept

non-restric. → night −0.263 ** 2.567 0.087
Hypothesis 5

H0 Reject

restric. → night 0.429 *** 5.390 0.387 H1 Accept
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Table A1. Cont.

Model 10 Path Coefficients t Statistics f 2 Hypotheses Hypotheses Test

night → sales 0.727 *** 12.532 0.482 Hypothesis 6 H1 Accept

evir → sales −0.031 0.668 0.002
Hypothesis 7

H0 Accept

evir → night 0.096 1.107 0.015 H1 Reject

Model 11 Path Coefficients t Statistics f 2 Hypotheses Hypotheses Test

COVID → sales −0.237 ** 2.937 0.034 Hypothesis 1
H0 Reject

H1 Accept

COVID → night 0.670 *** 10.759 0.744 Hypothesis 2
H0 Accept

H1 Reject

COVID* → sales −0.056 1.360 0.008 Hypothesis 3
H0 Accept

H1 Reject

non-restric. → COVID 0.406 *** 3.447 0.165
Hypothesis 4

H0 Reject

restric. → COVID −0.060 0.850 0.004 H1 Accept

snon-restric. → night −0.276 ** 2.744 0.099
Hypothesis 5

H0 Reject

restric. → night 0.458 *** 4.906 0.439 H1 Accept

night → sales 0.596 *** 10.869 0.277 Hypothesis 6
H0 Reject

H1 Accept

evir → sales 0.106 ** 2.168 0.014
Hypothesis 7

H0 Accept

evir → night 0.081 1.217 0.011 H1 Reject

* p < 0.05, ** p < 0.01, *** p < 0.001

Appendix C

Table A2. Detailed path analysis results.

Path Coefficients Model 1 Model 2 Model 3 Model 4 Model 5

non-restric. → night → sales −0.228 −0.138 −0.103 −0.210 −0.223
restric. → night → sales 0.398 0.186 0.143 0.372 0.383

non-restric. → COVID → sales −0.168 −0.070 0.017 −0.130 −0.141
restric. → COVID → sales 0.026 0.008 −0.002 0.020 0.021

non-restric. → COVID → night 0.262 0.293 0.290 0.254 0.269
restric. → COVID → night −0.040 −0.035 −0.031 −0.039 −0.040
COVID → night → sales 0.520 0.434 0.364 0.447 0.553

non-restric. → COVID → night → sales 0.211 0.174 0.146 0.181 0.224
restric. → COVID → night → sales −0.032 −0.021 −0.015 −0.028 −0.033

Path Coefficients Model 7 Model 8 Model 9 Model 10 Model 11

non-restric. → night → sales −0.230 −0.194 −0.147 −0.191 −0.164
restric. → night → sales 0.355 0.326 0.206 0.312 0.273

non-restric. → COVID → sales −0.086 −0.142 −0.139 −0.073 −0.096
restric. → COVID → sales 0.012 0.021 0.015 0.010 0.014

non-restric. → COVID → night 0.282 0.267 0.290 0.277 0.272
restric. → COVID → night −0.041 −0.040 −0.031 −0.040 −0.040
COVID → night → sales 0.573 0.448 0.513 0.496 0.400

non-restric. → COVID → night → sales 0.232 0.182 0.206 0.201 0.162
restric. → COVID → night → sales −0.033 −0.027 −0.022 −0.029 −0.024
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Abstract: This paper uses quantitative methods to evaluate the application of street connectivity
policies stated by Abu Dhabi’s Urban Planning Council (UPC) on newly developed projects. The
evaluation of the study was performed by measuring efficiency, i.e., how short and direct are paths
between residential and nonresidential destinations to understand the ability of street networks
to support sustainable transportation modes in the Capital District project. Efficiency is measured
in twelve neighborhoods of the Capital District using Pedestrian Route Directness (PRD), a metric
that meets Estidama—Abu Dhabi Green Rating System—walkability standards. Observation and
analysis of the current stage of development show that more than 58% of the neighborhoods failed
the route efficiency test to connect residential plots to one another. In addition, more than 40%
of the neighborhood’s residential plots could not efficiently connect to nonresidential plots. The
study includes recommendations for policymakers and project developers to enhance the street
infrastructure to correlate with Estidama ratings by taking advantage of sikkak, the alleyways system
that is found in other neighborhoods in the city. Significantly, recommendations are based on rigorous
quantitative analyses that can be used for implementation in real-world projects, thus strengthening
the connection between policy and practice.

Keywords: superblocks urbanism; gulf urbanization; street connectivity and efficiency; walkability;
sustainable urban development policy and practice

1. Introduction

Today, achieving the UN’s sustainable development goals (SDGs) lies upfront in cities’
development strategies. The advocacy for a more sustainable urban form is at the center of
city planning agendas. A growing body of research provides evidence of a link between
the sustainable urban form of cities and street connectivity [1–3]. Street systems can
potentially increase urban transportation mobility and support walkability by efficiently
linking spatially separated spaces when well-connected street networks are present [4]. The
quality of street connections has been found to reduce car dependency, lower fossil fuel
consumption, improve air quality, and enhance the overall quality of urban life [5].

After years of designing residential street networks with low levels of connectivity,
multiple city planning agendas, visions, and green rating standards started to consider the
contributions of improved connectivity [4]. As a result, street connectivity measures are now
an established tool to achieve more sustainable transportation strategies for residential street
networks. However, the application of connectivity measures highlighted in promising
planning agendas and sustainability rating standards for new developments worldwide,
especially in the Gulf region, is still understudied. This paper investigates the street
connectivity of residential street networks in a newly developed sustainable urbanization
project, the Capital District, Figure 1, in Abu Dhabi, United Arab Emirates (UAE). In
addition, it focuses on retrofitting opportunities in the early stages of project development
to bridge potential gaps between policy and practice.
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The UAE has been experiencing rapid urbanization since 1970, and much urban
growth and development tend to be made virtually instantly. This fast growth of the
built-up area in UAE was possible using “superblocks” as an urban planning strategy.
Superblocks are commonly used in the UAE. and Gulf Cooperation Council (GCC) countries
such as Saudi Arabia, Bahrain, Kuwait, and others, as a planning system that helped the
Arabian Gulf expand post-oil discovery [6]. Superblocks are designed as large areas of
land enclosed with arterial avenues and are approximately 600×900 m in size. They are
commonly used in residential neighborhoods in Abu Dhabi and are especially prominent
in the Capital District project, the context of this study.

Interestingly, the new integrated public transport network proposed for the Capital
District project incorporates advanced sustainable urban mobility strategies applied for
the first time in Abu Dhabi, including high-speed rail, metro rail, and tram networks [7].
Once completed, the district is planned within a five-minute walk (300 m) from transit
to all key destinations [8]. However, the project’s current stage of development does not
include any advanced transit systems yet, likely due to the current phase being focused on
the development of twelve low-density residential superblocks which rely on their street
networks to support walkability and cycling, as mentioned in the project proposal (USDM,
2015 P.63) [7].

Considering this, this research investigates the street connectivity of these twelve
residential neighborhoods, looking at their role and impact on the overall mobility vision
for the Capital District, particularly regarding its focus on creating an integrated multi-
modal public transport network. Three different questions are addressed. First, how do
the neighborhoods’ street networks contribute to the overall mobility vision of the Capital
District? This question is asked to assess the potential of those neighborhoods’ street
connectivity to be a part of the bigger urban mobility vision of the Capital District through
a fully integrated transportation system. Second, what is the street network efficiency—
i.e., to what extent can the network provide short and direct routes between plots in the
low-density residential superblocks—of the Capital District? This question concerns the
street network efficiency of developments constructed after the introduction of Estidama
(Abu Dhabi’s Green Building Rating System). It evaluates whether the superblocks’ street
connectivity performance meets the objectives and standards set not only by Estidama but
and Abu Dhabi’s Urban Planning Council (UPC). Third, what early retrofitting solutions
are available for the street networks that do not meet UPC and Estidama standards? The
third question concerns the impact of adding streets that cater to pedestrians, such as
alleys and shared streets—respectively, sikkak and mushtarak in Arabic language, to the
neighborhoods’ street networks. In this case, the focus is on assessing their impact on the
overall efficiency of the street system, and how they can be added after construction begins
so that practice and policy are in better agreement.

By answering these three questions, this paper provides quantitative data to adjust
and improve Urban Development Projects’ street connectivity and efficiency of urban devel-
opment projects before the urban form is finally established. In addition, the paper outlines
recommendations to strengthen the connection between policy and practice through the
continuous auditing and retrofitting of a residential project development.

2. Literature Review

2.1. Abu Dhabi’s Superblock Development

Abu Dhabi’s superblock neighborhoods were proposed first by British planner John
Elliot in the 1960s, to the founding father of the U.A.E., Sheikh Zayed [9]. The early
proposed superblocks were inspired by American planning ideas of the late 1920s, especially
by Clarence Perry’s Neighborhood Planning Unit (NPU) [10]. The neighborhood planning
units in Abu Dubai were developed as components of a modular system that would
work both as aggregations to form the larger, global city fabric and as independent “self-
sustained” units where key land uses, such as mosques, schools, parks, and corner shops
would support the local population.
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As currently conceived and implemented, Abu Dhabi’s superblock neighborhoods
foster car dependency, and the transportation system is highly dependent on fossil fuels [6].
Therefore, Abu Dhabi is considered to have a high rate of car ownership. This high rate of
car dependency makes it extremely important for Abu Dhabi to think of a future vision for
its street system, such that automobile use is reduced and more sustainable mobility modes
are supported and encouraged.

Fortunately, Abu Dhabi’s government has been aware of the sustainability challenges
brought by the predominance of motorized transportation. Multiple initiatives were
outlined in Abu Dhabi’s 2030 Vision, the city’s forward-looking plan, as well as Estidama,
Abu Dhabi’s Green Building Standard, in a set of regulations to enhance different modes of
transportation [10,11]. As a part of the Abu Dhabi 2030 regulation, The Urban Street Design
Manual (USDM) was published to the public in 2010 and later updated in 2015 [12]. The
manual included eight goals; one of the main goals is street efficiency, noting specifically
short blocks and greater route choice as a means by which to achieve this (USDM, 2015,
p. 27 [12]). Further, four different types of streets were introduced in the manual. These are:
one-way streets (cars only), mushtarak (shared streets that serving both pedestrians and
cars), Sikkak (pedestrian alleys), and shared access lane (cars and sidewalks) (USDM, 2015,
pp. 77–79 [12]).

Mushtarak and sikkak are designed to enhance pedestrian movement within the
neighborhood. Mushtarak (������ ��	
�) is the Arabic word for spaces shared by multiple
modes of transport. A street concept similar to the popular Dutch’s woonerf street in-
troduced in the late 1960s, Mushtrak is designed to accommodate both cars and pedestrian

movements [13,14]. Additionally, sikkak (
�

�
���) are characteristically present in superblocks

in the UAE. and numerous other GCC countries’ cities. Sikkak plays an essential role in
enlarging the basic street network available to pedestrians and shortening superblocks’
internal blocks. Their role has not been consistently studied; only recently have scholars
tried to bring this issue to the foreground [15–17]. Scoppa et al. (2018) tested the street
efficiency of ten different superblock designs, including orthogonal grids, Inward-looping
street layouts, patterns with cul-de-sacs, and several other design variations [17]. The
study found that sikkak make quite substantial contributions to street connectivity in all
the tested network designs [17]. Additionally, the study noted that superblocks in Abu
Dhabi have more sikkak than are necessary to ensure efficient connectivity and proposed a
methodology for optimizing their provision, which is applied in this study.

Notably, the importance of sikkak has been underlined by Abu Dhabi’s Urban Planning
Council (UPC), the agency in charge of planning and managing the UAE.’s capital city’s
future growth. The UPC highlights the significance of sikkak in superblocks as critical
pedestrian networks that improve access to services in neighborhoods (UPC, 2007, pp. 122,
154; UPC 2015, pp. 73, 91) [10]. Similarly, Estidama, Abu Dhabi’s green building rating
framework, encourages Sikkak to plan more sustainable neighborhoods by giving extra
points for neighborhoods that improve walkability. Furthermore, Estidama defines sikkak
as “key pedestrian routes” (Estidama, 2010 pp. 73–74, p. 166) [18]. Both street typologies
enhance walkability and have been a critical component in efforts to support sustainable
transportation modes in all new developments in Abu Dhabi. Especially, the design of
residential networks is planned to enhance walkability and cycling as stated in the UPC
and USDM [8,12] (UPC p. 51, 2009, USDM. p.71).

The UPC report also includes three significant challenges addressed in the design of
pedestrian networks. First, designing smaller blocks to establish accessible and attractive
pedestrian networks. Second, creating shaded zones to control the climate through the
street and building orientation, and finally, land use distributions that enhance neigh-
borhood diversity (UPC p. 51, 2009). Unfortunately, although those requirements and
recommendations have been crystallized in multiple regulations and sustainable urban
planning agendas for more than ten years, their application is still not evident in new and
ongoing neighborhood projects and other large scale developments.
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One of the most promising projects, designed and developed by Abu Dhabi’s UPC,
sets out to achieve high levels of street connectivity by following the Abu Dhabi 2030 Vision
recommendation and Estidama Green Building. This project is the “Capital District” [7],
and is regarded by the UPC as a demonstration project where numerous measures that
Abu Dhabi developed for future sustainable development will be applied [16].

2.2. The Capital District, Abu Dhabi

The Capital District is a mega-development project currently under construction in
Abu Dhabi, planned on a land area of forty-five square kilometers and designed for a
population of three hundred and seventy thousand residents. The district is regarded as
the physical development of the sustainable visions of the Abu Dhabi 2030 Plan [10]. The
UPC planned the Capital District to enhance connectivity and promote walkability [8,10]
(UPC, p. 51, 2009). The design of the capital district includes six major precincts: City
Centre Precinct, Federal Precinct, Emirati Neighbourhood, Sports Hub Precinct, South
Spine Precinct, and Palace Precinct, all of which can be seen in Figure 1.

Figure 1. The Capital District Zones Diagram adapted by the authors from Abu Dhabi Urban
Planning Council Report 2009 [8].

The Capital District’s center is designed as a radial pattern of streets connecting the six
major precincts. Five of which are designed as high-density developments with the plan of
providing an extensive public transit system to connect them to the rest of the city and the
larger region. The system will include high-speed rail, metro rail, and tram networks (UPC,
2015, pp. 48–49). The high-speed rail will connect the capital district to major locations in
Abu Dhabi and other cities. Also, the proposed ten metro stations along the major spines
of the district are designed to support the higher ridership associated to the higher built
densities of these spines. Finally, the tram and bus networks will extend to the low-density
development areas and connect with the higher-level transit system. Figure 2 illustrates the
transit plan proposed by the UPC. Considering the different modes of transportation within
the district, a more complex interconnected street system for Abu Dhabi was designed
to enhance urban mobility with different street hierarchies and its cure Figure 3A. The
low-density residential development called “Emirates neighborhoods Precinct” is planned
to have amenities such as mosques, parks, and schools within walking distance. However,
Figure 3 shows no pedestrian-only street or sikkak planned or laid out for the neighbor-
hoods. Once completed, the twelve neighborhoods for Emirate national will be composed
of villas for almost 3000 families. The precinct is made of plots planned to accommodate
residential villas. Each neighborhood is designed to be self-sufficient, including all the
necessary land uses, reflecting its inspiration to the neighborhood planning unit. The size
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and characteristics of each neighborhood differ largely. The main infrastructure and street
network are currently established and completed as the first phase of the Capital District.

Figure 2. The transit plan of the Capital District. Diagram adapted by the authors from Abu Dhabi
Urban Planning Council Report 2009 [8].

2.3. Street Connectivity Measures

As earlier noted, street network connectivity gained increased importance over the
past years. In fact, considerable research has associated street connectivity with sustainable
urban form development in cities, leading to increased research on the topic as well as
increased used of connectivity metrics in practice [19–21]. As the body of knowledge
grew, many metrics emerged as quantitatively testing tools for street connectivity [22]. Yet,
studies show that no standard approach to testing connectivity exists [23]. For example,
multiple studies focused primarily on density-based metrics, such as street, blocks, and
intersections densities [24,25]. Urban planners usually prefer density measurements in
regulations since they require simple calculations [4,25,26]. Thus, they are found in multiple
sustainable rating codes for neighborhood design.

On the other hand, block size-based measures are regularly used in street connectivity
research as well as regulatory frameworks. Block size metrics include block perimeter,
area, and face length [26]. Just as density metrics, they are relatively easy to calculate and
implement in development codes and regulations, and numerous studies have focused
on block area and perimeter as a means to address connectivity [27,28]. In fact, multiple
city regulations suggest limiting block perimeter to 400–900 m. or block area to 10 acres
(~4 Has.). However, some geometrical flaws are evident when only using block perimeters
or areas, which may reduce the efficiency of these metrics for land use regulations while
also producing disproportionately long narrow blocks [29]. Considering this, several
neighborhoods have adopted average block face length for new neighborhood development
since it is more robust, not being distorted when different block configurations are tested.
The standard block face is usually set at 100–200 m and applied to every neighborhood block.
Understanding block sizes and their effect on permeability in street networks is essential.
Nevertheless, a shortcoming of block size measures is that it is hard to understand how
patterns or different block sizes fit together [26]. Consequently, studies have considered
such measures unreliable street connectivity indicators because they are usually affected by
the shape of the study area [25].

In addition, as shown by Peponis et al. (2008), substantially different street patterns
could have the same density values, thus weakening the usefulness of these metrics, and
are limited in terms of their ability to address the connectivity of the network [30]. This
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inability to detect street patterns makes block size and density measures alone unsuitable
for this study. Indeed, these limitations are the reason for adopting a metric able to address
connections between origins and destinations in this study, in what can be termed targeted
connectivity analyses. Many studies have tested walkability as targeted connectivity of
access to different locations using residential plots as origins. For instance, Altman-Hall
measured the walking distance between residential plots and nonresidential plots, with the
latter including schools, transit stops, and open spaces within neighborhoods [31]. Similarly,
Song and Knapp tested access to bus and other transit stops, parks, and commercial
spaces [32]. At the same time, Dill evaluated accessibility to transit stations only [24].

Other studies have tested street network connectivity using Pedestrian Route Direct-
ness (PRD) [33,34]. PRD was first proposed by Hess (1997); since then, it has been used
more frequently in quantitative street connectivity studies [33]. PRD is defined as the
ratio of the shortest network distance between given origin and destination pairs, to the
straight-line or Euclidean distance between them. In doing this, this metric extends the
concept of simple metric distance by introducing the notion of efficiency. Networks able to
provide more direct routes—i.e., straighter, and less meandering routes—between origins
and destinations, are more efficient networks in terms of supporting non-motorized mobil-
ity. This is the method used by the UPC to measure the quality of street connections in Abu
Dhabi and will be further elaborated on in the next section, given that it is also the method
adopted for this study. In fact, recent UAE-based studies have selected PRD to test the
street connectivity efficiency in different superblock’s street networks. Scoppa et al., 2018,
tested PRD on ten different superblock street layouts, and found that orthogonal grids are
highly efficient patterns, while patterns with cul-de-sacs may cause interrupted routes with
low street efficiency [17]. This study also highlights the importance of alleys—sikkak—on
improving the overall efficiency of the superblocks’ street networks. Soon after, the same
group of researchers further tested these neighborhoods’ walkability potential by focusing
on route directness to corners of the superblock, the points where superblocks connect and
the points from where pedestrians can access surrounding areas. The study found that
nearly all the tested neighborhoods have an efficient connection to the corners, providing
further insight into the walkability of superblock street systems and their integration [35].

3. Methods

The study adopted a quantitative methodology based on the notion of route efficiency.
In particular, the evaluation of walking routes in the superblocks that form the Emirati
neighborhood precincts of the Capital District was based on the measurement of route
directness. The study evaluated all the twelve superblocks within the emirate neighborhood
precincts. Each Superblock has different characteristics and design configurations of street
networks and characteristics. Figure 3A shows the position of the 12 neighborhoods and
their current stage of development. At the same time, Figure 3B shows the street network of
each neighborhood and dots representing the plots. More details about the characteristics
of these twelve superblocks are introduced in Table 1.

The measure of network efficiency and directness used in this study is Pedestrian
Route Directness or PRD. Proposed in the mid to late 1990’s [33], this metric has seen
increased use in research of UAE neighborhoods and superblocks [35]. Importantly, it
forms part of Estidama—Abu Dhabi’s Green Building Standards—regulations addressing
walkability and sustainable urban development [18]. PRD is the ratio of the network
distance to the Euclidean distance connecting an origin–destination pair of points. The
lower this ratio, the more efficient the route. Calculations were performed based on the
equation below.

PRD[i] =
1
n

n

∑
j �=i

di,j/dEucl
i,j (1)

where PRD [i] is the pedestrian route directness of origin plot i, di,j is the network distance
separating origin plot i from destination plots j, dEucl

i,j is the Euclidean or airline distance
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between the origin and destination, and n is the total number of plots in the Superblock. A
graphic representation for a simple origin–destination pair is introduced in Figure 3A.

Figure 3. (A). The current stage of development of the Capital District in addition to the location of
the 12 neighborhoods, June 2022; (B) illustrates street networks and dots representing plots.
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Table 1. Descriptive statistics of the all-residential-plots-to-all-residential-plots route directness analysis.

Superblocks
ID

Area
(Ha.)

Width
(Mts.)

Length
(Mts.)

Number of
Internal
Blocks

Avg. Block
Face Length

(Mts.)

Avg. Block
Perimeter

(Mts.)

Avg. Internal
Block Area

(m2)

Total Plot
Number

Neighborhood 1 121.3 854.8 1835 27 187.9 941.2 45,699.3 241
Neighborhood 2 62.5 669.5 1088.6 14 187.2 894.4 44,628.8 133
Neighborhood 3 59.18 817.6 1006 24 153.9 793.0 32,966.6 254
Neighborhood 4 101.2 1238.3 713.5 48 167.2 789.3 36,015.2 198
Neighborhood 5 103.69 1157.5 1243.7 22 193.7 923.9 45,684.9 202
Neighborhood 6 165.39 1000.3 1321.2 31 195.5 1047.3 55,762.1 309
Neighborhood 7 120.6 1021.2 1248.8 25 188.2 924.9 46,967.4 211
Neighborhood 8 65.6 1237.6 879.6 13 197.3 927.8 47,490.5 114
Neighborhood 9 130.5 1395.7 933.4 24 203.2 1025.4 54,580.1 284

Neighborhood 10 99.1 1497.8 1608 34 109.4 935.8 21,454.7 305
Neighborhood 11 191.5 1204.4 1.131 24 205.0 993.7 55,975.2 235
Neighborhood 12 57.89 1000.2 800 13 186.7 912.1 45,955.0 105

The evaluation of this research was based on the ability of the twelve neighborhoods
to support efficient connections between origins and destinations (O–D pairs) that the
superblock residents would need or want to reach. Efficiency is understood in this study
as the ability to provide short and direct connections between O–D pairs. The study
included two sets of analyses between O–D pairs using two different networks illustrated
in Figure 4b,c, Network 1 is the current network without any added sikkak while in
Figure 4b, the added sikkak are shown.

 
Figure 4. (a) An illustration of the route directness metric (PRD); (b) an illustration of the current
network of the study (Network 1); (c) illustrates the current network with potential sikkak added
(Network 2).

First, the study tested each plot’s ability to connect to other residential plots, following
an all-lots-to-all-plots rationale. The reason for considering all plots as origins as well as
destinations for trips is based on the need to evaluate all possible routes within a given
superblock, leading to a better understanding of the overall efficiency of the whole net-
work, not just between single origin–destination pairs [15,36]. The second set of analyses
observed the network’s performance in providing direct access between all residential
plots (the origins) and all nonresidential plots (the destinations). In this second evaluation,
which we called all-residential-plots-to-all-non-residential-plots, the focus was placed on
the evaluation of the efficiency of the land use distribution pattern as mandated by zoning
regulations. Hence, the analyses focused on each neighborhood’s ability to have connected
pedestrian routes as per Estidama standards of a walkable community while also meeting
universal walkable neighborhoods designs guidelines with accessible destinations within a
5 to 10 min walk, as per the original neighborhood planning unit (NPU) concept [11,37].
In addition, numerous previous studies suggest that, more direct routes connecting ori-
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gins and destinations provide an incentive to walk as routes are shorter and, thus, more
efficient [13,15,27,38–41].

In order to proceed with the calculation of PRD for the all-plots-to-all-plots and
the all-residential-plots-to-all-non-residential-plots, it was necessary to build the street
network maps, representing the street centerlines of each of the twelve neighborhoods
studied. All superblock’s maps were digitized using CAD and GIS software. Using these
street centerline maps, and the points representing plot centroids, the data was ready for
analysis. The analyses were performed using the ArcMap 10.8 GIS and used its Network
Analyst module. As expected, the street centerlines represented the network, and the
origin–destination matrix was built using the plot centroids.

As calculations proceeded, it was possible to estimate the two key values that make
PRD. These are the network distance between each origin plot to each destination, as well as
the straight—Euclidean—the distance between them. After all calculations were completed,
the ratio of these two values was computed, and further evaluated following a pedestrian
route directness test [38]. This test calculates the percentage of plots in a superblock whose
PRD value is less than a 1.5 threshold. This threshold, utilized in Estidama regulations,
indicates that plots have acceptable directness if they are, on average, no further than
1.5 times the shortest distance that connects them to other plots.

As earlier noted, two networks were used in this project. So, in addition to evaluating
PRD and conducting PRD Tests on the base network (i.e., Network 1), we further evalu-
ated the role of pedestrian network, sikkak, in providing efficient connectivity between
origins and destinations. Previous local studies showed that sikkak break up long blocks
in neighborhoods into smaller blocks, facilitating directness as demonstrated in several
recent studies [17,35]. Considering these previous findings, the second network has added
segments representing sikkak, as can be seen, in Figure 4c; sikkak were placed following a
clear criterion. If the block’s faces were over 200 m long, a sikka should be added in the
middle to break long blocks into smaller ones. As mentioned before, previous studies and
policies of block size regulations limit measures to 200 m block face from through street to
through street [4,29]. In addition, a “continuity principle”, adopted from previous studies,
splits the blocks to create more continuous street centerlines [39,42].

A similar process was done on the twelve neighborhoods and then tested to study
whether there were any improvements in network connectivity efficiency. The evaluation
of the impact of the sikkak system in the Neighborhoods of the Capital District constitutes
a key objective of this study. Currently, as shown in Figure 3A,B, the 12 neighborhood
studies have no clear, planned sikkak, potentially missing the opportunity to create a better
connected and more efficient system of pedestrian neighborhoods, as they are not yet built
and could be added paths.

4. Results

As the analyses of all-residential-plots-to-all-residential-plots and all-residential-plots-
to-all-non-residential-plots were completed for Networks 1 and 2, it was possible to evaluate
the performance of each neighborhood in terms of providing efficient and direct paths
between origins and destinations. It’ss important to note that the results are not comparable
across the different superblocks studied, given that they have different characteristics in
terms of size and shape. However, essential observations can be made to answer the study’s
questions. Table 2 shows that in Network 1—the network that does not include sikkak—the
number of plots that passed the PRD test, i.e., had an average PRD value of 1.5 or less,
varied between a maximum of 82.4% for superblock 12, and the lowest value of 16.4% for
superblock 3.

These results demonstrate that the superblock street layout’s design can significantly
affect their connectivity efficiency. Likewise, to the noted maxima and minima, we can
highlight that 7 out of 12 neighborhoods have more than 50% of their plots failing the
directness test. In contrast, only one has passing plots percentages above 80%. As well as
the distance between plots in each of these superblock neighborhoods differs significantly.
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In fact, as outlined in the table, five neighborhoods have average trip lengths longer than
800 m and thus exceeding the standard 10 min walk.

Following the results obtained using Network 1, the evaluation of the role of sikkak as
added to Network 2, is presented in the last three columns of Table 3. It is clear from the
results that sikkak makes a remarkable contribution to the efficiency of the neighborhood
networks. Without exception, the neighborhoods’ percentage of passing plots exceeds 90%
in ten of the studied neighborhoods, and only two cases show values below this percentage
threshold and above 80%. Figure 4 illustrates the passing and failing plots in Superblock 3
using the two different networks.

Particularly noteworthy is superblock 3, shown in Figure 5, as well as neighborhoods
4, 5, and 6, which show many-fold increases in terms of passing plots and average PRD
values. Consequently, the average trip distance also decreased in all neighborhoods, with
only two neighborhoods offering average trip lengths above 800 m.

 

Figure 5. (a) Route directness results in terms of passing plots (shown in a darker color) using
Network 1; (b) route directness results in terms of passing plots (shown in darker color) using
Network 2, the network that included potential sikkak.

Similar to what occurred in the previous case, Table 3 shows that the efficiency
of access to nonresidential destinations in the studied superblocks varies, but at least
5 neighborhoods show values below 50% of passing plots. However, and once again, it is
worth noting the impact that sikkak has on improving the circulation efficiency provided
by the road network when these alleyways are added.

A remarkable number of neighborhoods increase the number of plots passing the
PRD test. In fact, eight neighborhoods achieve values above 90%, four with values above
80%. It’ss worth noting that the average distance length was reduced in all the cases
resulting in only 2 neighborhoods above 800 m or a 10 min walk. Lastly, and as expected,
besides a significant increase in the percentage of passing plots, the results obtained with
Network 2 show substantial decreases in terms of the average PRD value for all the
neighborhoods studied.

After outlining the results of both analyses, it is now possible to highlight the link
between these street connectivity analyses and each network’s general characteristics,
focusing on the block size measure of each Superblock. A summary of the PRD results and
block subdivisions is presented in Table 4. It is essential to note again that the superblocks
are not directly comparable given variations in terms of their size and shape. However,
important observations can be made regarding the contribution of Sikkak to the block size
measures of the network.
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On average, 15% additional street length was added to all the superblocks, reducing
the average block face length by 28%, average block perimeter by 29% and average block
area by 40%. Considering these results, as expected, Sikkak traversing long blocks increases
the block density and enhances the street system’s overall connectivity. It is also essential
to look at the block length difference between superblocks. For instance, Superblocks 9 and
11 both had average block face lengths of more than 200 m, while all other superblocks
had block faces of more than 150 m. on the contrary, when Sikkak was added, all the
superblocks except superblock 11 were lower than 155 m.

5. Discussion

The study tested the street network efficiency of the twelve residential superblocks
that make the Emirate Neighborhoods precinct of the Capital District project of Abu
Dhabi. Two sets of analyses were conducted, uncovering the efficiency of the network
in terms of connecting all plots in these neighborhoods, and between residential and
non-residential plots by means of short and direct routes. The results provide valuable
information by which to support several observations regarding the route efficiency that
the neighborhoods provide.

First, the results highlight that only a few neighborhoods in Capital District currently
provide short and direct routes between all possible pairs of origins and destinations. In
fact, the results indicate that 7 out of the 12 neighborhoods studied failed the PRD test.
More precisely, the test indicates that direct and efficient routes connecting the plots of the
superblocks are characteristically absent in the majority of the neighborhoods. Similarly,
5 out of 12 neighborhoods failed the PRD test of providing efficient paths connecting resi-
dential and nonresidential plots. Indeed, in about half of the superblocks studied, reaching
non-residential destinations involves route deviations that are larger than 1.5 times the
shortest possible route. Taken together, these results show that there exist quite large
variations in the street efficiency of the tested neighborhoods, and highlight the importance
of addressing this matter if the Emirate Neighborhoods are to support the sustainable mo-
bility vision of the Capital District project. In other words, the analyses bring forward that
there exists an opportunity or optimizing the contribution of the Emirati Neighborhoods
precincts to the ambitious sustainable urban mobility plans highlighted by the UPC for the
Capital District. These results answer the first two questions outlined in the introduction,
noting that the Emirates Neighborhood street networks are not all efficient, and that they
will likely affect the overall mobility plans that the UPC set out to achieve.

Second, the neighborhoods’ currently “as-built” status doesn’t yet include alleys—
i.e., sikkak—even though these have been noted to be key pedestrian infrastructure by
the UPCs Urban Street Design Manual, Estidama rating system principles, and multiple
recent studies of Abu Dhabi [7,11,14,15]. Following this observation, the study tested the
addition of sikkak to answer the last question of the study. To do this, a tried and tested
methodology previously applied in the study of Abu Dhabi superblocks was used, and
actually enlarged by addressing the need to limit block face lengths to 200 m following
international standards and research findings. As expected, given the previous results
from tested neighborhoods with similar network designs [17], sikkak improved route
directness where more than 80% of the plots pass the PRD test in the case of connections
between residential plots to other residential plots as well as nonresidential destinations.
However, unlike previous studies which focused on consolidated neighborhoods with
already established plots, sikkak, and buildings, the Emirate Neighborhoods of the Capital
District project can still be retrofitted as their construction is currently underway.

While these results provide actionable information to planning authorities, it is impor-
tant to note that other properties of Abu Dhabi’s Superblocks’ physical form are not always
covered in the city’s sustainable development standards and manuals. Indeed, while the
superblock framework, as a means to build cities and neighborhoods, has been adopted by
multiple cities around the world and the Gulf, key urban theorists such as Alexander and
Jacobs have long criticized it for creating fragmented and segregated neighborhoods that
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do not integrate well with their surroundings [40,43]. More specifically, according to Jane
Jacobs, the large sizes that characterize superblocks were a major reason in isolating neigh-
borhoods, especially when long blocks were present [41]. Recent studies considered scaling
down the superblock to 400 m, resulting in more permeability between neighborhoods [44].
A recent example form practice regarding limiting sizes to about 400 × 400 Superblock can
be found in the Barcelona superblock model, in which the sustainable mobility goals are
constructed on the basis of shared streets, i.e., with cars and pedestrians sharing the right
of way. Particularly, on this last point, it is worth noting that shared streets, or mushtarak
in Arabic language, do feature in Abu Dhabi’s planning strategies and standards when
noting that pedestrians and pedestrianism are a priority for the city [45]. While this re-
duced superblock size seems optimal for supporting walkable distances with destinations
reachable within five minutes walk, those superblocks are not yet being implemented in
Abu Dhabi. In fact, the overall size of the neighborhoods is not currently directly addressed
in any of the planning manuals and standards. Considering this, this study only tested the
role of shorter blocks, as these are discussed multiple times in the UPC (UPC, pp. 51, 29,
41, 2009) and U.D.S.M (U.S.D.M., 2015, pp. 27, 77–79), noting that more clarity is needed
regarding how short blocks should be as actual lengths are not currently discussed. This
study shed light on the impact that block size regulations, specifically reducing block face
length by adding alleys or sikkak, can have on the overall route efficiency that the street
network provides.

After adding sikkak to block faces above 200 m, a quick assessment of the block
subdivisions suggests some consistency between other block measures. For instance, the
difference between the maximum and minimum average block perimeter of Network 1 is
258 m, while in network 2 the difference is narrowed to 119 m. Multiple city regulations
suggest limiting block perimeter to 400–900 m or block area to 10 acres (~4 Has.) and
keeping the average block face flexible. Further research may assist in testing different
block size measures, limits, and standards for Abu Dhabi.

Lastly, The Capital District is a massive transit-oriented development project that, as it
is still under construction, cannot yet be fully assessed. Still, this study’s observations could
inform and assist planning auditors and the UPC on the current situation of street efficiency
of the project, so that the connection between policy and practice can be strengthened.
Several phases of development are yet to be built in order for the Capital District project
to be completed. As the project continues, additional studies would be needed in order
to more comprehensively assess the extent to which policy and practice have actually
merged in this ambitious project, especially with regard to its role in supporting sustainable
mobility and transportation in particular, and sustainable urban development in general.

6. Conclusions

Over the last fifty years the NPU concept, materialized through superblocks, has
played an essential role in Abu Dhabi’s planning. The Abu Dhabi Planning Council recog-
nizes the importance of planning more sustainable neighborhoods with more sustainable
transportation modes in mind, as is reflected in the Capital District’s plans. However,
the challenge that remains is that of ensuring that the vision of sustainable mobility that
underpins the Capital District project is fully and completely achieved.

This preliminary research into the street connectivity of the Emirate Neighborhoods
area of the project was conducted to better understand the relationship between research,
regulation, plans, and practice. Undoubtfully, narrowing the gap between policy and
practice is considered a critical issue in all disciplines. In this paper, this gap is bridged
by noting how slight additions to the total street network length by adding sikkak and
shortening blocks could enhance the neighborhoods’ street connectivity to support better
walkability, encouraging individuals to use more sustainable and healthy transportation
modes. In this study, the efficiency of the street networks of all the neighborhoods was
quantified in terms of their ability to provide short and direct routes between origins and
destinations. Precisely, their efficiency was measured using the Pedestrian Route Directness
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(PRD) index and its associated PRD Test. The results of the study show that most of
the tested neighborhoods failed this connectivity efficiency test. This might affect the
overall urban transit-oriented development that the Abu Dhabi aims to achieve. Further,
besides providing a clear picture regarding the efficiency of each neighborhoods’ street
network, this study evaluated the possibility of improving their efficiency by adding sikkak
to the existing street system. The results reveal that all the studied neighborhoods can
significantly increase their potential for walkability, and destinations could be more easily
reached, if and when sikkak are added to them. Therefore, enhancing the street efficiency
of each neighborhood will further support the urban mobility of the Capital District. Given
these results, and in the interest of strengthening the link between policy and practice, this
study recommends:

1. That the Neighborhoods in the Capital District are retrofitted with pedestrian walk-
ways such as sikkak (pedestrian only alleys) or mushtarak (shared streets). also, the
role of sikkak and mushtarak as key pedestrian infrastructure is further strengthened
in planning new neighborhoods and retrofitting existing ones.

2. That block face length is evaluated as an additional standard for green building
regulations that focus on neighborhood design in the UAE. In this case, more research,
such as that presented in this paper, would be necessary to establish block face length
limits and thresholds.

3. That the connection and integration of the different precinct of the project is en-
sured by actively and comprehensively testing route directness, as well as block
sizes and lengths, thus perfecting the necessary merger of planning standards and
planning practice.

To conclude, the UPC is developing sustainable community measures, standards, and
codes, which are in line with those outlined by cities and regions worldwide. Such codes
allow for urban development to achieve the urban form and density that is needed to
support walking and transit, thus reducing automobile dependence. Notably, the work
presented in this paper transcends the specific context of the United Arab Emirates and
its cities. This is the case because they not only provide a means by which to address the
larger call of Goal 11 of the United Nations Sustainable Development Goals with respect to
Sustainable Cities and Communities, but also because they constitute a useful reference
to other GCC countries’ cities that share urbanization patterns and characteristics with
the UAE.
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Abstract: Current changes are making communities, cities, and territories increasingly vulnerable.
Urban architectural interventions have the power to intervene this situation, directly reducing
vulnerabilities or backing social initiatives. Urban and architectural interventions, however, are also
those that take a longer time to be implemented and to impact society. For this, these interventions
must be sustained by broad and transversal visions, as well as referring to the temporal context
of the coming decades. For these reasons, the research project “Design for Vulnerables” aims
to define which methodologies should be adopted to reduce urban vulnerabilities in the coming
decades. A design workshop, set in a vulnerable community in the northern Mexico, was organized,
documented, and analyzed. Based on the research by design methodology, the research highlighted
current issues, transversal to urban-architectural design, which influence urban vulnerabilities. This
multidisciplinary approach made it possible to generating a set of principles of Design for Vulnerables,
graphically represented by a re-interpretation of the Krebs cycle.

Keywords: urban vulnerabilities; vulnerable communities; multidisciplinary approach; disciplinary
boundaries; design workshops; research by design; Design for Vulnerables; Krebs cycle design

1. Decades to Come: Challenges for Urban Vulnerable Communities

The current crises, which are impacting contemporary society and which, in the
coming decades, will turn into important global challenges, make it urgent to deeply
consider what characteristics cities and territories must adopt [1,2]. Undoubtedly, the
city, the place of maximum expression of human phenomena [3], need be placed at the
center of a discussion that concerns different scientific and humanistic disciplines [4–9].
Cities must again be the place that allows human flourishing and the enhancement of the
communitarian environment [10]. This has important implications for policies makers,
designers, architects, engineers, and, more in general, for all those people who have an
impact on the built environment. It is inappropriate to think that society can address
the current challenges with the current processes and policies, which partially are the
generators of many of the problems themselves [11]. This implies having to define new
working methodologies that must be even more innovative when it comes to intervening
in vulnerable communities [12]. These contexts and the concept of vulnerability itself are
studied and discussed by the international scientific community, which highlights (1) how
it is more appropriate to indicate this situation with references to the plural vulnerabilities
and (2) how all living beings are subject to some levels of vulnerabilities.

1.1. Urban Vulnerabilities

All the new contemporary challenges imply developing new considerations on “being
vulnerable”, which has become an ever more varied and complex concept. Each academic
field developed a specific concept of vulnerability (related to its own way to study the
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social and natural environment) and a theoretical definition—more specific than the vague
“measure of possible future harm”. In the scientific literature, the concept of vulnerability
is a very complex one, because it can be used in different fields to analyze specific aspects
of different disciplines, with definitions serving specific methods and indicators [13]. Thus,
innumerable facets of vulnerability can be met, and therefore it can be safely referred to
as “vulnerabilities”, to correctly indicate these different aspects that can be assessed. In
general, we can refer to the concept of vulnerabilities as those conditions by which an
event can be detrimental to the physical, emotional, or economic well-being of a person or
community [14]. The observation by Wolf et al. helps in understand a common pattern in
the assessing methodologies of different disciplines, which can be grouped into three types:
“evaluate harm for projected future evolutions, evaluate the current capacity to reduce
harm, or combine the two” [15].

Moreover, in academic literature, the concept of vulnerability is often associated
with environmental risk [16]. This allows us to highlight how these events are the ones
that endanger the psychophysical well-being of a person or a community more than any
other. However, it is wrong to consider that the concept of vulnerability should be limited
to these environmental risks. In contrast, reflecting on the state of vulnerability means
analyzing social, economic, or cultural aspects that are at the base of the well-being of
people and individuals.

Due to the complexity of this concept [15,17], the importance of its contextualiza-
tion [18], the relativity of the concept itself [19] and the goal of this research, the authors
tried to keep the approaches to vulnerability as wide as possible. Differently from other
studies, which aim to define design principles for specific situation of vulnerability (en-
vironmental risks, flooding, earthquake, climate change, etc.), this research aims to keep
in sight several concerns (political, economic, social, and health, among others). All these
social problems are further aggravated in extreme conditions, where the lack of social ties
is added to serious basic problems, such as overcrowded housing, ethnic discrimination,
poverty, or unemployment. Furthermore, as also shown by the COVID-19 outbreak and
the need for social distancing, the lack of social ties led to several serious situations, such
as domestic violence or isolation [20,21].

For all these reasons, the scientific disciplines refer to “vulnerable communities” (urban
or rural) as those communities that are more limited in being able to respond to changes
that will impact the society [22,23] and they represent that sector which will increasingly
suffer from changes in the short and long term. Therefore, designing for these contexts
requires a new way to approach the concepts of “design” and “vulnerabilities”. The authors
consider that considering—during this specific research—very specific conceptualizations,
definitions, or assessments of vulnerabilities, could limit the spectrum of applications. Even
if several definitions, as those of W. Neil Adger, require that to define vulnerability in
communities, indicators must be considered along the time [17], for the purposes of this
research, the authors considered specific indicators in a defined moment.

1.2. Definition of Urban Vulnerability used by the Research

According to the previous analysis, a universal definition of “vulnerability” can be
considered as a “potential state, whose equilibrium can be compromised by a disturbing
event”. Based on this general definition, everyone must be considered vulnerable. Never-
theless, persons with less political, economic, or technological power must be considered
more vulnerable than those who have the power to reduce the imbalance introduced by
the disturbing event.

Moreover, to be not too restricting or too vague, to define a “vulnerable community”,
for the purposes of this research, a community should be based on these characteristics:

- Limited economic resources;
- Limited political weights and excluded from the principals political decisions;
- Scarcity of basic services (light, water, sewer system, etc.) and public services (trans-

portation, garbage management, etc.);
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- Environmental emergencies (pollution);
- Social isolation and segregation for the formal city.

1.3. Looking for a Definition of “Design for Vulnerables”: Current Gap, Research Objective,
and Contribution

Currently, in vulnerable communities (as previously defined), it is not easy to outline
guidelines for the design. In particular, it can be common to start with a wrong approach
and set up an inappropriate community interaction strategy. Recent approaches compre-
hend community participation as the main way to an appropriate sustainable development
design in vulnerable communities [24–26]. However, the current reality makes this ap-
proach no longer sufficient: new complexities (1) of the urban and social phenomena
(which imply a new design vision) and (2) of the possible futures (which make forecasts
unpredictable) make it urgent to update the methodology of how design should approach
these vulnerable contexts. It is necessary to update methodologies that can lead a designer
during the initial stages of the project, to properly define needs, hopes, strategies, and solu-
tions. Based on this interpretation of the current design problems in vulnerable areas, the
research project “Design for Vulnerables” was started, with the aim to understand which
dimensions must be considered when planning urban-architectural interventions in these
contexts. A multidisciplinary approach is an urgent need to define the first approach to
planning and design in vulnerable communities. This research aims indeed to understand
how design solutions and methodologies should evolve to propose suitable solutions for
all these kinds of communities, where new environmental stimuluses can create uncertain
futures and potential harms.

This hypothesis, supported by the results, is represented at the end of the paper,
through a four steps map—challenges, understanding, focusing, and strategies. The
process of “Design for Vulnerables” must contemplate different scales (global and local)
and act with different focuses (goals and tools). The goal of this representative hypothesis
is to establish an interrelation between these steps, scales and focuses, where Anthropocene,
technology, person, and environment are the four main connectors in multiple dominions.

2. Knowledge Gap and Emergencies That the Research Aims to Fill

According to the previous considerations, the relevance of this research is mainly
related to the current existing gap in the academic literature and to the need to fill it. Thus,
the development of a new methodology for design can be facilitate. This section explains
why the Design for Vulnerables research project aims to define which design methodologies
should be adopted to reduce urban vulnerabilities in the coming decades, generating a set
of principles of Design for Vulnerables, graphically represented by a re-interpretation of
the Krebs cycle.

2.1. Existing Knowledge Gap

Currently, the academic literature does not collect texts and research that (1) investigate
the role of design in “vulnerable contexts”, as defined in this research, or (2) are based on
an inter-disciplinary vision of the concept of “vulnerability”.

The authors performed a deep review of the academic literature, looking for the
existing knowledge in the field of design for vulnerable communities. Scientific publications
and outreaches were analyzed to understand the relevance of the research project. The
lack of holistic and multidisciplinary approach is particularly relevant in the most cited
articles on this topic, in the areas of social sciences, environmental sciences and arts and
humanities. Among all the studied material, for clarity and readability, the authors decided
to present here just the 10 most cited articles, which represent the most significant resources
for the academic knowledge. In fact, if we consider the most cited Scopus indexed articles,
based on these limits (TITLE-ABS-KEY (architecture AND vulnerable AND community);
from 2015 to present; Subject Area: Social Sciences, Environmental Sciences; Arts and
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Humanities; Document Type: Article, Conference Paper, Book Chapter), we can observe
how the concepts relating “vulnerability” and “design” are limited to very specific aspects:

1. “2011 AERA Presidential Address: Designing Resilient Ecologies: Social Design
Experiments and a New Social Imagination”—2016, 58 citations, vulnerable ecologies
and nondominant communities [27];

2. “Queering women, peace and security”—2016, 50 citations, sexual and gender-based
violence [28];

3. “Survey, HBIM and conservation plan of a monumental building damaged by earthquake”—
2017, 18 citations, conservations and earthquakes [29];

4. “Citizen science-informed community master planning”—2020; 15 citations, flood-
ing [30];

5. “Importance of soft canopy structure for labrid fish communities in estuarine mesohabitats”—
2017, 13 citations, habitat and fishing [31];

6. “Utilization of the Maryland environmental justice screening tool: A Bladensburg,
Maryland case study”—2019, 12 citations, environmental justice and GIS [32];

7. “Policy innovations for pro-poor climate support”—2020, 9 citations, climate adapta-
tion and infrastructures [33];

8. “Slum upgrading and climate change adaptation and mitigation: Lessons from Latin
America”—2020, 8 citations, Climate change and Informal settlements [34];

9. “The governance of adaptation financing: Pursuing legitimacy at multiple levels”—
2017, 7 citations, climate adaptation and governance [35];

10. “Sunshine, temperature and wind: Community risk assessment of climate change,
indigenous knowledge and climate change adaptation planning in Ghana”—2020,
6 citations, climate adaptation and indigenous knowledge [36].

As can be observed, these major scientific products have a very specific slant and
do not address the issue of design challenges in vulnerable communities for the coming
decades, based on a holistic and multidisciplinary approach. A scientific product recently
published by the same authors is “Design for Vulnerable Communities” [12], which makes
an effort to collect the interdisciplinary visions generated by the Round Tables, which
are part of this research. However, the book does not present the results of this research
and does not reach the conclusions presented in this paper, since the purpose of the two
publications are radically different.

Based on this important gap in the academic literature, it seemed timely to develop
this research. This necessity comes, in particular, by the fact that the initial hypothesis is
that Design for Vulnerable Communities represents an urgent call to our discipline, for
which analysis and proposals can no longer be derived from activities confined within
disciplinary boundaries.

2.2. Emergencies for Vulnerable Contexts

Although the contemporary global condition is absolutely the best in the history of
mankind (long life expectancy, smallest percentage of people living in extreme poverty,
etc.), the contemporary world is literally altered by epochal changes that have a huge
qualitative and quantitative impact on the planet and the humanity [37]. Climate change
and uncontrolled technological development offer important elements for reflection to
understand contemporary conditions of vulnerability and think of effective intervention
solutions. Climate change already counts with a structured academic literature relating
design solutions and vulnerable communities. Technological development is still barely
discussed in the academic literature of design for vulnerable communities.

2.2.1. Impact of Climate Change on Vulnerable Communities

Anthropogenic changes in the natural environment have been known since the earliest
human activities (agriculture and early rural settlements) [38]. The enormous quantitative
change of recent decades, however, has maintained this catastrophic impact, shifting its
effects from a limited and almost insignificant scale to a global and extremely significant
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dimension and with important repercussions in many fields, from the environment to
society. This is such a strong impact that the economic and social systems that led to
this situation are strongly questioned [11,39]. The change in climatic phenomena can be
observed, among other things, in the increase in temperatures, in a new distribution of
extreme atmospheric phenomena (hurricanes, storms, etc.) or in changes in sea currents [40].
All these phenomena, beyond causing deleterious changes in the natural environment, are
contributing to social changes that, although little studied at this time, have very deleterious
effects on the structure of society and on the well-being of vulnerable communities [41].
Due to climate change, the world of production is changing and will change more and more,
both agricultural production [42] (for example) and the production of services. There are
many implications for poverty [43], for well-being and health (clean air, clean water, enough
food and safe shelter) [44,45], as well as on migratory processes [46] and on community
security [47]. It is very clear how necessary and indispensable it is to consider these changes
when an urban-architectural intervention is going to be proposed.

2.2.2. Impact of Uncontrolled Technological Development on Vulnerable Communities

If the exponential growth of human activities is producing unprecedented changes in
the ecosystem, the impetuous technological development is shaping many scenarios that
were unthinkable until a few years ago. Thus, nowadays, this is a highly debated topic
because, day by day, it has increasingly important repercussions on everyone’s life and
because it questions many of the certainties upon which contemporary society has been
formed (production, social relations, services, spatial dimensions, temporality of life, etc.).

An interpretation of technological development has connotations of positivity and
considers that the relationship with technology will be directed to a support for a healthy
human flourishing; in contrast, a second interpretation sees in the unbridled development
of the technological system even a threat to the entire humanity. Regardless of these two
interpretations, although they have a more long-term perspective and are extremely rel-
evant in other contexts, what must be highlighted here is how, for the most vulnerable
communities, technological development is the key to getting out of conditions of vulnera-
bility, where physical and environmental dimensions are a barrier [48,49]. If vulnerable
communities lose this opportunity to take advantage of technological development to
get out of their vulnerable condition, their vulnerability will become even stronger and
the social, economic, and cultural differences could be insurmountable. Technological
ignorance is presented as one of the serious dangers that hang over the future of vulnerable
communities, showing itself, perhaps even more dangerous than illiteracy. In both cases,
the urban-architectural design has very important responsibilities in proposing environ-
ments that are useful to face these changes. This leads to the need to discuss the current
concept of urban vulnerabilities and what the role of the designer should be. In the last
decades, starting from the works of Giancarlo De Carlo in Italy, participative design is
considered as one of the most appropriate and sustainable ways to approach design in
communities. However, the complexity of the contemporary challenges implies going over
these methodologies and defining new ways to interact with vulnerable communities.

2.3. Contemporary Design and Multidisciplinary Dimensions

Moreover, although the world of construction is one of the human activities that is most
slowly aligned with social transformations, architectural design has always represented one
of those human activities that is most sensitive to changes in culture and social phenomena.
For this reason, given the upheavals that are taking place, it is very essential that urban-
architectural design be able to question itself, become an active recipient of new needs,
and thus prove to be capable of rethinking its being, its strategies, and its methodologies
of work. Economic aspects, related to design, have a core role in this vision [37,50]. Of
course, also anthropological studies [51,52], geographical issues [53,54], environmental
sciences [40], or urban studies [55–59] have generated much knowledge that can apport
to the discussion. For this reason, understanding the phenomena that characterize our
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territories is a priority: as these realities are becoming increasingly complex, the question
that the research project Design for Vulnerables aims to understand is “how can design
contribute to empowering vulnerable communities in the years to come?” As Papanek
wrote in his seminal book in 1973 (originally, in Sweden, in 1970) [60], “in an era of mass
production in which everything must be planned and thought through, design has become the most
powerful tool with which man shapes things. his tools and environments (and, by extension, society
and himself). This demands great social and moral responsibility from the designer. It also calls for a
greater understanding of people on the part of design practitioners and a greater understanding of
the design process on the part of the public. [...] Design must become an innovative, highly creative
and interdisciplinary tool that responds to people’s true needs. It needs to be more research-oriented,
and we need to stop desecrating the earth itself with poorly designed objects and structures”.

As Papanek shows, in addition to being innovative and creative, design must become
an interdisciplinary tool in order to find solutions that respect people and the planet. Today,
in a society in which the fields of knowledge, responsibilities, and relationships are more
complex than in 1970s, having an interdisciplinary design becomes an even more current
requirement. This means leaving purely disciplinary works/knowledge: all those that deal
specific questions and problems with the same method and approach [61]. The approaches
that are not limited to a single area of knowledge, the “non-disciplinary knowledge” [62]
and that have acquired special importance in the medical and nursing fields [63], they can
assume various characteristics depending on the relationships that are structured between
the different disciplines. In this context, characterized by new challenges for the planet, by
unprecedented concepts of vulnerabilities, and by new responsibilities for design practice,
a “non-disciplinary” approach can help to understand the state of vulnerabilities and to
propose suitable solutions in vulnerable communities. This research aims to understand
how much the design practice results receptive of an initial “non-disciplinary” approach.

3. Materials and Methods: Research by Design

The research presented in this paper is the result of the first year of work in the
vulnerable community Paso del Norte (Chihuahua, Mexico). The deep interaction with
residents and the wide participation of designers and interdisciplinary experts have been
the main characteristics of a design workshop that allowed to generate a final definition
of Design for Vulnerables. To understand what dimensions must be considered in order
to propose urban architectural interventions in vulnerable contexts, a design workshop
was held based on three fundamental actions (Figure 1): (1) Design groups, composed
by international designers and residents in the vulnerable community, (2) Experts Round
Tables, carried out by international experts, to introduce interdisciplinary perspectives
about vulnerabilities, and (3) Real Life Web Lab, which allowed permanent communication
between designers and members of the community during the pandemic. Results have
been validated and compared to synthesis the principles of Design for Vulnerables.

Figure 1. Scheme of the research flow.

3.1. Research by Design

This research, which uses the design workshop process and results as a research
laboratory, is based on the research by design methodology. This methodological approach
aims to use design as a process to foster dialogue between stakeholders (designers, citizen
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legislators, and researchers) and to sensitize both local government authorities and citizens
about possible design solutions that are determined based on environmental, social, and
economic patterns, and not merely on land use [64]. The research by design approach
developed from Dutch practice at the Faculty of Architecture in Delft [65]. The research
by design approach was defined by Hauberg [66] and Roggema [67] as follows: “Research
by design is a type of academic research through which design is explored as a method of inquiry,
through the development of a project and also exploring the different means with which a project is
carried out: sketches, mapping, among others”. Furthermore, research by design is a strategy, as
Hauberg (2011) stated: “It is used to describe the various ways in which design and research are
interconnected when new knowledge about the world is produced through the act of designing. The
methodology aims to generate desirable, perhaps unexpected, urban prospects rather than likely, but
less desirable, urban developments” [35]. Nassauer and Opdam [68] asserted that design is a
common ground for researchers and practitioners to bring scientific knowledge to decision-
making on landscape change, demonstrating that the pattern-process paradigm should be
extended to include a third part, called “design”. In this research project, the research by
design method was applied for the regeneration of the Paso del Norte community.

According to Schoonderbeek, the term “research by design” can move to indicate
three different situations or categories of relationship between research and architecture:
(1) considering design as an act of research; (2) considering the design as the object of
the research that is developed according to a controlled methodological process or (3)
considering the design as a possible beneficiary of a research process that can provide useful
information to the design process [69]. In the case of Design for Vulnerables, what the
authors wanted to achieve was that, through design, they could activate research activities
on the urban quality of the Paso del Norte neighborhood. Thus, the methodological process
of research by design, in this case, must be understood under the first category of design
as an act of research: a design based on defined methodological processes and specific
instruments that can, thanks to the observations that are generated in the process and to
the comparable data that are obtained, provide answers to a specific research question.

3.2. Design for Vulnerables Research Project

Design for Vulnerables is a research project supported by the Observatorio de Ciudades
of Tecnológico de Monterrey (Guadalajara, Mexico), started in 2021. A first context of study
was the vulnerable community of Paso del Norte, in the city of Chihuahua (Guadalajara,
Mexico), which will be followed by studies in other locations in the same state of Chihuahua
(Ciudad Juárez, Mexico) and in the southern state of Chiapas (Guadalajara, Mexico).

Several universities and laboratories participate in the research project as promoters,
as well as two different faculties of the Tecnológico de Monterrey (which is the host
institution): the School of Architecture, Art and Design and the School of Humanities.
The Design for Vulnerables activities can be observed on the project web page: “https:
//www.designforvulnerables.com/” (accessed on 15 August 2022) [70].

3.2.1. Paso del Norte, Chihuahua, Mexico: A Vulnerable Community

The first study context of the project has been the vulnerable community Paso del
Norte (PDN) in the city of Chihuahua. Chihuahua is the capital of the homonymous state,
which is the largest one of the Mexican Federal Republic, located in the central border with
the United States of America. For this reason, the state and the capital play an important
role in the management of migratory phenomena that cross the American continent from
south to north (and from north to south). Specifically, the city of Chihuahua, which is about
300 km from the border, is the scene of a transit migration. That is, most of the migrants
who arrive in the city stop for a few days to rest, waiting to reach Ciudad Juárez at the
border. This implies, unlike the border city, that the vulnerable communities of the capital
Chihuahua are not urban areas that host important groups of migrants who move to the
US, or who, in contrast, seek to return to their country of origin. In these communities, the
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most relevant migratory phenomenon, on the other hand, refers to permanent or seasonal
internal migration, with people moving from rural areas to cities, mainly to look for work.

Specifically, PDN is a peri-urban colony, where about 2000 people live. It has been
formed over the last 70 years, alternating formal and non-formal processes, mainly thanks
to the mentioned migration.

For Mexico, the main indicators, and criteria to define a vulnerable community come
from the National Institute of Statistic and Geography (INEGI) (Instituto Nacional de
Estadística y Geografía). Thus, today, PDN can be considered a vulnerable community
according to the previously defined focus:

- Few economic resources: the majority of the population works in the industrial sector
(with an average income of 250 USD/month [71] or in domestic cleaning (average
income 200 USD/month) [71];

- Limited political weights and excluded from the principal political decisions: in the
opportunities of “participatory budget” promoted by the municipality, Paso del Norte
has been excluded from financing and the majority of public interventions have been
financed and promoted by the community itself;

- Scarcity of basic services (light, water, sewer system, etc.) and public services (trans-
portation, garbage management, etc.): less than the 30% of the streets are paved; there
are no public transportation stops in the neighborhood; garbage collections comes
irregularly once a week; around the 70% of houses has connection to drainage and
80% has connection to electricity [72];

- Environmental emergencies (pollution): the community is located between two
canyons, which are used as illegal landfill (Figure 2), and is divided from the for-
mal city by Sacramento River, which is showing higher and higher levels of pollution;

- Social isolation: the highway and the river divide the community form the formal city,
creating a perception of division and isolation from the city of Chihuahua.

 

Figure 2. Canyons around Paso del Norte used as landfill.

For all the references and other details, please, visit the project web page www.
designforvulnerables.com (accessed on 15 August 2022).

A characteristic of this community and one of the main reasons for its vulnerability
is its semi-isolation from the formal city. PDN was set on the slopes of the mountains
that defines the eastern border of the urban area of Chihuahua, located on the side of the

134



Buildings 2022, 12, 1789

Rio Sacramento (one of the two main waterways of the city). Moreover, in recent years,
alongside the watercourse, a high-traffic road was developed, contributing to relegating the
community outside the formal urban area. This division means so much to the perception
of belonging to a reality different from the formal city.

For some years, Tecnologico de Monterrey has been working in this community
with social activities coordinated by the Professor Virginia Aceves and her association
Accionética. These activities allowed to generate confidence in the educational institution,
allowing to carry out research activities directly with the residents of PDN. In fact, as
previously introduced, a key moment of this first study of the Design for Vulnerables
project was the multidisciplinary workshop which was based on the possibility of constant
dialogue between the participants (designers, interdisciplinary experts, and residents of
Paso del Norte).

3.2.2. Real Life Web Lab

To allow this dialogue to take place in the best possible way, even during the isolation
imposed by the COVID-19 pandemic, the research group structured a Real Life Web Lab.
The purpose of this laboratory was to allow participants to be able to have an immersion,
albeit virtual, in the life of the community, thus recreating that experience of approaching
the reality of study, typical of the in-person workshops. The activities of the Real Life Web
Lab began with a first Zoom broadcast from the community (December 2020), in which
members of the research group showed the community to the participants, observing the
most relevant urban areas and interviewing residents of the community. The activities
of the Real Life Web Lab continued, mainly through WhatsApp groups, with constant
discussions between participants outside the community and residents.

The Real Life Web Lab tool was created primarily to cope with the conditions imposed
by the pandemic. Despite this, it has proven to be an excellent tool for allowing dialogue in
a structured way and between people, who cannot coincide in the same place. In addition,
the Real Life Web Lab allowed to record the interactions between participants and to
document them in a more structured way. Indeed, the Real Life Web Lab compiled a series
of videos, documents, and proposals that emerged from the working groups.

Throughout the six weeks of the workshop, the teams worked on five activities
defined within the framework of the “Real Life Web Lab” (Appendix A). These weekly
activities were necessary to guide the working groups in the development of a final proposal,
standardizing the points of discussion, the methodology of analysis, and development of
the proposal. This with the aim of being able to easily observe differences and similarities
among the final proposals.

According to the research by design methodology, being able to use very clear and
defined design instruments is key to having an objective and reliable research process [73].
For this reason, the authors decided to be very clear with the structuring of the design
methodology. The required weekly activities were directed towards deep knowledge of the
community and the development of ideas for the improvement of the future.

3.2.3. Interdisciplinary Round Tables

If the Real Life Web Lab aimed at providing participants with knowledge about the
context, while not being physically present, the Interdisciplinary Round Tables aimed
at providing participants with multidisciplinary knowledge, while not being experts in
different topics. For this reason, four round tables, where at least one member of each
design group should be present, were organized to present and discuss interdisciplinary
issues. These four round tables were organized during the first two weeks of the workshop,
in order to provide the design groups with the theoretical multidisciplinary foundations at
the beginning of their activities. The goal was that designers could start their process with
a theoretical basis expanded by discussion with interdisciplinary experts.

The structure of these round tables consisted of four moments (Appendix B):
(1) presentation by the moderator of the round table, with introduction of the discussed
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topic, paying particular attention to its relationship with planning in vulnerable communi-
ties and to the relevance that is expected in the next decades; (2) thematic presentations
by experts, aimed at presenting both examples of studies or interventions in vulnerable
areas, as well as providing a vision and a methodology to be able to interpret vulnerabil-
ity; (3) discussion among the invited experts coordinated by the moderator of the round
table to facilitate the emergence of points of contact between the different disciplines,
and (4) moments of individual discussion between the experts and the working groups
(by means of Zoom’s breakout rooms), with the aim of discussing particular aspects of
urban-architectural analysis in Paso del Norte.

All the round tables have been recorded and uploaded for free use in the project
web page. These records represent the main activities’ products, while the results of the
interactions between experts and designers represent the activities’ impact. The main
output of the Round Tables is the list of “Emerging Topics” that has been synthesized by
the authors. Since the goal was just to empower the designers with multidisciplinary views,
no other documentation (surveys, reports, etc.) has been generated from these activities.

3.2.4. Design Groups

Deep knowledge of the area of study, given by the Real Life Web Lab, and deep
knowledge of the global phenomenon that may interact with the reality of the vulnerable
community, given by the Experts Round Tables, were the basis for the discussion of the
proposal for urban-architectural intervention within the design groups. These working
groups were defined before the beginning of the workshop. All the members of the design
groups had different backgrounds, and it was sought to have in each team at least: (1) one
resident of Paso del Norte, (2) an architecture student, (3) an architecture professor, (4) an
active professional architect in Chihuahua, (5) a recent graduate of architecture degree, and
(6) an active professional in a reality different from Chihuahua.

As members of the design groups, 28 people attended the workshop as members and
8 persons as mentors. They participated from:

• Professional practice (as professional designers or studios): 10 Mexican professionals
(Chihuahua and León) and 1 Spanish professional (Barcelona).

• Universities: from Italy (University of Pavia) and Mexico (Tecnológico de Monterrey
in Chihuahua, Tecnológico de Monterrey in León, ISAD, Universidad de La Salle)

• Laboratories and Schools: Sustainable Territorial Development (Tecnológico de Mon-
terrey) and UPLAB (University of Pavia).

All the participants, who did not know the context of Paso del Norte, received intro-
ductions to the workshop topics thanks to the Real Life Web Lab (Appendix C). The reason
for organizing the design groups with participants with different backgrounds cam from
the need: (1) to standardize the groups and to more easily compare the proposals; and
(2) to offer, in each of the design groups, different visions coming from the different levels
of the professional career (current student, recent graduate student, local professional, and
international professional).

At the end of the workshop, each team submitted a formal proposal for intervention
in the community. One aspect that assumes a very strong relevance in the Design for
Vulnerables design workshop is the participation of residents in the discussion and design
activities. Although participation, as a design methodology, is researched and applied
on many occasions of theoretical and practical exercises, this is still a methodology that
requires constant development and attention, in order to be effective [74]. According to
Aish, in participatory design, two aspects must be considered: (1) satisfaction of the people
for the final result and (2) “customized” balance among technical, functional, economic,
social, and cultural concerns [74].
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4. Results and Discussion

4.1. Interdisciplinary Round Tables: Emerging Topics

The Experts’ Round Tables underlined several interesting outputs for the designers.
These outputs can be observed as emerging topics that interdisciplinary experts consider
as the most urgent issues according to their disciplines. For this reason, the main output
of the Expert’ Round Tables can be considered this list of emerging topics. With the aim
to define this list, after the Round Tables, for several weeks, the authors carried out an
in-depth analysis of the issues that emerged during the round tables. Starting from the
recordings and the supporting graphic material (mainly the presentations), the authors
extrapolated the themes that emerged and proceeded to group them according to the
similarity of the conveyed message. Twenty categories came out from this grouping process
(human impact on the environment, climate change and its consequences, energy poverty,
etc.). Later, these twenty groups were clustered into four broader categories. This process
made it possible to synthesize the messages that the interdisciplinary experts shared with
the designers. The four categories that collect the twenty emerging topics are presented
below. What is interesting to discuss, based on this list, is that, speaking of vulnerability,
many disciplines traditionally away from architecture can propose useful reflections for
the practice of architectural design. To facilitate the reading of this paper, just the four
categories and the names of the twenty emerging topics are presented here. The whole
definition of each one of them can be founded in Appendix D or on the research project’s
web page.

Challenges: to Design for Vulnerables, it is important to have in mind the new changes
(and uncertainties), originated in the new geological era of the Anthropocene, that hit
people and vulnerable communities. Defining the challenges helps to lead the under-
standing of the global phenomena. (C1) Human impact on the environment; (C2) Climate
change and consequences; (C3) Health environment; (C4) Technological development; (C5)
Political responsibilities.

Understanding: to Design for Vulnerables, it is important to understand the phenom-
ena and the variants that define vulnerable conditions. Understanding global phenomena
helps to define the focus for vulnerabilities in local communities. (U1) Human Development
Index (HDI); (U2) Economic poverty; (U3) Energy Poverty; (U4) Strategic Alliances.

Focusing: to Design for Vulnerables, it is important to define the focus on the local
dimension, to observe this phenomenon on a smaller scale. Focusing helps to elaborate
strategies at local level. (F1) Digitization and Remote Sensing; (F2) Business Awareness;
(F3) Social inclusion; (F4) Urban food system; (F5) Segregation and socio-spatial justice.

Strategies: to Design for Vulnerables, it is important to elaborate strategies to solve
the challenges present in local vulnerable communities. (S1) Temporary relief and lasting
solutions; (S2) Technology as instruments of citizen participation; (S3) Holistic approach;
(S4) Integration with the formal environment (S5) Heritage and residual spaces; (S6) Op-
portunities for entrepreneurship.

Based on this list of emerging topics, one of the main peculiarities of this research
can be observed: challenges, understanding, focusing, and strategies highlight issues that
are already addressed by the academic literature in the field of design. The peculiarity to
be underlined here is that these issues have never been considered together and within a
process of design with vulnerable communities.

4.2. Design Groups: Design Projects

As a result of the activities that the design groups developed along the workshop, five
proposals for intervention in vulnerable communities resulted. These represent, then, a set
of five strategies to empower vulnerable communities. These strategies were presented as
a formal intervention proposal in front of the community and the moderators of the round
tables. Regarding the design process, it is important to underline as these five approaches
have been directly defined by the five design groups. No thematic input has been given
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by the authors to the designers: these approaches are the results of different analysis and
research promoted within each single group.

These five approaches, which, as said, have been generated by each design group
without any input by the authors, could be summarized as follows:

• Team 1 seeks to enhance visual and physical connections and rehabilitate existing
public spaces, to increase community resilience, thus fostering a sense of belonging
and community;

• Team 2 wants to promote the local sense of belonging to innovate social relations,
promote circular economy activities, working with a new neighborhood council, the
community involvement of young people, and regenerating infrastructure and public
spaces in Paso del Norte;

• Team 3 designs effective management and social cohesion strategies, reorganizing the
Neighborhood Council and proposing social self-motivation activities, and optimizing
shared public spaces, and proposing a community pavilion that can serve as a place of
cohesion and community management;

• Team 4 focuses on the reforestation of large areas of the community, as it seeks to
enhance the natural heritage of Paso del Norte, understanding it as a “common good”,
a cohesive element of the community, and an opportunity for territorial integration.
Thus, a territorial corridor is created as a source of new social activities, coordinated
from a community “operation” center;

• Team 5 wants to take advantage of natural and landscape resources to offer new
business opportunities. Resorting to ecotourism strategies, use of social media and
incentives for a natural evolutionary change, it seeks to promote a natural community
empowerment to improve the sense of belonging and, finally, provide instruments to
reduce the vulnerability of the community.

4.3. Validation and Comparison between Design Projects and Experts Round Tables

Once the workshop was completed, and the design solutions presented, it was possible
to proceed with a comparison between the Experts Round Tables’ outputs (synthesized by
the authors in 20 emerging topics and grouped in 4 categories) and the five design proposals.

This comparison is, therefore, a post-project exercise that has the three objectives:
(1) deepening the relations between the four categories of the emerging topics (hereinafter
referred to as “The relations among emerging topics”); (2) understanding which typologies
of design solutions are considered relevant by designers when intervening in a vulnerable
reality (hereinafter referred to as “Typologies of design solutions”) and (3) understanding
the receptivity to integrate emerging topics in the proposals (hereinafter referred to as “The
receptivity of the emerging topics”).

These three goals allow us to converge, therefore, towards a synthesis of the principles
of Design for Vulnerable Communities, which is the ultimate goal of this research. The
results contributed to generate the graphic synthesis of the Krebs cycle of Design for
Vulnerables. Starting from these results, the experimentation of this synthesis will start
through the application to some similar projects already scheduled in Mexico for the second
half of 2022 (Ciudad Juárez, Chiapas, Chihuahua city center).

4.3.1. Validation

This comparison served as a process for validating the results too. In fact, the same
designers made the association between the principles that emerged from the round tables
and the design principles adopted by their design teams. Therefore, the designers validated
the “emerging themes” summarized by the round tables and they directly validated the
synthesis of the project proposals. If the authors of the research had been the ones who had
carried out the synthesis of the project proposals, errors would have easily been created
and could have missed some project nuances, thus limiting, or exaggerating the complexity
of the proposals.
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4.3.2. Comparison

The comparison was made by means of a matrix defined by the emerging topics,
grouped in the 4 main categories (columns) of challenges, understanding, focusing and
strategies and the 5 design projects. After the workshops, these projects have been analyzed,
by the designers itself, through the categorizes of “goals” (G), “interventions” (I) and
“elements” (E) (lines) to facilitate the association between design solutions and emerging
topics. To avoid erroneous associations between design solutions and emerging topics, the
authors asked to the design groups to analyze their own projects. Since the purpose of
this research is to define the dimensions and the relations involved in the general process
of “Design for Vulnerables”, the authors intend this exercise of comparison as a way to
extract principles, synthetizing characteristics and relations among the four main emerging
topics. The results are summarized in the following table (Figure 3). Here, the matches
between emerging topics and design solutions are represented by the filled cells (1.1, 1.2,
1.3, etc.), whose full meanings are unfolded in Appendix E, in order to facilitate the reading
of the paper.

In addition, even just with the present/absent quality shown in Figure 4, some consid-
erations for each project can be raised.

Project 1 “Networks and nodes”

The project proposes some clear objectives, reducing environmental contamination,
moving the attention of the local government toward the community, and integrating the
community (to the formal city and within itself). Sustainable and regenerative approaches
guide the interventions to reach these goals, while the river and the landscape become
the two most relevant elements to work with. For this first team, some considerations
deserve to be highlighted. No references have been made to: (1) Climate change and
its consequences; (2) Technological development; (3) Human Development Index; and
(4) Resilience of the Urban Food System, while, differently from other groups, they pay at-
tention to Digitalization and Remote Sensing as a way to focus on the design for vulnerable
communities.

Project 2 “Sense of belonging”

This team focuses its attention on challenges of Human Impact on the Environment,
Health Environment, and Political Responsibilities. According to their proposal, kids’
participation in the communitarian life and public gardens have a principal role in the
design for vulnerable communities. In addition, no attention is given to the issues of:
(1) Climate change and its consequences; (2) Technological development; (3) Digitalization
and Remote Sensing; (4) Resilience of the Urban Food System; and (5) Technology for
Citizens’ participation.

Project 3 “Community management”

This third group defines four priorities related to global challenges: (1) control of the
garbage management; (2) renovation of hygienic infrastructures; (3) technology as means
of training the community; and (4) strong partnership with local government. To reach
these goals, particular relevance is given to temporary relief (at least, design, financing,
and construction) and lasting solutions (hub for workshops and teaching). Furthermore,
as most of the other groups, no attention is given to the issues of: (1) Climate change
and its consequences; (2) Digitalization and Remote Sensing; (3) Resilience of the Urban
Food System. Moreover, differently to the other projects, this group does not consider the
issues of (4) Energy Poverty; (5) Social Inclusion and Health; and (6) Integration with the
formal environment.

Project 4 “Ecological corridor”

The fourth group centers on the challenge related to the “Human Impact on the
Environment”, focusing on “Business Awareness” and “Social Inclusion and Health”, while
proposing strategies mainly related to “Heritage and Residual Spaces”. In particular, the
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environmental issues are related to the design of an ecological corridor which can connect
the community with the formal environment, enhancing the existing the cultural and
natural landscape heritage. As the other groups, no attention is paid to (1) Climate change
and its consequences; and (2) Resilience of the Urban Food System. Moreover, no attention
is given to (3) Technological development; (4) Human Development Index; (5) Technology
for Citizens’ participation.

Project 5 “Tourist route”

This fifth project refers mainly to the development of a route for tourism connecting
the community to the natural resources in the natural landscape surrounding the commu-
nity. The main goals refer to creating awareness about caring for the ecosystem and to
improve the social environment, as well as enhancing technological capacities and political
responsibilities. As in almost all the other groups, references are missing to the (1) Climate
change and its consequences; (2) Digitalization and Remote Sensing and (3) Resilience of
the Urban Food System.

 

Figure 3. Table to summarize the comparison between round table outputs and proposals. Numbers
are placed as references for detailed explanations (Appendix E).

5. Discussion Generated by the Comparison

As declared at the beginning of this paper, the research’s aim is to update method-
ologies that can lead a designer during the initial stages of the project in vulnerable
communities to properly define needs, hopes, strategies, and solutions. The comparison
presented in Figure 4 allowed us to discuss about new needed methodologies. Moreover,
before discussing the outputs of this comparison, it is appropriate to make a consideration
regarding the current approach to design in and for vulnerable communities, which is often
characterized by the following aspects [60,75,76]:

• Vulnerable situations are seen as places where design is excluded, rather than situ-
ations that must be intervened in (for ethical responsibility) and “opportunities” to
renovate the discipline;
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• Technology is considered inappropriate to vulnerable contexts and seen as an imposi-
tion, rather than a strategic opportunity to improve the life quality in
vulnerable communities;

• Design solutions mainly come from disciplinary field, rather than looking for solutions
with a wider interdisciplinary sight.

Within this context, the comparison resumed in the table highlights how the role of
the architects and the research methodologies for interventions in vulnerable communities
need to radically change. While some of the emerging issues can be considered proper of
the discipline, others are totally new. The comparison can highlight three aspects that are
discussed in the following sections: (1) the relations among “emerging topics”, which allow
to better understand their meanings and the theoretical principles of Design for Vulnerables;
(2) the typologies of design solutions, which allow to understand which are the strategies
that could be considered as guidelines for Design for Vulnerables; (3) the receptivity of
the emerging topics, which allow to understand which interdisciplinary topics have been
assimilated by the architectural practice and, instead, which still need more incentives for a
proper Design for Vulnerables.

5.1. The Relations among Emerging Topics

New methodologies to drive the principles of design in vulnerable communities need
to be based on emerging topics, coming from multidisciplinary fields of knowledge. The
matrix validation process highlights how it is appropriate to condense the emerging topics
into four categories. This structure also allows to highlight some aspects that are listed here:

a. The four main emerging topics can be considered as working areas. This means
that challenges, understanding, focusing, and strategies must be considered as key
moment of the process of Design for Vulnerables. While emerging topics underline
the interdisciplinary vocation of these four topics, the design projects underlined as
these four topics are partially considered in the design processes.

b. Interventions consider different scale of work. Design for Vulnerables does not mean
focusing just on the local community because a global sight is required to clarify
challenges and understanding vulnerabilities.

c. Design for Vulnerables means to keep under control aims and goals.
d. The importance given to formal environment, landscape resources, heritage, and

public spaces represent an attitude of deep interest toward the potentialities of
the context.

e. Multidisciplinary analysis and research capacities are the basis of conscious interven-
tions in emergency contexts.

As shown in the literature review, there is no prior research discussing this holistic
view of the problem and an overall design method. The results of this research project
highlight how this vision is appropriate and allows the development of a coherent and
global discussion on emerging issues for design in vulnerable communities.

5.2. Typologies of Design Solutions

Any new methodology to drive the principles of Design for Vulnerables must be
defined from some typologies of interventions. For this reason, the matrix can be useful
also to propose a list of guidelines and project-actions for vulnerable communities. Of
course, this section of typologies of design solutions strongly depends by the context
and by the characteristics of vulnerabilities of Paso del Norte. Moreover—without being
ultimate universal solutions—they can give an idea of topics and issues that can be useful
to contemplate while approaching vulnerable communities. Therefore, these actions could
(and should) contribute to a paradigm shift with respect to previous design approaches.

a. Interests in enhancing the programs of users, be human beings, animals, plants,
groups/communities, or any other human–nature combination.
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b. Abandonment of anthropocentrism and redefinition of human activities in mutual
equilibrium with the environment, allowing landscape and natural resources to
assume a central role in the regenerative development of the community.

c. Inclusion and legitimation of different languages and aesthetic repertoires, accepting
the ordinary. Designer should become “translators” and “educators” of the residents,
who are the true participants and protagonists of the transformation.

d. Proposing solutions which could allow solving multiple problems, minimizing the
creation of new needs and maximizing new opportunities.

e. Experimentation with the community to produce results or working hypotheses
better than an exercise of mere theoretical application.

f. All architecture deserves the attention of designers, no matter how small, peripheral,
or academically irrelevant it may seem at first sight: it is the representation of a local
culture rich in values, which should be valued as a heritage of knowledge and a
genuine expression of relationships social and environmental aspects of a community.

g. Promotion of the reuse and circular recycling of any waste or material already used to
create new components for architecture, in combination with the sharing of skills and
competences of local inhabitants. Likewise, attention to the architectural potential of
public spaces and areas, whose rehabilitation within an urban-architectural process
can help create new relationships with the formal city (services, connections, etc.).

h. Design of spaces and architectures that can be transformed over time, adapting to
change, and offering flexibility to the entire community.

i. Rejection of a romantic/nostalgic attitude, so the use of any technology will be
supported and encouraged, with the aim of real empowerment of communities and
all inhabitants.

In contemporary scientific literature, there are several different approaches that in-
troduces reflections such as those presented here in the previous points. Nevertheless, a
methodology merging all these approaches is missing, since this research presents a new
focus (vulnerable communities in the next decades) which has not been taken in considera-
tion before. Moreover, in some cases, based on an old way to analyze design methodologies,
these emerging approaches could seem even antithetic. For example, philosophies related
to the abandonment of anthropocentrism arrive even to reject integration of technological
devices in sustainable solutions, as highlighted by Cole [77] and Zhang [78]. In contrast, this
research shows how integrating technology to “no-anthropocentric” solutions represents a
valid method to design for vulnerables.

5.3. The Receptivity of the “Emerging Topics”

The new methodology that the research aims to define, must also be based on the
receptivity that design groups show during the design process, so as to understand which
emerging topics are willing to be considered and which ones need deeper discussion.
Regarding the way the designers elaborated proposals containing references to the “emerg-
ing topics” that they approached during the round tables, it is appropriate to underline
how some topics have been integrated to the proposals, while other have not. In the
design phase:

a. less attention has been dedicated to the issues of “climate change” and “digitalization”.
b. more attention has been given to the issues of “human impact on the environment”,

“political responsibilities”, and “social inclusions and health”.

The fact that no group has introduced any issue related to climate change can be con-
sidered quite strange since climate change was a recurring theme during the presentations
and that, in contemporary design practice, great relevance is attributed to this topic. Per-
haps the fact that in the studied context (Paso del Norte) the emergency is mainly connected
to social aspects meant that attention was not focused on environmental emergencies and
on the risks associated with climate change.

Even the lack of attention to the issue of digitization could seem something strange
even if more understandable, since too little attention is given to the digital issue as a
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phenomenon with a high impact for society: the consciousness of how much is necessary
to integrate digitization both in the design process and in the functional program of spaces
in vulnerable communities is still too low [79]. The lack of attention to issues of climate
change and digitalization must raise alarm about the inability of the design world to meet
the revolutionary and unprecedented changes (positive and negative) that are impacting
society. This implies that more efforts must be made to encourage the integration of these
issues into architectural practice. These results and concerns are in line with the results
presented internationally [80,80–82].

On the other hand, the higher attention to the social aspects of an architectural inter-
vention can reflect the fact that during the analysis of the context, the main emergencies that
have been found are related to social problems and the lack of attention by the local political
system. In fact, it could be said that these issues have been leaders in the international
design landscape of the last decade.

6. Krebs Cycle of Design for Vulnerables: Discussion about Approaches to Design in
Vulnerable Communities

Inspired by the principles of the Krebs cycle of creativity (KCC), by Neri Oxman [83],
the authors want to abstract the principles that emerged from this research activity, consid-
ering that this tool must be superimposed on the contextual realities, as very well explained
by Samantha Winter during the Round Tables [10]. In fact, the elements used to generate
this abstraction come from exercises applied to a very specific study context (Paso del
Norte). This means that with this abstraction, the authors aimed to summarize only the
basic concepts for the “Design for Vulnerables”, their characteristics and relationships
(Figure 4).

Figure 4. Krebs cycle of Design for Vulnerables.
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As the matrix shows, the issues that emerged from the discussion with interdisciplinary
experts, as well as the design process, revealed that there are four main work areas on which
the “Design for Vulnerables” process should be based. The first area of work represents
understanding the current challenges on a global level (challenges), followed by a second
area of interpretation and measurement of phenomena (again with reference to global
concepts) (understanding). A third area of work is related to focusing at the local level
on the characteristics of the vulnerable community (focusing), so to be able to enter the
fourth phase, when local solutions are provided to the initial challenges (strategies). The
comparison exercise with the projects made it possible to highlight the characteristics and
relationships of these areas. As in the case of KCC, these characteristics and relationships
can be described with these aspects.

6.1. Each Area Is a Different Combination of Scales (Global and Local) and Focuses (Goals
and Tools)

The quadrant is divided vertically between a local scale (left) and a global scale
(right): “Challenges” and “understanding” belong to the global scale, since both areas
deal with global issues; in contrast, the areas of “focusing” and “strategies” bring the
work to the local level of the community. Similarly, the quadrant is divided horizontally
between “aims” (top) and “tools” (below): “Challenges” and “strategies” are found in the
quadrants of the “aims”, as the work in both areas is specifically dictated by the pursuit of
goals (contemporary challenges and people’s well-being, respectively). “Understanding”
and “focusing” are in the quadrants of the “tools”, as they need technical tools to define
vulnerabilities levels (Figure 5A).

6.2. Each Area Has a Different Purpose

The role of challenges is to clarify the main issues that are creating potential conditions
of vulnerabilities in our contemporary society (climate change, technology, politics, etc.); it
“converts” environmental conditions into Anthropocene questions. The role of “understand-
ing” is to measure the vulnerabilities, based on global indexes and scales (energy, poverty,
development, etc.); it “converts” Anthropocene questions into technical measurements. The
role of “focusing” is to measure the vulnerabilities on a local level, where technical tools
are applied to the life and the daily activities of people (entrepreneurship, social inclusion,
food systems, etc.); it “converts” the technical measurements into person’s necessities. The
role of “strategies” is to define the best way to reduce vulnerabilities on a local level; it
“converts” person’s necessities into environmental conditions, representing the data that
initiated the KCC in Challenges (Figure 5B). At this ‘Cinderella moment’—when the hands
of the KCC strike midnight—new environmental conditions inspire new challenges. The
last sentences are a re-elaborated version from Age of Entanglement, by Neri Oxman [83].

6.3. Each Area Provides Additional Value to the Design Process

It is unthinkable to consider that an intervention can focus exclusively on one area
of the process: all depend on the previous one and allow the next one to develop. It is
impossible to “understand” the phenomena of vulnerability if the contemporary “chal-
lenges” have not been clarified. Similarly, it is impossible to “focus” on the vulnerability
characteristics of the local community without “understanding” the phenomena of vul-
nerability. Therefore, intervention “strategies” cannot be defined without knowing the
vulnerability characteristics of the local community. Finally, global “challenges” cannot
be solved without knowing which strategies are necessary to intervene at a local level
(Figure 5C).

6.4. The Relationship between Two Contiguous Areas Passes through a Conceptual Dimension

The connection between two contiguous workspaces is a specific conceptual dimen-
sion. “Challenges” and “understanding” are linked by the dimension of the Anthropocene,
which represents the new reality to which humanity must get used to. “Understand-
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ing” and “focusing” are connected by the dimension of technique and technology, which
“normatively” characterizes (today) the system of evaluation of reality. “Focusing” and
“strategies” are connected by the “person”, or rather the “community”: as the focus be-
comes local, they have the person as a dimension of implementation. Finally, “strategies”
and “challenges” relate to each other by the environment dimension, which represents the
place of implementation of the “strategies” and the dimension in which the “challenges”
take place (Figure 5D).

 

Figure 5. Four reading of Krebs cycle of Design for Vulnerables: (A) Each Area Is a Different
Combination of Scales (Global and Local) and Focuses (Goals and Tools); (B) Each Area Has a Different
Purpose; (C) Each Area Provides Additional Value to the Design Process; (D) The Relationship
between Two Contiguous Areas Passes through a Conceptual Dimension.

7. Conclusions and Recommendation

7.1. Contribution and IMPACT

The contributions of this paper lie in proposing a new methodology to approach
the first steps of Design in Vulnerable Communities. While the academic literature and
the design practice have both important gaps when considering design approaches in
vulnerable communities, with an interdisciplinary view and a long-term focus, this re-
search project works in this gap and allowed to analyze the issue of design in vulnerable
communities in the coming decades. As shown in the existing knowledge gap, the so-called
“challenges”, “understanding”, “focusing”, and “strategies”, have been already addressed
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in different fields of knowledge. Moreover, no research is considering them together to
define a methodology for design in vulnerable communities.

The project results, graphically expressed by the reinterpretation of the Krebs cycle”,
show how the process of “Design for Vulnerables” must contemplate, in particular in the
first stages, different scales (global and local) and act with different focuses (goals and tools).
Issues related with Anthropocene, technology, person, and environment are the four main
connectors, in multiple dominions, between different steps, scales, and focuses. Operating
with multidisciplinary view in each of the four “working areas” (challenges, understanding,
focusing, and strategies), can enrich the process with potential energy, allowing to easier
define the aims or better decide the appropriate tool to approach vulnerabilities. In this
process, we can appreciate the analogy with the Krebs cycle, where each compound
generates energy (and values) to the process.

7.2. Research Limitations

Of course, there is a basic aspect that is worth tracing again: the need to superimpose
an abstract tool such as this one, on local realities. Thanks to this overlap, the Krebs cycle
of Design for Vulnerables will highlight which challenges, issues, or opportunities will
be the most relevant for each context. The importance of the context is absolutely not to
be forgotten, since it is the basis of any approach to the issue of vulnerability. During
one of the round tables, Samantha Winter (Columbia University, New York, NY, USA)
masterfully described this necessity of contextualizing the studies when indagating for
vulnerabilities [10].

Some limitations exist in the development of the research. Some of them may lie
in the very methodology of “research by design” [73,84]: for the knowledge creation
process to be considered research, the methodology must be explicit, openly communicated,
and reviewed [85]. In some cases, this communication with the participants may have
been limited, in particular with the residents of the vulnerable community—due to the
limitations in the availability of technology in the neighborhood and to the pandemic. In
different circumstances, when the workshop could have been carried out face-to-face, the
participation could have been more effective, in terms of collaboration, exchange, and
creation of knowledge.

In this research, suitable solutions are not tested against uncertain futures. This
limitation will be overcome through future research, by applying approaches similar to
those of Salas and Yepes [86] and Hall et al. [87]

7.3. Research Development

The results obtained so far, however, show how design for vulnerable communities
must be considerably open to interdisciplinary knowledge and discussions. Future devel-
opments of this research will be directed towards a deeper understanding of (1) the role that
multidisciplinary engagement plays in the changing reality of contemporary vulnerable
communities and (2) the role that technology will play in facilitating these much-needed
new design practices. For this reason, the very next step will be consolidating the Krebs
cycle of Design for Vulnerables. To do this, the authors will apply in the following semester
the same methodology and the circle to other cases, with different characteristics: Ciudad
Juárez (city in the border with USA), Chiapas (southern state of Mexico), and Chihuahua
city center (in an urban context). Then, the authors will adapt the circle according to
the new concurrent data structures and, finally, they will ensure that the circle is mature
enough to be usable for external users. Moreover, some interventions are planned in all
these communities and the authors are committed to measure the results obtained with
these interventions. Therefore, the ultimate step will be making the Krebs cycle of Design
for Vulnerables digital.
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Appendix A

Appendix A presents the activities performed by the design groups along the six
weeks of workshop (Figure A1).

“Mapping Paso del Norte” (week 1): based on knowledge of the area and discussion
with residents, each group analyzed and mapped some characteristics of the community
(colors, sharing, history, landscape, and production) with the aim of understanding its
implications in the life of the colony. Based on the team’s topic (team 1—colors; team
2—landscape; team 3—shearing; team 4—history; team 5—production), the participants
have to: (1) produce a thematic map of Paso del Norte; (2) relate it to “community” issues.

“Here is where we live” (week 2): the members of the community presented where
they live and the public spaces where they spend their free time, what they do, what
their work and skills are. So the activities consisted in mapping: (1) use of public and
private space; (2) relationship with neighbors; (3) mobility and connections; (4) dreams
and nightmares.

The results of these first two phases were shared among all the working groups. So, to
start the proposal phase, which took the three following phases.

“Paso del Norte today” (week 3): had the purpose of providing various analyzes on
the current state of the community, in order to highlight the aspects in which intervention
is most needed. With reference to the contemporary situation, the participants have to
prepare: (1) SWOT analysis; (2) mapping of urban phenomena; (3) mapping of the main
actors; (4) analysis of community levels.

“Paso del Norte tomorrow” (week 4): consisted in considerations over the community
in near, median, and far future, developed with the same analysis tool as the previous
week. The aim is to highlight the most urgent aspects to intervene. With reference to
an expected situation (2025, 2030, and 2050), the participants had to prepare: (1) SWOT
analysis; (2) mapping of urban phenomena; (3) mapping of the main actors; (4) analysis of
community levels.

“Let’s do it” (weeks 5 and 6): formal development of an intervention proposal (urban,
architectural, economic, etc.). The participants must develop an intervention proposal
composed of: (1) description; (2) objectives; (3) reasons; (4) methodology and actors; (5)
impacts; (6) phases; (7) costs; (8) promotion.
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Figure A1. Real Life Web Lab activities.

Appendix B

The four round tables that were organized are presented in Appendix B and the phases
of the round tables, as well as the interaction between experts—designers—community is
represented in the picture (Figure A2).

The meaning of vulnerability (Thursday, 7 January 2021) served to present the main
interpretations of the concept of vulnerability, under different disciplinary perspectives. At
the table, mainly theoretical aspects were presented, with several demonstrations of real and
application cases. Moderator: Miguel Ángel Montoya (Tecnológico de Monterrey, School of
Architecture, México). Participants: Samantha Winter (Columbia University, USA); Ardeth
Barnhart (Boston University, USA); Viviana Barquero (Tecnológico de Monterrey, EAAD,
School of Architecture, México); Luis Fernández (Tecnológico de Monterrey, Sustainability,
México); Gustavo Merino (Tecnológico de Monterrey, Escuela de Gobierno, México); Marco
Morandotti (University of Pavia, Italy).

Strategies (Friday, 8 January 2021) was a moment to discuss what strategies design
practice has been adopting in recent years to solve problems in vulnerable communities.
Moderator: Aleksandra Krstikj (Tecnológico de Monterrey, School of Architecture, México).
Participants: Ersel Kripa (Texas Tech El Paso, USA); Stephen Mueller (Texas Tech El Paso,
USA); Carlos Gotlieb (ENSAP Bordeau, posgrado Rebulding the Wolrd, France); Nivaldo
Andrade (Bahia Federal University, Brazil); Giulio Verdini (Westminster University, UK);
Ioanni Delsante (Huddersfield University, UK); Carlo Berizzi (University of Pavia, Italy).

Global to Local (Thursday, 14 January 2021) allowed to analyze how global problems
come to impact the life and well-being of communities and people. Moderator: María
Elena de la Torre (Tecnológico de Monterrey, School of Architecture, México). Participants:
Simone Lucatello (Instituto Mora, México); Mariajulia Martinez (Tecnológico de Monterrey,
SDGs Initiative, EGADE, México); Jeremy Cheval (École Urbaine de Lyon, France); Chris-
tiane Molina (Tecnológico de Monterrey, EGADE, México); Roberto De Lotto (University of
Pavia, Italy); Andrea Marinoni (Artic University, Norway); Paolo Ceccarelli, (ILAUD, Italy);
Pilar Guerreri (ILAUD, Italy).

Social Entrepreneurs (Friday, 15 January 2021) It was an occasion to present social
entrepreneurship solutions in vulnerable contexts, with examples from China and Mexico.
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Moderator: Pablo Hernandéz (Tecnológico de Monterrey, School of Architecture, México).
Participants Jingyi Lu (PINWU studio, Deputy Director of Rong Design Library, China); Ni
Minqing (Directora DESIS LAB, Tongji University, China); Cindy de la Torre (Tecnológico
de Monterrey, Emprendimiento, México); Alejandro Delgado (Busuleba A.C., México).

 

Figure A2. Interactions between experts and working groups during the experts’ round tables.

Appendix C

Appendix C presents the summary of the projects elaborated by the design groups and
presented to the community. In the figure, some pictures of the presentations are shown
(Figure A3).

Project 1: “Networks and Nodes”

The community of Paso del Norte is undoubtedly characterized by very strong com-
munity ties stemming from a long history of residents with their community. However,
environmental risks, insecurity, and pollution are causing these ties to weaken. The disin-
tegration of these relationships also has repercussions on the community’s public spaces,
which are becoming less used or neglected. The main need in Paso del Norte is to recreate
a sense of community that allows residents to face contemporary challenges together. To
achieve this, however, it is necessary to revalue the physical spaces in which the community
was formed. Therefore, the proposal focuses on the urban quality of public spaces (streets,
plazas and urban fronts) trying to allow universal accessibility to the whole community,
providing a strong identity.

Design Project 2: “Paso Del Norte, new generations and sense of belonging”

The proposal starts from a social observation about the importance of the youngest
segment of the population: to recover a strong sense of belonging to the community that
lasts for a long time, it is necessary to organize activities to involve the youngest groups of
residents in the life of the community to (1) give them a sense of responsibility towards the
social environment of their neighborhood, which will allow them to be more responsible
towards the common good, (2) value them and make them feel that they are an important
part of the community. The sense of belonging is the main aspect to work in this proposal
and the strategy to achieve it is the involvement of people, starting with the youth. This
involvement can be facilitated through physical interventions in the neighborhood, starting
with the basic services that should be guaranteed to all neighbors, the cleaning of the filthy
and polluted areas of the neighborhood and the regeneration of common spaces.
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Design Project 3: “Restructuring of the neighbors’ council and community pavilion

Paso del Norte”

To address the existing problems in Paso del Norte community, this proposal takes
into account: (1) a restructuration in the organization of the neighbors’ council so that
all residents can feel part of this structure, (2) having more responsibilities inside the
life of the neighborhood to (3) increase the number of activities that take place within it.
More activities and more community life in the neighborhood require more dignified and
effective meeting spaces. Therefore, the organizational proposal goes hand in hand with (4)
the proposal of a pavilion that can host the most important activities of the community. By
strengthening the community within, the proposal also seeks (5) to implement opportunities
for connection with external associations, thus ending marginalization.

Design Project 4: “Paso del Norte, Ecological Corridor”

The natural resources of the neighborhood are the opportunities to strengthen the
community identity of Paso del Norte. The Sacramento River is no longer considered a
barrier to the city and a segregation reason, it has become a natural element of opportunity
to insert Paso del Norte into a territorial scale system. Likewise, the Nombre de Dios
mountain range ceases to be the landscape background of the neighborhood and becomes
part of an ecological corridor that detonates the economic development of the community,
its visibility at a territorial level and the improvement of the environmental quality of the
context. Re-establishing the floral and landscape “functionality” of this corridor brings the
need to consolidate the physical elements of the neighborhood, particularly infrastructure
and services. In addition, a community center is envisioned in the neighborhood to facilitate
meetings and activities among neighbors, as well as a “center of operations” of the corridor.

Design Project 5: “Paso del Norte Route”

Considering the advantages of territorial and landscape connections of Paso del Norte
towards the Sierra Nombre de Dios, this proposal indicates the development of a hiking
area a possible strategy for the strengthening of the Paso del Norte community. The natural
context becomes a tourist attraction that allows residents in the community to develop
economic activities, starting on the main street of the neighborhood (José Fierro Street)
and extending throughout the community. The eco-tourist activities, promoted by social
networks and organized in the context close to the colony, are intended to become an
economic spillover for the community.

 

Figure A3. Design activities and presentation of the final proposals.
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Appendix D

Challenges

C1—Human impact on the environment: since the potential impact of human actions
increases more and more, the influence they can have on the social and environmental
context is always greater. Knowing how to propose actions that limit potentially negative
impacts on the environment appears, therefore, to be a challenge for interventions in
vulnerable communities.

C2—Climate change and consequences: mitigation, adaptation, and resilience are the
main three concepts for responding to the consequences of climate change (COP23) [88].
Knowing (1) how to choose which of these three options best suites to the intervention
context and (2) which strategy is the most appropriate to the vulnerable reality, is a challenge
that will become more and more relevant in the coming decades. In fact, the effect of
climate change in vulnerable communities is undoubtedly a global emergency. Therefore,
knowing how to consciously intervene in these situations is (and will increasingly be) a
main challenge in these contexts.

C3—Health environment: The uncontrolled development during the recent decades
has seriously endangered the quality of the environment in which most vulnerable com-
munities live. Pollution, lack of basic services, and poor education are the main causes of
environments with poor levels of health. Improving the environment and raising awareness
on healthy quality of life represent new challenges for the society in the coming decades.

C4—Technological development: The technological capabilities, which are becoming
more and more preponderating, open a panorama of unprecedented opportunities for
vulnerable communities and a worrying scenario of an increased gap between the more
and the less vulnerable sectors of the society. For this reason, offering interventions able to
bring technology closer to vulnerable communities takes on a very important role in the
community empowerment processes [89,90].

C5—Political responsibilities: Political attention to vulnerable communities is often
reduced due to the low weight that these realities can assume at the electoral level. This
situation, added to an increasingly scarce decision-making power represents a very signif-
icant challenge for interventions in vulnerable communities. In fact, these interventions
must propose solutions capable of activating processes of political responsibility.

Understanding

U1—Human Development Index (HDI): to understand the state of vulnerability, it is
proposed to use an index capable of defining the state of well-being of people and the social
(as well the natural) environment where they live. The aim is to count with better tools to
understand the actual needs of the community and the emergency fronts to intervene with
priority. With the HDI, we refer to the dimension of a healthy life, knowledge and decent
standard of living.

U2—Economic poverty: an essential dimension to understand the level of vulnerability
is the economic poverty. This type of poverty, in fact, limits the resilience of communities,
weakening the ability of people to cope with sudden changes which, it is assumed, will be
increasingly frequent in the near future. Furthermore, understanding when a community
is in situations of economic poverty allows us to understand how much it is possible to
propose entrepreneurship initiatives in the context.

U3—Energy Poverty: one of the dimensions of poverty that must be assumed to
understand the state of vulnerability is the energy poverty. In a world that consumes
more and more energy, in fact, being able to count with the availability of reliable energy
resources will be increasingly necessary. This means being able to count on a local and
clean production, independent, as much as possible, from external resources.

U4—Strategic Alliances: the fact that the concept of “partnership” represents the
objective that completes the list of 17 SDGs represents how strategic alliances are a key
aspect for promoting community improvement initiatives and projects. This is even more
true if we want to understand vulnerabilities in local communities, where strategic alliances
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can make visible the invisible demands and can attract resources for the implementation of
interventions.

Focusing

F1—Digitization and Remote Sensing: in the most vulnerable communities, tech-
nology does not find a fertile environment and, often, these contexts deny technological
innovations. Nonetheless, count with technological tools that allow better focusing on
vulnerable communities is fundamental. Digitization and remote sensing allow a better
use of resources, already scarce in vulnerable communities, providing a technological
apparatus that can even be used remotely.

F2—Business Awareness: to inform and to inspire about the benefits that small busi-
ness activities can have for the most vulnerable people is a key piece to implement self-
sustaining interventions. Moreover, the awareness on entrepreneurial possibilities is also
relevant to promote initiatives that strength community relations and lead to an improve-
ment in the livability of a community. For these reasons, focusing on the business awareness
of a local community becomes a key moment before to elaborate strategies of intervention.

F3—Social inclusion: focusing on the social relationships which are active within a
community, is important since a healthy community environment becomes essential when
undertaking improvement processes in a vulnerable community.

F4—Urban food system: the resilience of the production, distribution, and storage food
systems is key for the easy and healthy access to food. Moreover, healthy systems create job
opportunities, while encouraging and promoting healthier diets and lifestyles. For these
reasons, focusing on the resilience of the urban food system becomes a key moment before
to elaborate strategies of intervention.

F5—Segregation and socio-spatial justice: focusing on segregation and socio-spatial
justice is central since an urban system, capable of integrating with the context and offering
opportunities for connection with local services and resources, becomes a fundamental
principle for strategies aimed to solve the challenges in vulnerable communities.

Strategies

S1—Temporary relief and lasting solutions: urban-architectural intervention aimed at
reducing the vulnerability of a community can address two main strategies. On one hand,
the need to intervene with a temporary solution that is easy to implement, so to provide
the solution to an emergency, without the need for it to last beyond the initial moment of
the crisis. On the other hand, the need to have an intervention that can accompany the
community to gradually emerge from the condition of vulnerability.

S2—Technology as instruments of citizen participation: the possible support of tech-
nology tools is considered a very relevant strategy to facilitate discussion and emancipation
of the most vulnerable communities. Technological resources must not and cannot be
considered extraneous to these contexts.

S3—Holistic approach: strategies to generate effective solutions must consider phe-
nomena from different perspectives to allow problems and opportunities to be perceived
from different points of view.

S4—Integration with the formal environment: reducing vulnerability in the communi-
ties passes from the possibility of interacting in an official way with the more formal (and
less vulnerable) communities present in the closest context. This strategy aims of reducing
the perception and the effective segregation of vulnerable communities.

S5—Heritage and residual spaces: strategies based on the possibility of regenerating
existing environments with cultural or historical value, as well as residual spaces within
a community, represent an opportunity to activate social initiatives and the feeling of
belonging to the community, which can reduce vulnerability levels.

S6—Opportunities for entrepreneurship: creating opportunities for people to develop
local entrepreneurship initiatives is an excellent strategy to reduce the levels of vulnera-
bility in a community. Counting with an environment that offers opportunities to start
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some business (albeit small), as well as spaces where to hold professional consultancy, is
very important.

Based on this list of emerging topics, one of the main peculiarities of this research can
be observed: challenges, understanding, focusing, and strategies highlight issues that are
already addressed by the academic literature in the field of design. The peculiarity, to be
underlined, here, is that these issues have never been considered together and within a
process of design with vulnerable communities.

Appendix E

Project 1 “Networks and nodes”

1.1 The community is supposed to clean the river, which currently is a great source of
contamination, and the new tourist corridor, which should bring visitors to the community.

1.2 Paso del Norte is currently a place with high levels of pollution due to an unconnected
drainage system, which becomes a source of diseases.

1.3 Currently, the local government promotes a participatory fund for the decision about
some public sources management. The project seeks for the government to look at the
community again, paying attention to the distribution of resources.

1.4 In the corridor, people have the possibility to sell products made by them.
1.5 Interventions in the community (particularly in public spaces) will be accompanied by

sustainable lighting, mainly for safety (currently there is an important lack of lighting).
1.6 The project aims to find an agreement with the church to create dynamics between the

community and outsiders, taking advantage of the important space of the “Church House”.
1.7 Digital elements to control the cars’ speed and for security are supposed to be installed

in the community.
1.8 Along the corridor there are opportunities for social interaction between different

ages of the population. A lot of attention was paid to disabled people in wheelchairs.
1.9 Tourist corridor aims to reduce the segregation of the community and the perception

of being on the other side of the city border.
1.10 There will be a corridor with green elements, where people will have the opportunity

to sell products, assuming that the sale will increase over the years. Beyond this, the
path could be connected in the future, with what is behind the “Peaks of the moon”.

1.11 Publicize the community through the community’s online presence (social media).
1.12 Various activities are expected to occur in the community (dance, sports, etc.). This

will be bringing several experts to carry them out (professors, teachers, governments,
civil society, etc.).

1.13 Integration internally to the neighborhood (through visually in the houses/facades)
and externally with the city (through intervention of the river and corridor).

1.14 Currently there are spaces used but neglected: the baseball field is arranged to have
guests from outside (tournaments, championships, etc.), the streets need interventions
to reduce the speed of vehicles, and in the creeks, intervention are needed to “facilitate”
the walking access to the community.

1.15 The corridor is considered as an opportunity for tourism, promoting hiking, the use
of bicycles, connecting the community from outside.

Project 2 “Sense of belonging”

2.1 Through targeted activities (garbage collection, walking school bus, post-school at La
Casa de la Iglesia), kids and adolescents learn how to become more responsible and
to respect the place where they live.

2.2 Miss Heidi and the Church’s priest explained that young boys and girls need to
be involved and valued. Hence, the starting point of the process sees the young
generation of Paso del Norte as the main protagonist. In particularly, the river can
represent a resource for the Community of PDN but is polluted, thus its reclamation
is extremely required.
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2.3 The improvement of basic knowledge for everyone aims at supporting and consolidat-
ing the development of the values of sharing and mutual help in the face of a common
feeling of individualism. The intention is to try to change the negative aspects of
individualism and lack of sharing that are widespread in the community and to push
away unhealthy temptations (drugs, alcoholism, no safety) which also reflects the bad
organization of the community.

2.4 Environmental conditions can be improved by investing in the development of new
green areas which can be transformed into Community Gardens.

2.5 To ensure a better organization on the social, political, and administrative level the
project should be supported by the municipality and other social actors.

2.6 Citizens need to build a constructive dialogue with the municipality.
2.7 A PDN Board is fundamental to carry on the strategy in the long-term. It will be

composed by the new generation and its role will be to realize the Community’s will.
2.8 The role of women living in PDN has to be understood and enhanced at a social level.
2.9 Understanding the existing community’s resources availability would have positive

impacts for the general environment.
2.10 The process starts with kids and adolescents of the community who have the chance

to improve their basic knowledge and abilities, this action affects adults who will be
themselves involved in new activities.

2.11 A program of auto-construction through local material extraction is proposed to
support economy and understand the land’s value.

2.12 A specific Technical Group will deal with the urban quality of PDN.
2.13 Focusing on existing public spaces to organize a new area dedicated to a Local Market.
2.14 Focusing on the younger generations and getting rid of selfish behaviors.
2.15 The promotion of young people acts on the one hand on the effective improvement of

the conditions of PDN, and on the other hand, inspire new feelings of responsibility
and care that can evolve in the young and consequently transmitted to the older one
through a bottom-up process. The discussion and exchanging of experiences help
individuals to eliminate barriers and activate team-building processes.

2.16 The relationship between younger and adults is weak and needs attention. An
important target is to change the diffused feeling among teenagers of not being
important enough to be taken care of and valued.

2.17 Focusing on the change of perception from mere stay in a place to the feeling of
belonging to that place and its importance.

2.18 Currently, streets represent a physical and social barrier by not being regularly main-
tained and leaving dirty. It is important focusing on this element in order to positively
change flows in PDN.

2.19 The new proposed activities are oriented on taking on responsibility, taking care of
the environment and each other. These activities will have a monetary retribution in
order to catch interest and engagement. Establishing a circular process of exchange
of both material and immaterial values aims at improving the economic aspect of
residents’ life.

2.20 Involving people in new gradual activities related to the social, political, economic,
and environmental sphere is essential for establishing a new mentality that can reach
the common good.

2.21 Recognition of all categories of people, their integration in the society, and respect to
boundaries and needs.

2.22 The existing public spaces in PDN constitute a valid resource to activate social engagement.
2.23 Create a system of financial incentive when people do something for collectivity.

The baseball field, the basketball court, and the playground have to be valued and
exploited both in terms of human and physical capital: they constitute opportunities
from an economic circular point of view, thus generating further benefits for the
people in PDN.
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Project 3 “Community management”

3.1 The project aims that the community could take control of the garbage management
in the neighborhood.

3.2 Low quality of hygienic infrastructures, can cause health problems.
3.3 Technology is considered as a means of training the community (know how to use

computers and data).
3.4 The local government is perceived as the main partner to attract actors to participate

in the work.
3.5 Indexes (NUE by INEGI) is used to understand levels of schooling and income, as

well as the characteristics of the dwellings.
3.6 The project aims to contribute to reducing economic poverty, through training, so to

supplement the personal income.
3.7 The local government is perceived as the main partner to attract actors to participate

in the work.
3.8 Training can create economic independence in the neighborhood, so as to reduce the

need of daily commute far away
3.9 The project aims to offer spaces and activities which can integrate the newest part of

the neighborhood, which today is not participating to the local social life.
3.10 The project aims to realize a permanent solution (hub for workshops and teaching).
3.11 The project is composed by various stages (at least, design, financing and construction)

during which community is working in empowering processes.
3.12 The designers imagined the development of an app for citizen participation.
3.13 The residents understand that all their ideas need the vision and support of several

different professionals.
3.14 Interventions are planned where there are public spaces (for ownership and accessi-

bility reasons). The baseball field is defined as main intervention area.
3.15 The designed spaces aim to allow the development of activities for personal growth

(entrepreneurship is just one of the aspects of personal growth).

Project 4 “Ecological corridor”

4.1 Three main goals describe the project goal: (1) focus on education of the population
to improve the relationship with the natural environment to avoid negative impacts
and bring positive impacts; (2) make use of nature protection (take advantage of the
ecological corridor); (3) stop the destruction of the hill.

4.2 It is supposed that the community is going to work for the care of the environment.
4.3 The ecological corridor is the main mean to reach the three goals and make community

take care of the environment.
4.4 People will be trained on how to better manage the garbage.
4.5 The intervention makes visible the neighborhood to the city and offers political visibility.
4.6 The Ecologic Corridor will offer economic opportunities to the community
4.7 Promotion of adobe constructions will reduce the energy consumption and the depen-

dence of the community.
4.8 To empower the community about the advantage of taking care of the natural envi-

ronment and about the construction of the ecological corridor, organizations need to
be created.

4.9 The corridor will also be a promoter of small businesses, an alternative to the corri-
dor itself.

4.10 A building for the corridor management training and assistance will be built in
the community.

4.11 A project’s goal is to strengthen the identity of the colony, stop perceiving new
residents as strangers and a threat.

4.12 The project expects to make murals with community history along the corridor.
4.13 Study of the materials so that it does not appear threatening.
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4.14 MIX: short-term training of children as guides + short, medium, and long-term
community work.

4.15 It is supposed to have teaching activities and topics to support the generation of
activities in the corridor.

4.16 The corridor will hallow connection with the formal city and connection with the landscape.
4.17 Since the community is relatively “young”, it will allow to collect and to transmit

local history;
4.18 Murals to share history and to create identity will be painted in the “urban” areas of

the corridor;
4.19 The corridor is planned as an urban element which can generate business opportunities.

Project 5 “Tourist route”

5.1 The main project goal is to raise awareness in the society, about caring for the ecosys-
tem in the area, through outdoor activities.

5.2 The project aims to improve the social environment and the way in which people
coexist within the community.

5.3 Technological means are used for the promotion and enhancement of landscape and
natural heritage, as well as to encourage economic activities in the area.

5.4 Political responsibilities are considered mainly for the regulation of non-deeded land.
5.5 Indexes are used as reference to give the inhabitants a better quality of life with respect

to their housing, education, health, and education.
5.6 The project aims to improve the income of the residents by encouraging their busi-

nesses through digital media, as well as strategies to increase consumption on strate-
gic days.

5.7 With the aim of improving the quality of life and reducing violence, the intervention
contemplates to complete the electricity and public lighting network.

5.8 Interventions will also be focused on teaching local sellers how to improve their sales
and optimize their resources.

5.9 The improvement of the baseball field aims to bring the community together and
enhance the sense of belonging.

5.10 The connection of the community with the rest of the city will help to reach the
project’s goals.

5.11 The proposal contemplates the development of strategies and activities over time.
5.12 Capacity-building of the community, so that they are able to promote and implement

strategies by themselves.
5.13 Strategies will focus on economic, social, political, tourism, and environmental improvement.
5.14 The completion of the urbanized the area (services) is one of the main interventions.
5.15 Respect, take advantage of, and improve existing areas to coexist with the spaces that

are currently in place will help to reach the project’s goals.
5.16 The intervention will show the inhabitants different options to develop their busi-

nesses and create their companies in an effective and lasting way.
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Abstract: Urban design has been valuable in bringing the principles of transit-oriented development
(TOD) into reality. However, a majority of recommendations summarized by scholars for promoting
TODs through urban design have failed to promote the progress of the urban design. The main reason
for this issue is the long-standing tradition of design decision-making based on designers’ experience
and the lack of quantitative assessment feedback on design schemes. With the development of big data
and artificial intelligence, optimisation-based generative design has been explored to overcome the
limitations of experience-based urban design approaches. However, the techniques and workflows
are still not mature enough for designers to adopt. In response to these challenges, this study
proposes a framework that integrates the generative design method and data-driven decision-making
approach for urban design solutions that better implement the basic principles of TODs. Based on
the urban design intelligence for TODs, this framework uses parametric tools and models to evaluate
the generative urban design proposals, providing timely feedback to support the design decisions.
The framework is applied to a case study to examine the feasibility. It is demonstrated that this
approach succeeds in selecting optimal TOD design solutions. The role of designers’ decision-making
in generative urban design, as well as the importance of quantitative and qualitative assessment in
experience-based decision-making, are highlighted.

Keywords: generative urban design; evidence-based design decision-making; activity-based model;
transit-oriented development; walkability; amenity accessibility

1. Introduction

Transit-oriented development (TOD) is a planning strategy that promotes non-motorized
travel modes through mixed-use, high-density, and walkable neighborhoods within walking
distance of transportation stations. It is widely recognized as an essential paradigm for foster-
ing sustainable urban development since it contributes to reducing air pollution and regional
congestion, boosting economic development, and improving urban vitality [1,2]. On the one
hand, TOD can reduce residents’ demands for private cars, thereby alleviating traffic conges-
tion and reducing greenhouse gas emissions. Previous studies have established that residents
of transit-oriented neighborhoods are more likely to travel by public transportation instead of
driving and take more leisurely walks than residents of car-oriented neighborhoods [3]. TOD
projects in many cities have contributed significantly to local GHG reduction goals. As an
example, in the Chicago Metropolitan Region, the GHG emission of the average household in
the neighborhoods near the transport station is reduced by 43 percent compared with non-
TOD areas. According to SDG goals, combating climate change is currently an important task
for all countries in the world. In this context, TOD should be greatly promoted to stop global
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warming. On the other hand, by reducing transportation costs and increasing employment op-
portunities, TOD can promote a robust regional economy. A number of studies have indicated
that local taxes benefit from TOD through increasing land prices and sales tax revenues from
restaurants and retailers [1,2]. In addition to promoting active transportation modes and facili-
tating regional economic development, TOD has the potential to bring vitality to communities.
The mixed-land uses in TODs provide favorable conditions for various social activities and
interactions [4]. It has been found that people living in TODs have significantly higher levels
of connection with their neighbors than in other communities [5]. The performance of TODs
is predicated on four major principles: (1) walkability—providing a pleasant, continuous,
networked pedestrian environment along with a wide range of experiences and amenities;
(2) transit accessibility—ensuring close proximity in distance or time for residents and workers
to reach transit facilities; (3) density—optimizing employment and residential densities along
transit corridors or station areas to promote walking and transit use; (4) diversity—providing
access to retail, commercial, and civic services, employment, and recreational facilities without
needing to travel by automobile [6,7]. A well-performed urban design can be a key mechanism
for transforming these guidelines into successful cases. Jacobson and Forsyth [8] enumerated
twelve aspects of good urban design initiatives for TODs (Table 1). These twelve elements are
derived from the literature review and understood in depth through case studies. Of all the
aspects, five are highlighted regarding place-making. First of all, designing on a human scale
is fundamental to creating a pedestrian-friendly environment. According to environmental
psychology, people are born with the perception of their surroundings. The characteristics
of the built environment (such as the sense of enclosure, sky view factor, etc.) play a major
role in the comfort that people feel in the space, and the comforts of the walking environment
are closely related to residents’ travel demand [9,10]. For instance, the atmosphere created by
excessively tall buildings with narrow streets tends to inhibit residents from moving around
the streets. With this in mind, the walkability of residents can be facilitated by controlling the
scale of buildings and streets. The ratio of building height to street width in TODs is supposed
to be designed to improve the pedestrian experience. Second, public spaces emerge in the
case studies as key components of TODs [10]. Open spaces not only provide opportunities
for residents to interact and exercise, but also allow for various events. As suggested by case
studies, the combination of transit stops and well-designed open spaces can improve the
recognition of the TODs and increase transit ridership [8]. Third, pedestrian safety serves
as an important factor for people to embrace the public spaces in TODs. Previous research
has established that real and perceived traffic safety is closely related to residents’ walking
behavior to transport [11]. In terms of urban design solutions in TOD, security is a consid-
eration for the way the driveways and sidewalks are joined. To ensure people walk safely
in transit-oriented neighborhoods, places such as parks require a ban on vehicle traffic [12].
Fourth, the variety of land use, visual experience and social aspects are all essential aspects in
the design of public spaces. TODs need sufficient public spaces for walking and cycling, and
also spaces to promote interaction among various social groups. It is generally accepted in
urban design that the diversity in visual experiences creates a sense of place, which gives open
spaces distinct characteristics, and therefore, enhances their attractiveness to residents. These
have led to more people congregating in open spaces with more events taking place. Inviting
and lively public spaces in TOD areas will, in turn, attract more residents to move in and
bring about more transit ridership [2]. Fifth, street connections are essential for the creation of
pedestrian movements [13]. Well-organized street patterns enable pedestrians and cyclists
to move continuously in various ways [8]. Elaborate footpaths and cycle paths are the basis
for residents to approach transit facilities. Subsequently, Ogra and Ndebele [14] generalized
six variables that are vital for reaching the goals of the TODs, which are design, diversity,
density, distance, destination, and demand management. In terms of the built environment
design, it is pinpointed that providing various amenities is the key to walkable transit-oriented
neighborhoods. According to previous studies, the diverse range of amenities can provide
residents with abundant activities and thus stimulates walking and cycling trips [15,16]. In
addition, all kinds of amenities make walking less boring and bring joy to pedestrians [12].
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Table 1. The summary of twelve aspects of good urban design initiatives for TODs.

Topics Aspects Descriptions

process

Time TOD design should take into account changes over time and
future possibilities.

Engagement with public The visions of different stakeholders should be considered in the whole
design process.

Programming Arrange events and activities for the public in open spaces.

Maintenance Manage the budget to ensure investment in maintenance and landscaping.

places

Scale Design at a human scale to create a comfortable walking environment.

Public spaces for human use Create public space for pedestrian activities

Safety Create safe walking environments and public spaces.

Variety and complexity Pay attention to the variety of land use, visual experience, and social aspects.

Connections
Connecting places to create good walking and cycling experiences (including

building and outdoor connections, sidewalk connections, cycling path
connections, etc.)

facilities

Pedestrian facilities Design safe and vibrant sidewalks

Transit Connect transportation facilities and the surrounding environment

Car movement and parking
Ensure a safe and comfortable pedestrian environment. Adjust the direction

and speed of cars through urban design. Parking spaces should be designed to
meet the demands while not impeding walking.

Based on the four principles, the above aspects (human scale, public spaces, safety,
variety of visual experience, and amenity diversity) regarding urban design for TODs
provide valuable suggestions for urban designers [17]. Nevertheless, useful advice plays an
insignificant role in guiding potential urban design improvements. Few design initiatives
are given quantitative or qualitative evaluations, which can result in a lack of evidence
and feedback to support design decisions. Starting with good intentions but ending with
poor design execution can result in no improvement or even harm to the surrounding
environment [18]. Thinking further about this particular issue, it roots in a long tradition of
the experience-based design workflow, i.e., designers use their own experience or personal
preferences to determine the design solutions. In the majority of countries, the evidence-
based design approach is not yet widespread. Therefore, some schemes are limited by
the designers’ subjective opinions or clients’ requirements, and often fail to be effective
TOD proposals. In recent years, parametric and generative design has received consider-
able attention, which explores potential solutions to decision-making issues in the field
of architecture, urban design, and urban planning [19,20]. Using big data and algorithms,
these approaches can yield unlimited possible solutions that are beyond one’s imagination,
with automated optimization solutions based on predefined objectives [21–26]. Compared
with the traditional decision-making approach, they are advantaged in overcoming the
limitation of individual thoughts to inform more feasible alternatives, and are able to gen-
erate data-based feedback for each solution. To date, scholars have explored the potential
of generative urban design in the light of various objectives. The works related to TODs
centered around design generation and optimization, based on walkability or/and amenity
distribution [21,24,27,28]. Using a walk score as an indicator, the network optimization
model created by Tarek and Christoph [21] provided a promising insight for later studies.
They used genetic algorithms (the natural selection-based approaches to solve both con-
strained and unconstrained optimization issues) to optimize the initially generated street
network design and obtained a series of viable options. However, this approach was later
criticized for lacking consideration of the impact of amenities on the street network. A
new workflow to create street networks and amenity distribution schemes was developed
by Yang et al. [17], which takes a good account of the interplay between amenities and
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networks and the adaptability of specific contexts. While the weakness is that they fail
to provide information on building configurations that can be influenced by network lay-
outs, which is inappropriate to be considered separately in urban design. Lima [24] et al.
leveraged multiple optimization algorithms to create urban networks in terms of transit
accessibility and infrastructure cost. Unfortunately, this approach idealises the local context,
and its ability to solve real-world problems is uncertain. More importantly, the quantitative
indicators still need to be complemented by qualitative dimensions [29]. This is because
some solutions meet the quantitative metrics well, but are not preferred by residents due to
the weakness in qualitative features (e.g., urban design quality, maintenance of historical
sites, etc.) On account of the complexity of the urban system, design decisions cannot yet
entirely rely on algorithms. Designers still have the responsibility to perform qualitative
analysis and make the final decision. In response to these concerns, this paper proposes an
original framework to evaluate and interpret generative urban design proposals for TODs.
This is the first comprehensive framework that transforms urban design principles for TOD
into an evaluation methodology that utilizes both data feedback and experts’ experience to
guide designers in their decision-making. It is later applied to a case study in a TOD area
in the city of Glen Eira, Melbourne, to validate its capacity to address real-world issues.

2. Data and Method

2.1. Assessment Indicators and Methods

Given its enlightening and objective-based optimization capabilities, the generative
urban design method is utilized in the study to propose different solutions for TOD. A t
the core of this study is the creation of an evaluation framework for these generative urban
design proposals. On the basis of the good urban design recommendations summarized
by Jacobson, Forsyth, Ogra, and Ndebele, the evaluation method is developed. For some
aspects, indicators can be set up for quantitative assessment. (1) It is commonly recognized
that the ratio of building height to street width has a strong relationship with how people
feel in urban space. Therefore, it is chosen as the assessment indicator in the framework
to reflect the comfort level of residents moving around in public spaces. As suggested by
scholars, the ideal height-to-width ratios for public spaces are between 1:1 to 1:3 [30–32].
The ratios of design proposals that fall within this interval range are identified as the optimal
ratios. (2) A walk score is a reliable metric of walkability recognized by many experts [33].
While most walkability metrics apply to a region, the walk score quantifies both the
walkability of an area and the walkability of a housing unit. Visualizing the walkability
of each housing unit in a TOD area is vital for evaluating design strategies. For example,
different street network designs may result in the same regional walkability results, but
contribute differently to the walkability results of each building block. Understanding the
variation in walkability between individual units can help designers make trade-offs in
their solutions. The Walk Score algorithm, which ranges from 0 to 100 scores, uses the
distance decay function (Equation (1)) to rate locations based on the minimum distance to
amenities in each category [34,35]. A higher score for a location means a more walkable
level. (3) TODs encourage a wide variety of amenities. However, it is not the case that the
greater the variety and number of amenities, the better. When the demand for amenities in
an area exceeds the supply, it would be a loss for investors. The Amenity score is a metric
that seeks to quantify the disparity between the supply and demand of various amenity
types in an area, which can help the decision-makers to determine the right number and
type of amenities. An Amenity score close to zero means that the supply of amenities
in the study area is close to the demand. A value below zero for a certain amenity type
means that it is not well configured and is in short supply. The opposite is true for amenity
scores greater than zero [16]. (4) Two auxiliary metrics (Amenity Hits and street hits)
provide information on people’s activities in TOD areas, which help designers reflect on
their choices of amenity locations and the forms of the street networks. The indicator
of Amenity Hits sums up the total number of residents visiting a certain amenity across
all trips. The metric of Street Hits measures the total number of people using certain
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street segments on all trips. For each amenity or street segment, a higher score indicates
a larger number of users. By further visualizing these two indicators, urban designers
can intuitively understand the activeness of different parts of the study area in terms of
amenities and streets, and thus adjust their design solutions.

Decay (x) = −17.15x5 + 89.45x4 − 126.37x3 + 4.639x2 + 7.58x + 99.5 (1)

Due to the complexity of urban design, not all the issues can be analyzed relying
on indicators and evaluation criteria. Qualitative analysis is suggested for the following
dimensions. (1) Public spaces are often designed to strike a balance between aesthetics, the
scheduled activities to be accommodated, local regulations, and other aspects [36]. There
is no consistent standard for the size and shape of public spaces. The reliable method for
assessing the quality of public spaces is to use the public space index (PSI) [37]. This index
involves a combination of more than forty factors in terms of inclusiveness, meaningful
activities, comfort, safety, and pleasurability. Although this method is well-established, it
takes months, or even years, for the evaluator to engage in observations. It is not a wise
choice for urban designers due to the lack of timely and effective design feedback. What can
be confirmed is that it is more desirable to have open space in TOD areas than not. For the
specific size and form of the public space, urban designers are advised to make decisions
based on 3D models and their own experiences. (2) The visual experience in public spaces
is also a difficult element to quantify. A good way to analyze the visual experience in urban
spaces is through the use of isovist [38]. The isovist is the area or volume of space visible
from a given point in space, which intuitively reflects the visual–spatial qualities in the
built environment [39]. According to Batty [40], factors such as area, perimeter, and the
average distance of a series of isovists at different locations on a walking path can reflect
changes in visual experience. In addition, 3D models and renderings are recommended
to aid the analysis process. In light of this, the evaluation framework utilizes shapes and
areas of isovist to assist designers in understanding the visual experiences in the existing
built environment and their design proposals. Specifically, the shape and area of the isovist
along a walking path are measured for the analysis of visual changes in public spaces.
Previous literature has demonstrated the methodology of DecodingSpaces toolbox to be
useful for isovist measurements [41,42].

2.2. Computational Tools and Overall Framework

Rhinoceros3D-Grasshopper (GH) is chosen as the platform to conduct the assessment
process. Rhinoceros3D software and its inherited parametric design platform Grasshopper
can be used by urban designers to create three-dimensional city models, visualizing simu-
lations and analytic solutions in real-time. Compared with other 3D modeling software,
Rhinoceros3D has its advantages in terms of data visualization and efficient parametric
workflow. The parametric evaluation framework in this study relies heavily on 3D models
and the visualization of spatial data. Taking street network design, for example, it has an
impact on both visual diversity and regional walkability. City designers need to analyze
the diversity of visual changes based on a three-dimensional spatial environment, and also
need to get data feedback on walkability. These requirements make the Rhinoceros3D-
Grasshopper (GH) platform a suitable choice. The following two plug-ins are used in the
evaluation and generative process: the Urbano and the DeCodingspaces toolboxes. The
Urbano tool is a useful analytical tool that provides measurable design feedback in terms of
walkability and the activeness of amenities and streets. It utilizes data input from designers
to simulate human activity in the city and evaluate design scenarios with built-in algorithms
and metrics [16,43]. It is worth being used in this study because of its well-established work-
flow and compatibility with 3D models. The DeCodingspacestoolbox contains a variety of
analytical and generative elements, which provides technical support for the generative
design process. According to the previous literature, the DeCodingspaces toolbox is more
functional and easier to use than other computationally generated methods [25,44–46]. The
tool has the potential to become widespread, as urban designers and planners can operate
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it with a simple understanding of the data structure and the meaning of the parameters.
Hence it serves as the obvious choice for this study. The overall framework can be divided
into three steps: context modeling and assessment, computational generation of urban
design proposals, and quantitative assessment and qualitative analysis of generative design
proposals. Each step (including input parameters and operation methods) will be detailed
in the following sections.

2.3. Context Modeling and Assessment

To inform the subsequent generative design solutions, the existing built environment
needs to be modeled and evaluated. By measuring aspects such as the walk score and
amenity score of the built environment, designers can realize the issues that need to
be improved. The method of context modeling and assessment consists of three parts
(Figure 1): context modeling, active mobility simulation, and context assessment. These
three aspects are proposed based on the Urbano workflow [16,47]. According to the
workflow, two models (the contextual model and activity-based model) and four metrics
(walk score, amenity score, street hits, and amenity hits) are required to this end. The
contextual model refers to the model of the existing built environment in Rhinoceros3D,
which serves as the physical basis of the assessment process. The activity-based model
is a model that estimates people’s activity trips according to different design scenarios
in an area. It is a concept proposed by Joe et al. [15], which later becomes the theoretical
foundation of the mobility simulation process in the Urbano workflow. The four metrics
are used to quantify the results of active mobility simulation. All three aspects, with their
components, will be introduced in detail in the following subsections. Table 2 illustrates
the details of input parameters in these three aspects.

 

Figure 1. The workflow of context modeling and assessment.
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Table 2. The details of input parameters of context modeling and assessment.

Parameters Data type When to Select Data Source Reference

Building footprint OSM/ shapefile Must be selected when
creating a contextual model.

OSM: from OpenStreetMap
website; Shapefile: from

governments, developers, etc.
[16,43]

Street networks OSM/ shapefile Must be selected when
creating a contextual model.

OSM: from OpenStreetMap
website; Shapefile: from

governments, developers, etc.
[16,43]

POIs OSM/ shapefile Must be selected when
creating a contextual model.

OSM: from OpenStreetMap
website; Shapefile: from

governments, developers, etc.
[16,43,47]

Building height OSM/ shapefile Must be selected when
creating a contextual model.

OSM: from OpenStreetMap
website; Shapefile: from

governments, developers, etc.
[16,43]

Amenity type metadata Must be selected for
mobility simulation.

It can be customized by the
designer or extracted from the

OSM data.
[16,43]

Amenity capacity metadata Optional for
mobility simulation.

It can be customized by the
designer or derived from the

Urbano database.
[16,27]

Routing factors metadata

Optional for mobility
simulation. Use it only when

the bike score calculation
is needed.

It can be customized by
the designer [16,27]

Residential
population metadata Optional for

mobility simulation.

It can be customized by the
designer or calculated by

Urbano components.
[16]

Amenity demand
profile CSV Must be selected for

mobility simulation.

It can be an be customized by the
designer or derived from the

Urbano database.
[16,43]

2.3.1. Context Modeling

There are three kinds of data that serve as the basis for modeling existing built environ-
ments: building footprints, street networks, and point of interest (POI), which can be either
OSM data or shapefiles. POI refers to the place where an amenity is located. The building
footprint shapefiles are available for download on the official government websites in many
countries (such as the city of Melbourne and the city of New York). For establishing street
networks and POI models, it is common to use OSM data since it is open to the public and
available from the OpenStreetMap website (https://www.openstreetmap.org accessed on
10 August 2022). However, it is worth noting that the quality of POI data from the OSM
website is not high, with fewer POI entries than other shapefile sources such as Google
Maps [43]. The use of OSM data for POIs may lead to errors in the research. Therefore, it
is suggested to use shapefiles in terms of POIs modeling. The three types of data can be
parsed via the Urbano component and transformed into geometric shapes in Rhino [16].

2.3.2. Mobility Simulation

Mobility simulation enables the designer to understand the impact of their design
solutions on residents’ active mobility. It is fundamental to the subsequent evaluation process
regarding walkability and amenity diversity, which are essential aspects of good TOD design.
The mobility simulation comprises three parts, i.e., the metadata creation, the integration of
metadata and contextual model, and the trip-sending simulation. Metadata creation prepares
the necessary data for the trip-sending simulation. The parameters that must be included
are Building height, Amenity type, and Amenity demand profile (ADP). Building height
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and Amenity type are metadata, which can be either customized by designers or extracted
from OSM data. The metadata is supposed to be appended to geometric data and provide
additional information, which requires the integration of metadata and contextual model.
When the building geometry and Building height are combined, the population contained in
the building can be calculated by the Urbano component. When Amenity type and POIs are
combined, spatial points with amenity information are generated. ADP is an estimation of the
proportion of residents participating in different activities in the study area, which is the driver
of the trip-sending process [16]. The ADP data represents the weight of different activities
or the activeness of different amenities in the area, which can be customized by designers or
obtained directly from the Urbano dataset. The specific method can be referred to [43]. In light
of the activity-based model [15], the trip-sending process in Urbano workflow can be explained
in three parts—trip generation, trip distribution, mode choice, and route assignment (Figure 2).
In this process, residential buildings are defined as the starting points, and amenities are as
the destinations. For each building, (a) The population is divided according to the ADP to
derive the number of people involved in different activities. (b) Those who are divided will
be matched with the corresponding amenities within a walkable distance. Depending on the
chosen mode of travel (e.g., by nearest destination and by amenity capacity), residents are
allocated to amenities in different ways. (c) The routes are formed based on the starting point
and destinations. As a result, visitors per amenity and per street segment can be calculated as
amenity hits and street hits. The mobility simulations for all buildings in the area can be used
to analyze regional mobility.

Figure 2. Trip-sending simulation process for each building.

2.3.3. Context Assessment

A context assessment can help urban designers identify problems of the existing
condition, which serves as a reference for the subsequent generative design evaluation. The
assessment involves five metrics (height-to-width ratios, walk score, amenity score, amenity
hits, and street hits) and two qualitative aspects (public spaces and visual experience). The
mobility simulation lays the foundation for the calculation of the walk score and amenity
score via Urbano components [16]. Based on the walk score methodology, the walk score
for each activity trip in the mobility simulation can be measured. Amenity scores, on the
other hand, can be derived from Amenity hits according to Equation (2) (where A stands
for Amenity score, H stands for Amenity hits, and C stands for Amenity capacity). Other
metrics and evaluation methods can be referred to in Section 2.1.

A= H/C − 1 (2)

2.4. Computational Generation of Urban Design Proposals

After selecting the site based on the contextual model, parameters can be set for
generative urban design solutions. Among various ways for computational generation
of urban design proposals, this study follows the method proposed by Koenig et al. [45]
via the DeCodingspaces toolbox. Unlike other generative design approaches, this method
is not limited to the separate production of building schemes or street network solutions,
but can generate street networks, plots, parcels, and buildings in sequence, forming a
well-function system [25,45]. The consistency of multiple elements is crucial in urban
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design. The generative design process comprises five steps: street network generation,
block generation, parcel generation, building generation, and amenity generation. The
parameters used in each step with related information are listed in Table 3. Together, these
parameters control the forms of streets, plots, and buildings.

Table 3. The information of input parameters in generative urban design process.

Parameters Explanation Required/Optional Step Reference

B Boundary to generate street networks required Street network
generation [45]

IS Street segments as the
starting points for generation optional Street network

generation [45]

MDist The shortest distance between
the start and end of a street segment required Street network

generation [44,45]

RA Random angle defining the
direction of the street segments required Street network

generation [44,45]

TD Tree depth for controlling branch levels of tree
structures to define the size of street networks required Street network

generation [44,45]

MA Maximum number of arms for crossroads required Street network
generation [45]

RndS Random seed number for choosing
the generative street network pattern optional Street network

generation [45]

BA Buildable area on each parcel required Street network
generation [45]

BT Building types (including block building, row
building, and free-standing) required building

generation [45,48]

Blen The length of the building required building
generation [45]

Bdep The depth of the building required building
generation [45]

FAR Floor area ratio. It determines the building
height when the building footprint is defined optional building

generation [45]

Orientation Building setback from the street optional building
generation [45]

Figure 3 shows the grasshopper components used in the computational generation
process. The street network generation rests on a particular data structure—the instruction
tree [45]. It has advantages in substituting sophisticated street networks with simple tree
structures connected by nodes, which makes it easier for computing and mutating. The
instruction trees determine the structure of the street networks and are mainly controlled by
the parameters MDist, RA, TD, and MA [44]. Therefore, to generate street networks, these
three parameters are required for the street network generator component (Figure 3a). In
addition, parameter B is required to define the boundary of the street network. The output
L returns a series of line segments representing the street network (Figure 4a). For the block
generation (Figure 3b), the extract polygons component transforms street networks into
their dual-directed graphs [44]. The output P creates polygons representing street blocks
(Figure 4b). The parcel generation is based on the slicing tree structure [49], according to
which the street blocks are divided into smaller polygons (parcels). The parcel component
takes street block polygons as input (Figure 3c) and output Pcl as parcel polygons (Figure 4c).
The building generation is based on simple calculations and extrusions, which consist of
two steps. First, the buildable component takes the polygons of parcels and blocks as
input to calculate BA as the buildable area in each parcel (Figure 3c). Second, the building
component utilizes BA and parcel polygons to generate Ftpt (building footprint) and
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BH (building height) (Figure 3d). In this process, the parameters BT, Blen, and Bdep are
required to control the building forms. The output Ftpt can be further extruded as building
blocks via Extr component. All the optional parameters involved in the generative design
process are used to refine the results.

Figure 3. The grasshopper components used in computational generation process.

Figure 4. The results of each step in the generative design process (with random rectangle as boundary
and default input parameters).

The amenity generation is the basis for assessing the walkability of generative solutions.
It is required that urban designers determine the type and number of amenities in their
proposals depending on the client’s requirements or the zoning regulations. Information on
the type and number of amenities needs to be added to generative design schemes in the
form of metadata. The method can be referred to as the metadata creation in Section 2.3.1.

2.5. Quantitative Assessment and Qualitative Analysis of Generative Design Proposals

The quantitative assessment and qualitative analysis of generative design proposals
are rooted in the evaluation methods proposed in Section 2.1. The quantitative assessment
includes the measurement of height-to-width ratios, walk score, and amenity score. The
walk score and amenity score calculation are based on mobility simulation, the method
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of which can be referred to in Sections 2.3.2 and 2.3.3. For qualitative analysis, the visual
experience analysis and public space analysis are involved. The workflow for quantitative
assessment and qualitative analysis of generative design proposals is illustrated in Figure 5.

 

Figure 5. The workflow for quantitative assessment and qualitative analysis of generative design
proposals.

3. Case Study

3.1. Assessment of the Study Area

Carnegie is a major activity center in the City of Glen Eira, an inner suburb precinct
located in Melbourne, Victoria. Due to the rapid growth of the population, the local govern-
ment started a new planning process that aims to accommodate the growing population,
while promoting new and sustainable development. One of the vital decisions was to
direct population growth to areas near public transportation, and to transform these areas
into mix-used, high-density, and walkable neighborhoods. The area within 1/4 miles of
Carnegie station is selected as the study area, and an urban renewal site is identified as the
site for the computational generation of design proposals (Figure 6).

First, the walkability of the study area is examined. The average walk score in the study
area is calculated as 57.3, which indicates that there is still much room for improvement in
local walkability. As can be seen from Figure 3, amenities in the area are clustered along the
central axis, and the number gradually decreases as the distance from the station increases.
Poor road connections in the northwest may affect accessibility to amenities. The hypothesis
is, therefore, formulated that poor street connectivity and the uneven distribution pattern
of amenities account for the unsatisfactory low walk score. Second, the average amenity
scores, amenity hits, and street hits in the study area are calculated. Figure 7a shows the
average amenity scores of the study area by amenity type. It can be found that the score
of each amenity type is greater than zero. This reveals that the number of these six types
of amenities available in the area is already sufficient to meet the needs of the residents.
Therefore, there is no need to add more counterparts of the same type to the renewal
site. Figure 7b visualizes the street hits and amenity hits in the study area. The darker
the color, the higher the activeness of the street segments or amenities. It can be noticed
that the renewal site features low street vitality and amenity occupancy, further validating
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the previous assumptions on walkability. This informs the designers to enhance street
connectivity within the site.

Figure 6. Profile of the study area.

 

(a) (b) 

Figure 7. (a) Average amenity scores of the study area by amenity type; (b) The activeness of streets
and amenities in the study area.

According to the principles of good urban design in TODs, public spaces, such as
streets and parks, need to be designed to increase their attractiveness to residents through
a diversity of visual experiences. To explore the visual experiences of the existing built
environment, a street segment adjacent to the renewal site is selected, with the shape and
area of isovists being measured (Figure 8). It can be seen that there is a significant visual
change from point A to B, with the view gradually opening up. This indicates that the
present public space is visually attractive.

Further, the height-to-street width ratios (H/W) of the street-facing buildings in the
renewal site are measured and recorded in Figure 9. All of these ratios are in the range of
1:1 to 1:3, indicating that the current public space is considered comfortable for pedestrians
and has a sense of enclosure.
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Figure 8. Visual experience analysis of the renewal site.

Figure 9. The height-to-street width ratios of the street-facing buildings in the renewal site (The x-axis
represents, from left to right, the height-to-width ratio of the buildings passing from point A to B).

3.2. Generative Urban Design Proposals

The context assessment of the renewal site informs the creation and selection process
of generative design solutions. According to the assessment results, the main issue of
the renewal site is the underutilization of amenities and streets. This can be improved
by increasing the number and type of amenities and changing the form of the road net-
work. Regarding amenities, providing residents with a wealth of activities is not only a
requirement of the TOD principles but also a practical necessity in Carnegie. According
to the government report of Glen Eira activity centers [50], the survey on local amenities
shows that 72 percent of residents want new retails and say they are overwhelmed by too
many restaurants. Three types of amenities (butchers, newsagents, and bookstores) are
most in demand by residents—accounting for 50 percent of the total population. Therefore,
these three types are added to the generative schemes. After 25 iteration experiments,
a total of 150 schemes are generated, of which ten representative schemes are selected.
Compared with the original state, new design solutions need to enhance the walkability
of the area with amenities that better meet the needs of the residents. As a result, design
solutions with higher average walk scores and lower amenity scores are chosen. From
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these design alternatives, the experts select ten satisfactory options that can be further
developed in terms of building forms, street patterns, and interesting public spaces. The
input parameters of ten representative urban design proposals are recorded in Table 4.

Table 4. Input parameters of 10 representative urban design proposals.

Input
Parameters

Proposal 1 Proposal 2 Proposal 3 Proposal 4 Proposal 5

MDist 50 50 50 30 30
MA 4 4 4 4 4
RA 10 10 10 10 10
TD 5 5 5 5 5
RndS 2 1 5 5 6
BT bl bl bl bl bl
Blen 80 80 80 80 80
Bdep default = 15 default = 15 default = 15 default = 15 default = 15
FAR 3 3 5 5 5
Orientation 3.14 3.14 3.14 3.14 3.14
Input
parameters

Proposal 6 Proposal 7 Proposal 8 Proposal 9 Proposal 10

MDist 20 20 20 20 20
MA 4 4 4 4 4
RA 10 10 10 10 10
TD 5 5 5 5 5
RndS 3 5 2 2 6
BT bl rw bl rw bl
Blen 80 default = 25 80 default = 25 80
Bdep default = 15 default = 15 default = 15 default = 15 default = 15
FAR 3 3 3 3 3
Orientation 3.14 3.14 3.14 3.14 3.14

“bl” for block building. “rw” for row building.

4. Results and Discussion

To understand the role of generative urban design in facilitating transit-oriented
development, this evaluation framework examines design solutions from the following
five perspectives.

4.1. Walkability Assessment

This framework both quantifies the average walk score of the study area and visualizes
the walk score of the housing units within the area (Figure 10). The average walk score rep-
resents the walkability of the studied TOD area, which allows designers to understand the
impact of their solutions on the entire region. Of the ten scenarios, proposal 1 (average walk
score = 95.8) and proposal 7 (average walk score = 95.1) provide the greatest enhancements
to regional walkability. The walk score of the housing units, on the other hand, emphasizes
the equity of walkability in the region. Even in areas with high walkability, there may
exist households with poor walkability. While the overall walkability of the study area in
Proposal 1 is higher, the variation is smaller in Proposal 7. This requires urban designers
and urban planners to make trade-offs and think about improvements.
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Figure 10. Walk scores of 10 representative urban design proposals.

4.2. Amenity Assessment

According to the results of the amenity assessment (Table 5), Proposal 8 has the smallest
amenity score among all options, meaning that it has the most reasonable configuration
of amenities. The ten design scenarios are generated based on the same type (butchers,
newsagents, and bookstores) and number (a total of five) of amenities, but yield different
amenity scores. A possible explanation for this is the building density, location of amenities,
and street network patterns vary in these design scenarios. In light of the trip-sending
simulation process, the building-level population and the degree of connectivity of the
street network determine the number of visitors to each amenity. In Urbano’s algorithm, the
building height is a determinant of the building-level population. The amenity assessment
enables designers to understand how different aspects of their design (building height,
location of amenities, and road network patterns) can impact the relationship between
supply and demand for local amenities.

Table 5. Average amenity scores of 10 representative urban design proposals.

Proposal 1 Proposal 2 Proposal 3 Proposal 4 Proposal 5

Average
amenity scores 50.1 48.1 76.7 68.3 59.3

Proposal 6 Proposal 7 Proposal 8 Proposal 9 Proposal 10

Average
amenity scores 50.2 62.5 38.6 41.3 52.1

4.3. Height-to-Street Width Ratio Assessment

Figure 11 shows the height-to-street width ratios of buildings in 10 representative
urban design proposals. It can be found that the ratio is more than 1:1 for all proposals
except Proposals 1, 6, and 9, where H/W is basically between 1:1 and 1:3. This can be
explained in two aspects. The first is that TOD promotes an increase in building density
(floor area ratio). This is directly reflected in an increase in building heights. Secondly,
the DecodingSpaces workflow leads to the uncertainty of the building heights, since it is
difficult for designers to manually assign building height values when a large number of
buildings are generated automatically. According to the algorithm of computational design
generation, the building height is determined by the FAR value and building footprint. The
building footprint is influenced by the buildable area in each plot, which has a tendency
to be random. This reflects that the generative design is not yet ideal in terms of height
control for building mass generation. Based on the results of the height-to-street width
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ratio assessment, it can be inferred that H/W tends to be desirable when the FAR is less
than or equal to 3 in the TOD design.

 

Figure 11. Height-to-street width ratios of buildings in 10 representative urban design proposals (The
x-axis represents, from left to right, the height-to-width ratio of the buildings passing from point A to B).

4.4. Visual Experience Analysis

The visual experience is difficult to measure directly through metrics, so the evaluation
framework incorporates qualitative analysis regarding residents’ visual experiences, which
is to use the variation in isovist areas to help urban designers understand the impact of
their solutions on the visual experience of residents as they walk in public spaces. The
same path as the context assessment (from point A to B) is selected for analysis. Figure 12
shows a variety of visual experiences of ten representative design proposals, which can
be mainly divided into two categories—the field of vision that gradually becomes smaller
(Proposal 2,5,6,7,8,9,10), and the field of vision with few changes (Proposal 1,3,4,5). There
are no good or bad criteria for evaluating the changes in visual experience. Designers can
make trade-offs depending on the atmosphere they want to create in the public spaces.

Figure 12. The area of isovist from point A to B in 10 representative urban design proposals.

4.5. Public Space Analysis

As suggested in the assessment methods (Section 2.1), there is no specific standard
for deciding the size and shape of public space. It depends on many factors, such as
citizen preferences, local context, aesthetics, etc [38]. The 3D model can be used as a tool
to assist the designers in decision-making. For the selection of public spaces in these ten
proposals (Figure 13), the experts have given some suggestions. First, since the renovation
site contains a variety of retail stores, the large public spaces near the street can be more
attractive to visitors than scattered small public spaces. In addition, the public spaces that
are located on the main axis can create a certain sense of sequence. Therefore, the public
spaces in Proposals 3 and 8 are considered to be suitable choices.
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Figure 13. The public spaces in 10 representative urban design proposals.

4.6. Comprehensive Analysis

Taking into account the five aspects of the evaluation framework, Proposal 1 seems
to be the optimal choice. However, this by no means indicates that it is flawless. Almost
all the generative scenarios produced irregular building forms and undesirable building
sizes in 25 iterations, which requires the designers to make further adjustments. The
deficit suggests that although the smart algorithm is informative and powerful during
the conceptual design stage, the intervention and engagement of experienced designers
should not be overlooked. It also verifies two arguments made earlier in this paper: when
considering generative urban design, one cannot focus on the road network alone and
ignore other essential factors, such as the building layouts, and one cannot rely entirely on
algorithms for design generation.

4.7. Strengths and Limitations of the Evaluation Framework

To the best of our knowledge, this is the first comprehensive framework that trans-
lates urban design recommendations for TOD into an evaluation methodology that utilizes
both data feedback and experts’ experience to guide designers in their selection of options.
Affirmatively, a relatively satisfactory proposal can be selected using this framework. The
advantages of this framework are demonstrated in two aspects. Firstly, the computational
design generation has been notoriously hard to interpret [25], which hindered its application
in real-world problems. This framework contributes to the interpretability of computational
generative urban design by providing useful explanations of generative design solutions
(in terms of walkability, amenity accessibility, open space creation, visual experience, and
hight-to-width ratio) to help designers understand their potential in TOD design. Secondly,
the shortcomings of the optimization methods in the generative urban design proposed by
previous studies are enhanced by the qualitative analysis methods and the intervention of
experts’ experience. At the same time, the framework avoids the disadvantages of completely
subjective decisions by designers (with no optimization objectives and decision criteria).

However, this assessment framework still has some areas that could be improved.
On the one hand, safety as an important aspect of TOD design is not included in this
framework due to the lack of a suitable evaluation method. On the other hand, because of
the introduction of qualitative analysis in the framework, the various dimensions cannot be
weighed in the assessment process by simply applying weights or other methods. Further
research could usefully explore in terms of these two limitations.
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5. Conclusions

Good urban design can play an important role in promoting TOD, and the enlight-
ening and objective-based optimization capabilities of computational urban design bring
new opportunities for city designers to realize good urban design. To help them better
understand the role of generative urban design in TOD, this study proposes a novel evalua-
tion framework that aims to assess and explain the use of generative design in TOD. The
findings of the evaluation process emerge from five aspects. With regard to the walkability
assessment, the walk score metric succeeds in allowing designers to filter out the generative
design options that contribute the most to the walkability of a TOD area. However, consid-
ering the equity of walkability, designers and planners need to make further trade-offs. The
amenity assessment clarifies that building heights, street network patterns, and amenity
locations in generative design can influence the supply and demand for amenities in TOD
areas. The height-to-street width ratio assessment points out the defects of generative
design, i.e., the randomness of building generation and the difficulty of controlling building
heights. For visual experience analysis, it is concluded that the impact of generative design
on people’s visual experience is difficult to quantify and there is no fixed standard. The
designer’s experience needs to be involved in the analysis. Regarding public space analysis,
it is suggested in the literature that the shape and size of public spaces are determined by
a variety of factors. Taking expert advice is the most effective way to make decisions in
public space design. By combining the results of the five evaluations, a suitable design
solution can be derived. In general, the evidence from this study strengthens the idea that
neither experts’ judgment (e.g., qualitative analysis, manipulation of architectural form
and scale) nor quantitative metrics can be absent in the evaluation process of generative
urban design solutions.

The contribution of this study is two-fold. First of all, the study proposes the first
comprehensive framework that transforms TOD urban design guidelines into an evaluation
approach to assist designers in making decisions. Second, by offering helpful explanations
of generative design solutions, the study contributes to the interpretability of computational
generative urban design and enables designers to recognize the potential of these solutions
in TOD design. Nevertheless, there is room for improvement in this framework. It could
benefit from further exploration of integrating the safety evaluation into the assessment
framework, as well as balancing quantitative and qualitative evaluations. In addition, the
method for analyzing the size and shape of public space can be further improved.
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Green Roofs as an Approach to Enhance Urban Sustainability:
A Study of Public Perception in Riyadh, Saudi Arabia
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Abstract: This study focuses on highlighting the major effects and challenges being faced in the
implementation of the green roof technique in Riyadh, Saudi Arabia. Green roofs have proven
to be energy efficient, environment friendly, and economical in a long run. Due to the increasing
global environment temperature, it has become necessary to implement such sustainable methods
that help in the achievement of urban sustainability. Saudi Arabia has seen some reluctance in the
implementation of green roofs in buildings. The reasons for not adopting this system have not been
reported as yet. To study the level of awareness among the public and the challenges they are facing
regarding green roofs, this study was taken up. A survey questionnaire was designed with a high
level of flexibility covering the key issues, including the related areas that are affected in the daily life
of a resident and also the challenges faced by the general public in the installation of such systems
in their existing or new buildings. An extensive literature review and a reconnaissance survey
were performed before shortlisting the major factors and challenges to be included in the survey
questionnaire. An overwhelming response was received from the people of Riyadh City. Almost
94% of people agreed to the fact that green roofs enhance the aesthetics of the building, and the same
number of people agreed that they play a role in controlling the air quality. On the other hand, 91%
of the respondents identified the climate of the area as the biggest challenge in implementing green
roofs on the buildings. The study concludes with strong recommendations for the local authorities to
plan quick actions. The study shall help the building owners, city planners, and policy makers in
identifying the major hurdles being faced by the residents in adopting green roofs and will help them
to provide solutions to these issues.

Keywords: green roofs; sustainable urban planning and design; urban development; public perception;
urban policy and governance; Saudi Arabia

1. Introduction

Humans have been interested in green elements since ancient times due to the close
connection between them and their surrounding nature. Plants have been the main source
of food and medicine, starting from the stages of grazing and picking fruits, then the begin-
ning of agriculture, settlements, and then the formation of societies and urban areas. Green
infrastructure approaches, whether natural or semi-natural, are often seen as common
approaches to increasing green urban areas [1]. The green roofs technique is one of these ap-
proaches to enhance a range of ecosystem services that provide environmental, social, and
economic advantages via natural solutions [2–4]. Among these services are the regulation
services such as local climate regulation [5,6] and air quality improvement [7]; provisioning
services including food and urban agriculture; the habitat services such as suitable living
spaces for wild plants and animals; and cultural services, including aesthetic improvement
and recreational spaces [4]. Nevertheless, although there are many advantages of the green
roofs technique [2,8,9], it remains untapped on the urban scale [1].
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The main structural part that determines the building’s relationship with the surround-
ing nature is the roof of the building [10]. Green roofs are one of the strategic tools that
can play an important role in creating sustainable and resilient cities [11]. Green roofs are
also named roof gardens, living roofs, and eco-roofs and are roofs with plants in their final
layer [12]. Green roofs can be defined simply as living vegetation installed on the roofs of
buildings and can offer various environmental and social, as well as economical, advan-
tages. They can be installed either by pre-cultivated systems, modular systems, or complete
systems [13]. The classic features of various types of green roofs can be measured based on
purpose, vegetation type, substrate thickness, irrigation requirement, supporting structural
requirements, and maintenance requirement [13–15], as reproduced in Table 1 below. The
concept of green roofs revolves around covering ordinary roofs with vegetation to improve
thermal insulation, protect against climatic conditions, and help absorb rainwater [16]. It
is a practical means of expanding the amount of vegetation in urban cities [13]. There are
several types of green roofs, including intensive, semi-intensive, and extensive. The main
differences between intensive and extensive green roofs are the type of vegetation planted
and the depth of the substrate [17].

Table 1. Main features of green roof types [13–15].

Criteria Specific Use Semi-Specific Use General Use

Purpose of Use Parks and Gardens Vegetation Protection Layer

Depth of Growth Media Deep (Min. 500 mm) Medium (150 to 500 mm) Shallow (20 to 150 mm)

Self-Weight Category
(Saturated)

Heavy
(200 to 500 kg/m2)

Medium
(120 to 200 kg/m2)

Light
(60 to 120 kg/m2)

Self-Weight (Dry) 140 to 325 kg/m2 90 to 140 kg/m2 45 to 90 kg/m2

Type of Plantation Small Trees, Shrubs Grass, Herbs, Shrubs Low Growing

Installation Cost High Medium Low

Irrigation Requirement Regular Periodic Little to No
Requirement

Water Holding Capacity 200 L/m2 120 L/m2 60 L/m2

Maintenance Requirements High Periodic Very High

Structural Requirements Additional Structural Support Additional Structural Support Existing Structures

Generally, there are five major components of a green roof system, which include the
grass, growth substrate, filtration layer, a layer for waterproofing, and root barrier [18]. A
detailed green roof system and all its layers are shown in Figure 1.

The green roofs approach is now widely used as a tool in urban planning strategies
due to its significant role in sustainable urban development [19]. Indeed, it has become an
increasingly popular choice in urban planning over the past two decades [20]. In dense
urban areas, the concept of green roofs has become one of the standard ways to introduce
vegetation to these areas [21]. Green roofs provide numerous benefits to the urban built
environment and offer a set of environmental, social, economic, and urban benefits [18].
The most prominent are the mitigation of urban air and noise pollution and increased
air quality [19,22], reduction of the urban heat island effect in cities [23], reduction of
building energy consumption [24–26], reduction of stormwater runoff [27,28], increase
of biodiversity and habitats [21,29,30], and provision of more spaces for amenity and
recreation [21]. Some executed examples of green roofs are shown in Figure 2.

182



Buildings 2022, 12, 2202

Figure 1. Typical cross-section of a green roof [31].

(a) (b) 

  

Figure 2. Examples of green roofs: (a) British Horse Society Headquarters, UK, and (b) Chicago City
Hall, USA [31].

The high heat of the external air in the summer is transmitted into the building through
the roof, which requires the use of a significant amount of energy to condition the building’s
interior [32]. Additionally, according to the laws of thermodynamics, in the winter, the
internal heat of the building is lost and transferred into the cold external air surrounding
the building [33,34]. Hence, energy consumption bills remain high irrespective of the
weather [35,36]. Several studies have shown that green roofs can help reduce annual energy
demand, which is either the demand for cooling in the summer or the demand for heating
in the winter [10,37–40]. For instance, Jaffal et al. [40] pointed out that green roofs help to
reduce the fluctuation amplitude of the roof slab temperature in the summer by 30 ◦C and
decrease the summer indoor air temperature by 2 ◦C, in addition to reducing roof heat
losses during the cold days in the winter and reducing the annual energy demand by 6%.

Green roofs have also appeared as an appropriate technique to fight the consequences
of pollution, traffic, and lack of green spaces because of the numerous environmental
problems facing today’s society, particularly in urban areas [41]. Although the idea of green
roofs is not new, as it was first used in Babylon and ancient Syria, it was not commonly used
in modern cities until the beginning of the seventies of the last century [42]. It is considered
one of the appropriate measures to increase the environmental resilience of cities that
depend mainly on nature [43]. Several recent studies considered green roofs as one of
the important aspects of mitigating the microclimate in urban areas. Berardi mentioned
in his study that green roofs have positive effects both on the residents’ thermal comfort,
because it reduces the air temperature by 0.4 ◦C, and the building energy consumption, as
it can also be reduced by 3% [44]. Moreover, the combination of greenery at the pedestrian
level with green roofs can increase the advantage of the surrounding microclimate with an
ambient temperature decline up to 2 ◦C, according to Alcazar et al. [45].
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2. Literature Review

Numerous studies have explored the economic advantages arising from the application
of the idea of green roofs. For instance, Wong et al. [46] compared the installation cost of
green roof systems with traditional thermal and waterproofing roof treatments and found
that the cost of a green roof system is lower considering the lifespan of the building. Other
authors [47,48] concluded that the most effective benefit of green roof systems is energy
saving, which results in an economical and sustainable environment inside and outside
the building. Clark et al. [49] pointed out that the layers of green roofs protect the roof,
which can increase the longevity of the roof from 20 to 40 years. Furthermore, green roofs
can reduce exposure to sound inside and around the building [50] and, consequently, can
increase the real estate value of the building from 6 to 15% [3]. In the sustainability context,
Hegyi et al. [51] pointed out that green roofs successfully meet the principles of sustainable
development. In a global context, there has been a growing interest in urban greenery
in recent years, even in water-limited climatic regions [21]. As mentioned earlier, green
roofs help in reducing energy consumption during hot climates, the energy consumption
reduction values turned out to be between 6.5 and 17% for a case study in Guangzhou,
China [52], a four-story representative building in Amman, Jordan [16], and a three-story
building in Iran [53]. Another study in Madrid, conducted by Oberndorfer et al. [54],
reported that green roofs could reduce the cooling requirement by 6% in the summer for an
eight-story residential building. The study showed that the required cooling was reduced
by 25%, 9%, 2%, and 1% for the first four floors, respectively, located just below the green
roofs and was reduced by 10% for the entire building. Furthermore, green roofs have been
recommended, required, and subsidized in several cities, including Tokyo, Stuttgart, Basel,
Portland, and Toronto [12,18].

In many well-developed countries such as Singapore, the applications of green roofs
in building construction are well established [13]. The first major green roof installed in
Singapore was on the existing roof of a multistory car park. The project, sponsored by the
Housing Development Board, was meant to encourage the application of green roofs in the
country, in which the results showed that the installed green roof had to decrease the visible
radiation significantly recorded on the facades of the residential area. Australia is also
one of the developed countries that have adopted green roof implementation. Alexandri
and Jones [55] reported that most major cities in Australia have hot and dry summers,
which is very suitable for developing green roofs, as it will reduce the temperatures of
these cities and reduce energy consumption as well. However, on the other hand, most
developing countries are still exposed to many issues related to land constraints, which lead
to increased competition for land between green areas and infrastructure developments [13].
Therefore, currently, there is interest in the subject of green roofs, and this interest is evident
through associations, conferences, and competitions all over the world [12].

In the Kingdom of Saudi Arabia (KSA), most of the buildings use reinforced concrete
on their roofs, which is not suitable for the air temperature in the region that reaches
50 ◦C, as it is considered a structural element with a high thermal conductivity coefficient.
Therefore, it was found that 70% of the total electricity consumption in buildings in KSA
is to meet the demand for air conditioning [10]. Several other studies [56–60] emphasized
the need to review the requirements for the design and construction of the building roofs
in KSA in terms of thermal conductivity and to identify the modifications and structural
specifications necessary to improve its efficiency, especially concrete ones, whether it was
according to the traditional methods using steel rebar, or it is strengthened according
to modern methods using steel fiber reinforced concrete or nonmetallic fiber reinforced
concrete. One of the environmentally preferred options is to convert traditional roof designs
into green roofs that comply with the country’s approved thermal conductivity standards
and are compatible with the atmosphere of the region, with attention to the impact of that
on the mechanical properties of the reinforced concrete or the plain concrete [10].

Although some nongovernmental or official bodies have called for the need to imple-
ment strategies that promote the creation of sustainable and resilient cities such as green
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roof systems, especially in residential buildings that represent the largest sector, there is
still a significant delay in this field compared to other countries. Recently, the Saudi con-
struction sector in general, and the residential sector, in particular, have witnessed steady
and remarkable growth [61]. The residential sector is growing in parallel to the steady
increase in the population, which has been proposed to be around 2.5% per year [62,63].
As a result of the region’s climate, the residential sector in KSA consumes high levels of
energy to meet the high demand for cooling and heating, which results in high rates of CO2
emission [60]. According to Asif [64], nearly 50% of the total national energy generation is
consumed by residential buildings alone. This can be attributed to the energy cost in KSA,
which is relatively cheap when compared to other parts of the world due to its rich oil and
gas reserves and government subsidies [61,65].

However, the situation has changed swiftly over the past few years, especially after
the surfacing of the Saudi Vision 2030, approved by the Saudi Council of Ministers in 2016.
The vision encompasses three major themes: a vibrant society, a thriving economy, and an
ambitious nation. The energy conservation strategies are part of the first theme [64]. The
vision has adopted many programs, initiatives, and construction projects that enhance the
efforts to achieve the desired goals, and there were targets to remove about USD $53 billion
of energy subsidies by 2020 [61,66]. KSA is now keen to reduce the increasing demand from
the building sector, especially the residential sector, through the use of sustainable and
energy-efficient strategies [61,65]. The concept of green roofs can be promoted as one of the
options for energy saving in KSA through which energy consumption can be beneficially
managed, along with the adoption of educational programs, to enhance people’s perception
and attitudes toward this option.

People’s perception can be viewed as how people interpret, distinguish, critique,
and analyze their environments according to their core values of adaptation to those
environments [67]. People’s expectations and preferences regarding green roof technology
are very important especially for planners and designers when designing support systems
for this type of technology or when setting up mandatory planning permissions [21].
Previous studies on people’s perception of green roof technologies in urban areas have
shown that it is highly correlated with people’s socioeconomic factors, such as the level of
income [68]. There are also some studies [69,70] that indicate that people’s perception of
the idea of green roofs in urban areas is related to the extent of knowledge about the system.
However, this study hypothesizes that there are differences in the perception of green roof
technologies and systems among different members of society due to other reasons, which
the study seeks to discover.

The green roofs technique is relatively new in KSA, and it is believed that there is a lack
of studies that shed light on the different aspects of this technique. Mahmoud et al. [61]
pointed out that the green roofs technique is one of the sustainable building techniques
that has not been appropriately explored and highlighted up to now. Therefore, the
present study’s target is to fill this research gap and build upon the literature. The present
study aims to explore people’s awareness of the green roof technique as a tool for urban
sustainability and their willingness to adopt such a technique in KSA using Riyadh, the
capital of KSA and the largest city, as a case study. Moreover, this study analyzes the
relationship between demographic features and expectations of people concerning the
contribution of green roofs to urban life quality and determines the benefits of such a
technique. The first part of the study presents an overview of related concepts, such as
green roofs, urban sustainability, and people’s awareness, which will be discussed within
the literature. This will be followed by describing the main methodology for data collection
and analysis. Subsequently, the paper presents and discusses the main findings of the study
and concludes with some recommendations for improvement and better planning.
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3. Research Methodology

3.1. Study Area

The current study is focused on Riyadh, KSA. It is located in the eastern part of the
central region, which lies in the middle of KSA, as shown in Figure 3. Riyadh is located
between 34◦38′ North and 46◦43′ East [71]. The city is the capital of the country and is
considered to be one of the fast-developing cities in the world [72].

Figure 3. Location of Riyadh, Saudi Arabia, on a world map.

The population of Riyadh was estimated to be about 7.4 million in 2020, and it is
expected to reach 10 million in the next few years, and they live in a total area of about
2435 km2 [60]. Riyadh has an arid hot climate, where the average monthly temperature
reaches 45 ◦C during the summer. This high temperature leads to high energy consumption
for cooling indoor environments, which ultimately leads to high rates of carbon dioxide
emissions, especially in residential buildings not only in Riyadh but in most major cities in
the country.

In the past five decades, Riyadh has experienced significant demographic and physical
growth and faced numerous issues in the process of urbanization. The rapid urban expan-
sion of the city, in addition to the limited spaces in the built environment, led to a decrease
in the percentage of green areas in Riyadh, which led to the emergence of many urban
problems, including environmental and visual pollution, which, in turn, affected the rise in
temperatures and the emergence of the so-called urban heat island phenomenon. Despite
the presence of green spaces in Riyadh, represented by gardens and parks, it is relatively
few compared to the size and expansion of the city, especially in light of the difficulty of
creating additional spaces within the existing built environment. Therefore, due to the
small amount of green space in Riyadh, as well as the lack and shortage of available land in
the city and the issues of land use allocation, the development of green roofs is considered
one of the important and useful approaches that can be adopted.

3.2. Methodology and Data Collection

This study aims to explore people’s perceptions of the green roof technique as a tool
for urban sustainability and their willingness to adopt such a technique in KSA using
Riyadh as a case study; thus, the population interested in this study is Riyadh residents.

The questionnaire survey technique was employed for this study, which is considered
to be one of the widely used methods for the collection of data, as already experienced
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by various researchers [73–75]. Alqahtany [60] indicated that the questionnaire survey is
one of the useful tools for collecting data about people, their opinions, perceptions, and
attitudes in a systematic way on a particular issue.

The basic data were collected by conducting a reconnaissance survey from the study
site regarding the problems and challenges being faced by the residents related to green
roofs and their applications. The residents included the general public who represent the
domestic and commercial sectors of the area. The data included the list of problems being
faced by the residents regarding green roofs. The shortlisted factors were obtained by
comparing the response of the people recorded during the reconnaissance survey. The
common factors found in both phases were considered to be the most important factors to
be included in the online survey questionnaire.

The questionnaire was intended to be understandable for ordinary people and was
designed around four key sections, including respondents’ general social and demographic
characteristics, characteristics of the respondents’ houses, people’s perceptions of the green
roofs technique, and people’s aspirations and willingness to adopt the technique. Open
and closed-ended questions were designed for the questionnaire to achieve the required
objectives. The survey was distributed randomly to the public coming from various walks
of life. The respondents were given the opportunity of keeping their identity anonymous,
and they were able to leave the survey at any time if they felt they could not answer any
questions. Additionally, people had the opportunity to write additional responses that
went beyond these predefined choices and expressed their opinions. The methodology
followed for the study is shown in Figure 4.

 
Figure 4. Research methodology followed for the study.
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The survey questionnaire consisted of two types of questions. Both questions were
based on a Likert scale, and the respondents were required to answer on a scale of 1 to
5 representing Strongly Disagree, Disagree, Do Not Know, Agree, and Strongly Agree,
respectively, for Q-1, whereas 1 to 5 represented No Effect, Low Effect, Medium Effect,
High Effect, and Very High Effect, respectively, for Q-2. The format of the online survey
questionnaire is shown in Table 2.

Table 2. Survey questionnaire used for the study.

Sr. No. Question
Scale

5 4 3 2 1

Q-1
In your opinion what are the effects of adopting Green Roofs on the
general environment of the building related to the following areas?

a Increase in the Value of Building � � � � �
b Availability of Additional Space for Recreation and Amenities � � � � �
c Improvement in Aesthetic Features of Building � � � � �
d Reduction in Rainwater Runoff � � � � �
e Reduction in Electricity Bills � � � � �
f Reduction in Energy Consumption of Building � � � � �
g Enhancement of Ecology and Sustainability in Built Environment � � � � �
h Improvement of Air Quality and Reduction in Air & Noise Pollution � � � � �
i Positive Effect on City’s Climate � � � � �

Q-2
To what extent do the following factors affect the application of green
roof systems in buildings?

a Safety and Security � � � � �
b Climate of the City � � � � �
c Irrigation System � � � � �
d System Weight � � � � �
e Maintenance � � � � �
f Installation Cost � � � � �

For statistical analysis, the response mean and response standard deviation were
calculated by using Equations (1) and (2), respectively [76].

x =
Σx
n

(1)

σ =

√
Σ(x − x)2

n − 1
(2)

where x is the corresponding value provided by the respondent, and n is the total number
of respondents for a specific question.

Moreover, the response percentage obtained for all questions was assessed separately,
and the factor that received the highest number of selections was considered on highest
priority. Along with this, the response to all questions was compared together as well, by
using the method of weighted averages (WA). The following equation was used to calculate
the WA of each factor.

Aw =
∑(Ri n)

∑ Ri
(3)

where Aw is the weighted average, Ri is the number of respondents for a specific level n of
the Likert scale, and n ranges from 1 to 5.

4. Results and Discussions

A total of 380 people submitted their responses, which included people of all ages,
gender, and professions living in Riyadh. The demographic data of the respondents, as
shown in Figure 5, show that almost 65% of the respondents belong to the age group of
35–45 years, which is a young and experienced class of highly educated people who have a
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good understanding of the environmental sustainability and are well aware of advanced
technologies and the effect of green roof buildings. More than 75% of the respondents are
employed in various sectors, and almost 55% of them are earning USD 30,000 or more
per annum.

  

 

 

Figure 5. Demographic details of the respondents.

A few initial questions were designed to know the current status of residents regarding
their living in Riyadh, as shown in Figure 6, and 73% of people were found to be living in
comparatively bigger houses like villas or detached duplexes, while 64% of people disclosed
that they own the property in which they are living. Regarding the size of the houses, 51%
of people are having a house size of 250 to 500 sq. m., whereas 33% of the people living in a
house having an area of more than 500 sq. m. These stats show that the respondents seem
well settled and have a good standard of living and are well educated; hence, the acquired
responses for Questions 1 and 2 are considered reliable and well justified.
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Figure 6. Existing housing stats of the respondents.

A descriptive statistical analysis was also performed for the demographic and existing
housing stats of the respondents, as shown in Table 3. The values mentioned in the
Response Mean column are the average of the Likert scale values opted by the respondents.
For better clarification, the second column shows the interpreted average value of each
parameter. The lower values of response standard deviations show that the responses are
quite close to each other, which implies that the opinion of one resident does not deviate
from the others to any larger extent.

The average values of the characteristics of the respondents in Table 3 show that the
respondents are well mature, with an average age of 41 years, are well educated, and earn
a good annual income. Additionally, the average number of respondents reside in duplex
houses of suitable size. Hence, the data obtained from the sample of the population who
completed the survey are eligible for further analysis.

Table 3. Descriptive statistical analysis results.

Parameter Response Mean (
¯
x) Average Value Response Standard Deviation (σ)

Age Bracket 2.72 41 Years 1.11

Education Level 2.74 Bachelor’s Degree 0.9

Employment Status 2.45 Employed 1.08

Annual Income 2.79 USD 46,000 1.48

Housing Type 2.15 Detached Duplex 1.18

House Size 2.23 615 sq. m. 0.81

A brief discussion is presented on the response to the major questions of the survey.
Question 1 was designed to get public opinion on the effects of adopting the concept
of green roofs in the building. The overall study of the results obtained for Question 1
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shows that people were excited and pleased with the concept. However, a significant
trend can be seen in the results, shown in Figure 7, that the public is concerned with the
aesthetics of the building enhanced by green roofs more than its technical benefits. The
points related to the improvement in aesthetics of the building, availability of space for
recreation, and improvement of air quality received more positive responses than any other
options with a value of at least 94% of people agreeing to them. On the other hand, the
points related to the technical aspects of the green roofs, including the increase in the value
of the building, reduction in rainwater runoff, energy consumption, and electricity bills
remained comparatively low opted points, with a value of almost 75% each. It is also
necessary to mention that these points received a neutral response from almost 15–17% of
people. The reason could be that 15% of people are less than 25 years of age, as they are
students studying in high school and have not taken any technical studies yet, as shown in
Figure 5, so this high percentage of neutral responses can be ignored, and the value of 75%
is still considered reliable and comparative to all other options.

Figure 7. Response percentages for survey Questions 1 and 2.

191



Buildings 2022, 12, 2202

Question 2 was designed to observe the public opinion on a few factors that they might
take as a challenge in adopting the concept of green roofs in their houses. Almost 73% of
people said that the climate of the city is the most challenging factor in Riyadh, as shown
in Figure 7. As the city lies in an arid and hot climate zone, the environmental temperature
genuinely affects various other factors related to it as well, including irrigation of green
roofs and the selection of the type of grass and plants that can sustain the hot weather,
including its maintenance. These both points stand second and third in the list with 70%
and 64%, respectively. People are least concerned with the weight of the green roof system
on the structural elements of the buildings. Only 53% of people showed this concern.

For a better comparison, the responses obtained for Questions 1 and 2 were converted
to weighted average (WA) by using Equation (3) to obtain one of the listed factors having
the maximum influence as per the public opinion, as shown in Figure 8. It can be seen that
the WA for a few of the options is peaking as compared to others.

Figure 8. Weighted averages for responses on Questions 1 and 2.

These options having the highest WA were rated the highest priority by the respon-
dents. The highest strength of response was found for Q-1(c) with a WA value of 4.49,
where people agreed to the fact that green roofs increase the aesthetics of the building. As
the second priority, people selected green roofs to provide additional space for recreation,
and it also helps in decreasing air and noise pollution with a WA of 4.44. Figure 8 shows a
peak WA value of 4.02 for Q-2(b) as well, where people consider the climate of the region
as the biggest challenge in adopting green roofs.

At the end of the survey, two very direct but important supplementary questions were
asked of the respondents. The first one was to get their willingness in installing green roofs
on their houses, and the second was related to their opinion regarding recommending
someone to install this system on their building. A very interesting response was obtained
for these questions, as shown in Figure 9. Despite knowing all the benefits and positives
of green roofs, people are hesitant to adopt this system in their homes as yet. Although
the majority of the respondents are willing to adopt this system and were positive in
recommending others to adopt it too, there is a significant number of people who are
still confused and have opted for the third option of Do Not Know. The percentage of
people who agreed to recommend green roofs to others was 61%, which is higher than
the percentage of people who were willing to apply this system in their houses, which
stands at 50%. This is completely understandable and shows that the people are aware of
the benefits of such systems, but their financial liabilities are high and prevent them from
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applying it for themselves at their homes. Moreover, it was observed that many existing
buildings have mechanical equipment fixed on the roofs, including outdoor units of split
air conditioners, chillers, water pumps, and water tanks, which the owners think would
be a huge task to relocate. This is counted as another reason for the comparatively low
willingness level of owners to install green roofs at their existing buildings.

 

Figure 9. Response to supplementary questions.

5. Research Extension and Future Considerations

The study mentioned in this research article is completely extendable, and a lot more
options can be included in future research of a similar kind. It was seen during the results
and analysis phase that, although a good amount of people were highly educated who
submitted their responses, there is an opportunity of including people with low education
levels who own big houses or commercial properties in future research. More female
respondents can also be targeted, or there may be separate analyses for male and female
respondents, and research presenting analytical comparisons of the responses based on
gender can be produced. The current research would help future researchers prepare a
complex survey questionnaire for further study. Moreover, the current results are based on
380 responses, the target of minimum responses could be set to at least 600 responses for
future works. Increasing the sample size would produce many reliable results.

6. Conclusions and Recommendations

In this study, an extensive literature review followed by a survey analysis was per-
formed to explore the idea of implementing green roofs and the relevant challenges being
faced by the general public. Based on the literature, the study found that the green roofs
technique is a practical means of expanding the amount of vegetation in urban areas, and it
has become a well-known approach in sustainable urban development approaches in recent
decades. In this study, it is believed that green roofs can provide a lot of advantages, for
instance, the mitigation of urban air and noise pollution, increase in air quality, reduction of
the urban heat island effect in cities, reduction of building energy consumption, reduction
of stormwater runoff, an increase of biodiversity and habitats, and provision of more spaces
for amenity and recreation.

The public response received through the survey was a mix of different opinions.
Clearly, the majority of the population of Riyadh understands the benefits related to green
roofs, and they have shown a positive response to a few factors. Almost 94% of people
agreed with the fact that green roofs enhance the aesthetics of the building, and the same
number of people agreed that they play a role in controlling the air quality. Similarly, 93% of
people that green roofs provide additional recreational space in the building. On the other
hand, 91% of the respondents identified the climate of the area as the biggest challenge
in implementing green roofs in the buildings. However, despite knowing the benefits, a
good number of people are still hesitant in installing such systems in their houses with
41% of people who are still not sure if they should go for green roofs on their buildings or
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not. This is because there is still not much awareness in the general public and there is no
applied example in the area as yet.

Based on the results, it is recommended that the local authorities must initiate strong
campaigns in favor of such technologies at least for the new buildings or the buildings
under construction. They must educate people about the benefits these green roofs can
provide. In addition to this, the authorities must facilitate the residents and house owners
in designing, executing, and installing such systems. With their help, the process shall
progress quickly.

The study strongly believes that, in Riyadh and KSA in general, the possibilities of
adopting the concept of green roofs are increasing, as there is awareness of the sustainable
built environment and urban sustainability in general, especially in light of the Saudi Vision
2030. A little interest from the local authorities is required to provide it with a wider reach.
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Abstract: China fully built a wealthy society but faced a serious COVID-19 epidemic together
with the rest of the world. The emergence of the epidemic highlights the importance of sports
parks for physical activity. By reviewing national fitness policies and identifying several types
of sports parks, this paper investigates urban dwellers’ usage and preferences in sports parks by
means of a questionnaire, with behavioural observation and interviews as complementary research
methods. Taking the Beijing Olympic Forest Park, Sun Park, and Huilongguan Park as examples, this
study reveals that participants present a high overall satisfaction with the sports parks. The factor
analysis indicates that Sports Facilities and Maintenance & Management are the first and second
most significant factors influencing residents’ willingness to use sports parks. This research can guide
the planning and construction of sports park in the future.

Keywords: post-occupancy evaluation; semantic differential method; sports parks

1. Introduction

1.1. National Fitness Policies in China

Promoting the construction of a healthy China is the foundation for truly building
a wealthy society and realizing socialist modernization. It is also a national strategy to
improve the health of the Chinese nation and achieve coordinated development of people’s
health and the social economy. China also presents a vision for how it can participate
actively in global health management and fulfill its international commitments in the
2030 Agenda for Sustainable Development [1]. With the influence of the Olympic spirit
and advocacy for the national fitness movement, people have become more concerned
about physical activity. The pursuit of personal physical and mental health and well-being
has become a popular new value in relation to sports. Therefore, promoting the concept
of a healthy lifestyle has brought about increased participation in fitness and exercise
and has inspired many sports enthusiasts [2,3]. With the launch and implementation
of a series of national fitness policies (see Table 1), the number of people who regularly
participate in sports and exercise, the area of sports venues per capita, and the total scale
of the national sports industry have all increased significantly (see Figure 1). With policy
encouragement and continued capital investment, mass sports centres, sports parks, and
other sports-related facilities were constructed for physical activity as well as for urban
leisure lifestyles, which are of strategic importance for the quality of life in our increasingly
urbanized society [4].
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Figure 1. Summary of the development of national fitness and trends in China.

Table 1. Summary of key National Fitness policies in China.

Report Issue Department Issue Number Release Date

The National Fitness Program (2021–2025) [5] China’s State Council [2021] No.11 3 August 2021

The implementation plan for the national
fitness facilities to supplement the

shortcomings during
the 14th Five-Year Plan period [6]

National Development and
Reform Commission [2021] No. 555 20 April 2021

Opinions on Strengthening the Construction of
National Fitness Venues and Facilities to

Develop Mass Sports [7]
China’s State Council [2020] No. 36 10 October 2020

Opinions on promoting national fitness and
sports consumption and promoting the

high-quality development of
the sports industry [8]

China’s State Council [2019] No.43 17 September 2019

Health China Action Task (2019–2030) [9] Health China Action
Promotion Committee N/A 9 July 2019

Outline of the “Healthy China 2030” Plan [10] China’s State Council N/A 25 October 2016

The National Fitness Program (2016–2020) [11] China’s State Council [2016] No. 37 15 June 2016

The National Fitness Program (2011–2015) [12] China’s State Council [2011] No. 5 15 February 2011

National Fitness Regulations [13] China’s State Council National Order No. 560 13 August 2009

Outline of the National Fitness Program [14] China’s State Council [1995] No. 14 20 June 1995

1.2. Sports Parks—A New Place for National Fitness

From leisure urban parks and national fitness centres to gymnasiums, a variety of
places for physical activity have been provided to urban dwellers in China. Sports parks
not only bring vitality to existing urban parks, but also provide a new testing ground for
inter-disciplinary integration and interactive applications of technology, and they upgrade
and transform the sports industry. Sports parks are parks that are themed around physical
fitness. They are built on green land with vegetation, provide facilities for competitive
sports and physical exercise, and are open to the public for free or at a low cost, to meet
the needs of residents for rest, excursions, and exercise [15]. Promoting the construction of
sports parks is of great significance in meeting the people’s growing demand for sports
and fitness and in improving the quality of people’s lives. The National Development and
Reform Commission asserts that around 1000 more sports parks will be constructed by
2025 [16]. As an important space for conducting physical activity, the spatial planning of
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sports parks has become a prominent issue in the transformation of China into a strong
sporting nation [17]. The people’s increasing demand for healthy lives, national fitness as a
national goal, diversified integration, and upgrading of the sports industry, etc., all provide
important support for the design and construction of sports parks in China.

Even though the official report on sports park design and planning guidelines remains
unpublished, researchers and designers have started to consider the classification of sports
parks in their own ways and attempt to summarise the rules and past experiences in sports
park planning. As a means of practicing the concept of a healthy China, construction of the
sports park is one of the key measures to relieve the pressure of urban land construction [18].
Existing urban public spaces and communal social spaces are all ideal places for adding
sports elements. In general, sports parks can be classified into three types: (1) Legacy Sports
Park (LSP): This is a place where at least one major sports event occurred before, and which
was transformed into a park with a legacy for urban dwellers’ tourism as well as for their
daily physical activity. Unlike other categories of sports parks, one or more professional-
level stadiums exist here and are in use for hosting sporting competitions [19,20]. (2) Urban
Leisure Sports Park (ULSP): In response to the National Fitness Program, existing urban
leisure parks have been upgraded with extra sports facilities for urban dwellers’ physical
activity. In addition to holding sports competitions regularly, these parks are mainly open
to citizens for daily physical and leisure activities [15,21]. (3) Community Sports Park (CSP):
This is a new type of community park with exercise through sports as the main function,
using landscaping combined with various outdoor sports fields (including basketball courts,
badminton courts, table tennis courts, etc.) on separate land [22–24].

The sports park in China was identified and developed through a process of transfor-
mation from high-speed growth to high-quality development. The number of sports parks
in China has been increasing in the last decade. The State Council of China issued the Na-
tional Fitness Plan (2021–2025) to explain that China will continue to construct new sports
parks, expand more than 2000 existing sports parks, and add fitness venues and facilities
in urban parks to promote physical activity and improve public health [5]. Meanwhile,
how to design layouts and improve service quality at sports parks to promote people’s
involvement in the national fitness program is a new challenge for the development of
sports parks.

Research on spatial environments as well as evaluations of sports parks were previ-
ously conducted by international academics. Theoretical research and practical exploration
of sports parks in Japan [25], the United States [26,27], and other countries [28–30] have
explored different sports park management and operation models.

Evaluation systems such as the Physical Activity Resource Assessment (PARA) [22],
the Recreation Facility Evaluation Tool (RFET) [31], the Environmental Assessment of
Public Recreation Spaces Tool (EAPRS) [32], and the Bedimo-Rung Assessment Tools
(BRAT) [33] have been applied to focus on park environmental characteristics along with
non-physical factors, including park facilities, leisure time available, aesthetics, sense of
security, and proximity to the park, etc. [34] Many scholars in China have studied the
classification, characteristics, and management modes of sports parks in the form of case
study analysis [17,24,35–37]. They have conducted practical work on sports parks based on
sports industry policy planning to explore sports park design strategies [23,24,38–40].

More research on sports parks in China should be conducted in advance of publishing
the national policies, guidelines, and programs, especially at the beginning of the period of
their high-quality development. The quality of sports parks here refers to the significance of
their contributions in improving the urban living environment and increasing residents’ ex-
pectations for better lives [24]. The COVID-19 pandemic has made people more concerned
about their health. People chose a “slow life” model and were limited to public places to
avoid being infected. Consequently, it has been necessary but challenging for researchers
to do field studies during the pandemic. How people perform physical activity, what their
subjective preferences are for existing sports parks, and what the determining factors are in
people’s willingness to select and use sports parks remain unclear. The objectives of the
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study are: (1) to record physical activity behaviour patterns; (2) to examine users’ subjective
perceptions of existing sports parks based on the Semantic Differential method; (3) to
explore the factors that influence users’ willingness to use sports parks. The findings of this
study will provide a spatial optimization strategy for sports parks planning, construction,
and management.

2. Materials and Methods

2.1. Study Area

The Beijing Olympic Forest Park, Sun Park, and Huilongguan Park were selected as
case studies (see Figure 2) to conduct a quantitative survey on behavioural demand and
functional space of sports parks in China.

 

Figure 2. Site plan of the Beijing Olympic Forest Park (left), Sun Park (middle), and Huilongguan
Park (right).

The Beijing Olympic Forest Park is the legacy of the 2008 Beijing Olympic Games as
well as the 2022 Beijing Winter Olympic Games. As a large, manufactured nature park
situated at the north end of the Olympic Green in Beijing, the park consists of the south,
central, and north parts, with many walking paths, competition venues, and leisure facilities
for urban dwellers. It has a strong brand effect that attracts tourists from all over the world.
Meanwhile, it is also a place for public fitness and leisure use.

Sun Park is a ULSP built in 1984. Over 85% of it is green space, with a total area of
288.7 ha, which includes 68.2 ha of water surface area. The layout of the park has changed
over time. In 2008, Sun Park was part of the Beijing 2008 Olympic Games and was the venue
for the beach volleyball competition. After the competition, a beach volleyball theme park
was built to serve as a model of post-game utilization. Now, a well-designed landscape
and pedestrian walkway is proposed as part of the National Fitness program, which would
be open to the public and mainly used for regular recreation and sports exercise by locals.

Huilongguan Park is a CSP with sports facilities, green spaces, and recreational
footpaths built in the last two years. With over 50 ha of green space, the total area of
Huilongguan Park is 80 ha, which includes a variety of sports facilities: four outdoor tennis
courts, four full basketball courts, 30 badminton courts, 3000 m2 of roller-skating space,
10 table tennis tables, as well as leisure pathways. In response to the call of the national
fitness program to meet the requirements of people’s physical activities, an innovative com-
mercial management and operation model was proposed to support leisure and exercise
spaces for the surrounding residents.
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2.2. Data Collection

The main data collection tool is a questionnaire. Behavioural observations and in-
terviews were used as complementary research methods, mainly during the pilot study
to understand how urban dwellers used the sports park as part of our search for key
places to disseminate the questionnaires. The questionnaire was divided into three aspects:
basic information on respondents (including gender, age, education level, income status,
occupation, etc.), sports park usage (including the distance between residence and sports
park, time, mode and frequency of visit, purpose of visit, how to get information about
sports park, etc.), and a scale with evaluation factors (including evaluation of overall park
perception, sports facilities, and park facilities).

All questionnaires were distributed and collected on-site. When the respondents
filled out the questionnaires anonymously, we explained the parts of the questionnaires
that were not clear to the respondents to ensure that they understood and filled out the
questionnaires accurately. In response to the epidemic prevention and control requirements,
all researchers wore masks throughout the process, kept a safe distance of more than one
meter from the interviewees, and completed data collection in the form of speaking out
the questions and filling in the questions on the respondents’ behalf. A pilot study was
done to find ways to improve the design of the questionnaire in advance of its formal
distribution. The researchers studied three representative sports parks of diverse types, the
Beijing Olympic Forest Park, Sun Park, and Huilongguan Park, covering five time periods
on weekdays as well as weekends between August and September 2021. The time slots
were 6 a.m.–9 a.m., 9 a.m.–12 a.m., 12 a.m.–3 p.m., 3 p.m.–6 p.m., and 6 p.m.–9 p.m. The
location of the questionnaire distribution covered, as much as possible, all physical activity
areas, including the square spaces, specific exhibition areas, fitness footpaths, children’s
playgrounds, sports facilities, stadium areas, etc. Respondents were selected carefully to
involve all age groups to ensure the representativeness of the sample.

2.3. Analysis Tools

Valid responses to the questionnaires were analysed according to the following steps
(see Figure 3). Firstly, the basic information on respondents and sports park usage in the
first two parts of the questionnaires were analysed statistically to gain insight into urban
dwellers’ daily usage of the sports parks. Secondly, the mean scores of the evaluation
factors in the overall perception of sports parks, sports facilities, and park facilities were
calculated. A Semantic Differential score method (SD) evaluation line chart for assessment
of sports park facilities was drawn to indicate participants’ subjective preferences for the
sports parks. The SD method is a research method created by American psychologist
Charles E. Osgood and his colleagues, which uses semantic differentiation scales to study
the meaning of things [41]. By focusing on subjective evaluation, with the advantage
of easy administration and relatively fast Question & Answer sessions, this method is
especially suitable for measuring emotional and behavioural aspects of attitude [42] and
has been applied to research in the fields of architecture and environment [43–45]. The
method quantitatively measures human perception through linguistic scale analysis, clearly
reflecting the research objectives. We assigned a semantic scale to sports park-related
factors by using adjectives and their antonyms that describe the users’ preferences for
sports park usage. The scale measures respondents’ psychological feelings by counting
and analysing the differences between the two adjectives chosen by the respondent, thus
transforming the respondents’ perceptual evaluation of space into a value that can be
analysed quantitatively [46,47].
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Figure 3. Research design.

The evaluation factors of the scale were generated based on the literature from two
databases, the Web of Science (WoS) and the China National Knowledge Infrastructure
(CNKI). Consequently, 26 evaluation factors were first selected as the indicators to eval-
uate the sports parks. According to Lenno, the sources of bi-polar adjectives about the
affective dimension of evaluation factors are both the literature and the participants [48].
Then, by summarizing the views of scholars as well as the results of the pilot tests, the
affective dimension of three major categories, namely the overall perception of sports parks,
sports facilities, and park facilities, 14 pairs of adjectives were finally designated to report
through a five-point rating Likert scale: unpleasant–pleasant, inconvenient–convenient,
monotonous–diverse, dangerous–safe, dirty–clean, uncomfortable–comfortable, crowded–
spacious, insufficient–sufficient, gloomy–bright, undemanding–demanding, bad–good,
disordered–ordered, inapparent–apparent, difficult–easy. Semantic differential scores were
transformed to fit a scale ranging from −2 to +2, which are easier to interpret with a
neutral point at zero (0). The system is divided into three major categories, including the
overall perception of sports parks, sports facilities, and park facilities, containing a total of
17 evaluation factors (see Table 2).

Table 2. Semantic evaluation factors.

Category No. Evaluation Factors Adjectives Pair

overall perception of
sports park

1 Fitness and leisure atmosphere Unpleasant—Pleasant

2 Convenience and accessibility Inconvenient—Convenient

3 Types of activities Monotonous—Diverse

4 Sense of security Dangerous—Safe

5 Cleanliness Dirty—Clean

sports facilities

6 Types of sports facilities Monotonous—Diverse

7 Comfort of sports facilities Uncomfortable—Comfortable

8 Space between sports facilities Crowded—Spacious

9 Number of sports facilities Insufficient—Sufficient

10 Brightness Gloomy—Bright

park facilities

11 Commercial facilities Undemanding—Demanding

12 Children’s facilities Unpleasant—Pleasant

13 Landscape design
and greening Bad—Good

14 Maintenance and Management Disordered—Ordered

15 Safety signs Unapparent—Apparent

16 Public restroom arrangement Different—Easy

17 Lounge seating arrangement Insufficient—Sufficient
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Thirdly, the Exploratory Factor Analysis (EFA) method was employed using IBM SPSS
Statistics 26 to reduce the dimensionality of the main factors affecting the willingness of
people to use sports parks. The EFA was conducted to define the underlying constructs
and identify possible factors using the Principal Component method with promax rotation.

Finally, a multiple linear regression method was employed to analyse the impact of
the factors on the willingness to use sports parks. Multiple linear regression analysis is a
process to find the linear relationship between two or more independent variables and a
dependent variable [49]. The method determines the direction of the relationship between
the independent variable with the dependent variable, whether each independent variable
can predict the value of the dependent variable.

3. Results

3.1. The Usage of the Sports Parks

In total, 270 responses to the questionnaire were collected with a 100% return rate and
241 valid questionnaires. Among them, 99 were collected from the Beijing Olympic Forest
Park (valid number: 91; validity rate: 91.92%), 90 from Sun Park (valid number: 77; validity
rate: 85.56%), and 81 from Huilongguan Park (valid number: 73; validity rate: 90.12%). The
ratio of male to female participants is 1.1:1. Young people aged between 18 and 35 years
and older people aged 56 years and above were the main respondents, accounting for about
71% of all respondents (see Table 3).

Table 3. Basic information and the number of respondents in three parks.

Category Classification Olympic Park Sun Park Huilongguan Park

Gender Male/Female 41/50 47/30 39/34

Age
18 years old and

below/18–35/36–55/56 years old
and above

7/40/21/23 5/36/13/23 9/32/15/17

Educational level
Junior high school and below/

high school/college/undergraduate/
graduate and above

6/14/15/36/20 4/7/15/41/10 8/11/13/33/8

Working Status Retired/Working 25/66 24/53 16/57

The distance from residence of the participants to the sports park and the number
of participants in different age groups at different time periods are shown in Figure 4.
As one of the most famous tourist attractions in Beijing, the LSP had a magnetic power over
urban dwellers be like tourists; the same was true for visiting and engaging in physical
activity at the Beijing Olympic Forest Park. Nearly half of the respondents lived more than
5 km away from the Beijing Olympic Forest Park (see Figure 4). Meanwhile, over 30% of
people who were in the middle-aged group, 36 to 55 years old, lived around the park less
than 2 km away, and chose to run, walk, and engage in other leisure activities between
18:00 and 21:00 at night (see Figure 4).

Figure 4. The distance from the users’ residences to the sports park.

According to the statistics, the age composition of participants is significantly different
between morning and afternoon times at Sun Park. In the morning, between 6:00 and 9:00,

203



Buildings 2022, 12, 2250

retired people over 55 years old make up 70% of the total number of participants. In the
afternoon, between 15:00 and 18:00, the number of young people aged 18–35 years old
reached a peak, accounting for over 60% of the total number of participants (see Figure 4).

As a CSP serving the local community, nearly 90% of the participants lived within
three km of the Huilongguan Park. The park has become the main place for doing morning
exercise for the elderly nearby (up to 70% of the participants) between 6:00 and 9:00 in the
morning (see Figure 5). Yet, during the lunch break and after work hours, over 90% of the
participants are customers who pay for the physical education training and the rental of
Sports Venues.

Figure 5. Changes in population age ratio in different periods of a day.
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3.2. SD Evaluation Results

Following the statistical analysis of the sports park questionnaire responses, the table
of evaluation indicators based on the SD scale method for sports parks is presented in
Table 4. The SD evaluation curve was plotted on the vertical axis of the average scores of
each factor of the 241 valid questionnaire responses (see Figure 6). It is an intuitive way
to assess subject’s impressions of the usage of sports parks. The results obtained have no
negative values and all the factors received favorable comments. The mean scores for most
factors were greater than one for the three sports parks. This indicates that the factors of
overall perception, sports facilities, and park facilities of the three sports parks investigated
are quite high from an overall perspective. Relatively speaking, the mean values of the
commercial facilities and children’s facilities were only 0.62 and 0.88 at LSP, indicating that
more commercial and children’s facilities were required in the park. The mean value of the
commercial facilities was only 0.91 at ULSP, indicating that participants seek to be served
with more commercial facilities in the park. Finally, the standard deviations for 17 pairs
of adjectives had statistically insignificant difference, which were approximately 0.2. This
result indicates that although some differences exist among individuals’ perceptions of the
sports park, their choices of adjectives as a whole present the same opinion on indicators.

Table 4. Statistical results of the evaluation indexes of the three sports parks.

Questionnaire Content
LSP ULSP CSP Mean Score

Evaluation Indicators Adjectives Pairs

overall perception
of sports park

Fitness and leisure atmosphere Unpleasant—Pleasant 1.48 1.48 1.96 1.64

Convenience and accessibility Inconvenient—
Convenient 1.58 1.61 1.47 1.55

Types of activities Monotonous—Diverse 1.22 1.30 1.81 1.44

Sense of security Dangerous—Safe 1.41 1.49 1.89 1.60

Cleanliness Dirty—Clean 1.44 1.17 1.19 1.27

Evaluation of
sports facilities

Types of sports facilities Single—Diverse 1.09 1.30 1.58 1.32

Comfort of sports facilities Uncomfortable—
Comfortable 1.27 1.19 1.27 1.25

Space between sports facilities Crowded—Spacious 1.35 1.39 1.66 1.47

Number of sports facilities Insufficient—Sufficient 1.34 1.09 1.53 1.32

Brightness Gloomy—Bright 1.40 1.38 1.78 1.52

Evaluation of
park facilities

Commercial facilities Undemanding—
Demanding 0.62 0.91 1.53 1.02

Children’s facilities Unpleasant—Pleasant 0.88 1.21 1.56 1.22

Landscape design
and greening Bad—Good 1.64 1.61 1.10 1.45

Maintenance & Management Disordered—Ordered 1.56 1.34 1.44 1.45

Safety signs Inapparent—Apparent 1.45 1.14 1.75 1.45

Public restroom arrangement Different—Easy 1.20 1.18 1.62 1.33

Lounge seating arrangement Insufficient—Sufficient 1.05 1.09 1.70 1.28
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Figure 6. SD evaluation curves of three sports park spaces.

3.3. Factor Analysis

To determine the relationship between willingness to use sports parks and SD eval-
uation factors, an EFA was employed using the Principal Components method, and the
reproduced rotational correlation matrix represented 53.156% of the original correlation
matrix, which indicates good construct validity of the scale (KMO = 0.776, p < 0.000). The
reliability was tested via Cronbach’s coefficient. The α coefficient for all the questionnaire
data is 0.803, which is greater than 0.8, indicating acceptable internal consistency [50,51].
Therefore, the questionnaire is useable and reliable. It indicates that the data are suitable
for factor analysis, which can be employed to reduce the number of variables and explain
the same amount of variance with fewer variables. Three extracted principal components
are presented in Table 5, with the value of only those items above 0.5 being presented.
Factor 1 was renamed Sports Facilities (X1), with five items with a factor loading from 0.676
to 0.814. Factor 2 was renamed Maintenance & Management (X2), with four items with a
factor loading from 0.566 to 0.708. Factor 3 was renamed Park Facilities (X3), with three
items with a factor loading from 0.510 to 0.701.
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Table 5. The rotated component matrix.

SD Factor Factor 1 Factor 2 Factor 3

Comfort of sports facilities 0.814

Number of sports facilities 0.769

Space between sports facilities 0.712

Types of sports facilities 0.683

Brightness 0.676

Lounge seating arrangement 0.708

Public restroom arrangement 0.686

Safety signs 0.642

Maintenance & Management 0.566

Children’s facilities 0.701

Commercial facilities 0.666

Landscape design and greening −0.510

3.4. Multiple Regression Analysis

The correlations between the three factors obtained, namely Sports Facilities X1,
Maintenance & Management X2, and Park Facilities X3, and the willingness of urban
dwellers to use sports park, were analysed (Table 6).

Table 6. Results of multiple regression variables.

Dependent Variable Independent
Variables

Unstandardized
Coefficient

Standardization Factor t sig

B
Standard
Deviation

Willingness to use

(Constant) 4.507 0.026 — 174.510 0.000

Sports Facilities 0.194 0.026 0.431 7.515 0.000

Maintenance &
Management 0.162 0.024 0.359 6.809 0.000

The degree of willingness of urban dwellers to use sports parks is positively correlated
with the degree of two of the three independent variables—Sports Facilities and Mainte-
nance & Management (p < 0.05). The Park Facilities factor did not have a significant effect
on the respondents’ intentions to use the sports parks. A multivariate linear regression
between the degrees of willingness to use the parks and two principal component factors
was established, as shown in Equation (1):

Y = 0.194 X1 + 0.162 X2 + 4.507 (1)

where X1 and X2 are the key factors affecting the willingness of residents to use sports
parks, Sports Facilities, and Maintenance & Management. The weights of the impact of
each independent variable on the dependent variable were determined by comparing
their coefficients in the multivariate linear regression equation [52]. In Equation (1), Sports
Facilities, and Maintenance & Management have coefficients of 0.194 and 0.162, respectively.
Therefore, urban dwellers’ selection of sports parks was dependent on Sports Facilities first,
followed by their Maintenance & Management.
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4. Discussion

The differences in core service functions and facility configurations among the three
types of sports parks resulted in different usage patterns and preferences of the respondents.
Visited by surrounding residents as a regular exercise place for physical activity, LSP was
generally selected to be visited by tourists with a strong intention of visiting venues.
It provides not only a place where users can be physically active but is an important
photogenic location that is part of the tourist experience for some, as well as a symbol
of self-confidence for China. The latter may be one of the reasons why people treat it as
one of the most famous tourist attractions [53]. Meanwhile, participants have a contrary
view in terms of commercial facilities. Obviously, allocating proper commercial facilities
such as retail, souvenir stores, and vending machines in the sports park could increase
income from the manager’s perspective. Meanwhile, one of the participants indicates
that necessary commercial facilities would increase the joyful experience of visiting LSP.
However, participants who live close to LSP and do regular exercises there indicate that too
many commercial facilities will impact their experience of using sports and park facilities.
Compared with LSP, ULSP is a more inclusive and popular place for urban dwellers for
leisure and physical activity. Urban dwellers tend to invite friends and families together to
ULSP for a better quality of life. Not only can ULSP provide sports facilities for physical
activity but can serve as a place for leisure and socialising. In ULSP, people of different ages
choose to visit ULSP at separate times. ULSP provides a variety of sports and park facilities
for a more diverse range of users. Even though CSP also provides services to different age
groups, it is more like a place for business operation where fees are charged for physical
education training for adolescents, and a social and sports place for the middle-aged. In
response to the National Fitness Program and national goal to improve the urban quality
of life, CSP is also built with green spaces and entry is free of charge to the elderly.

The study finds that the selected sports parks have a suitable number of staff, and
satisfactory level of maintenance and management. Although many visitor gathering points
are scattered throughout the parks, there is no obvious crowding situation. The COVID-19
pandemic severely impacts the social economic development and limits population mobility
in China, which has resulted in slightly different findings in this work compared with
research conducted before the pandemic [54,55]. Compared with the findings in previous
work, participants expressed their pleasure and satisfaction with the sports parks when
they have fewer people. This satisfaction is reflected in the evaluation of the characteristics
of the sports parks. In terms of individual preferences, the overall SD average score is above
one for all the characteristics of sports parks except for children’s and commercial facilities
of LSP and commercial facilities of ULSP. With a fine overall atmosphere, urban dwellers
prefer to choose sports parks as their leisure and sports places on weekends and holidays,
especially during the pandemic. The whole family can benefit from the sports-related and
leisure atmosphere and their time and economic costs are relatively low. Regularly visiting
sports parks for physical activity is gradually becoming a lifestyle for families to provide
them with physical and mental health benefits [2].

Even though three distinct types of sports parks were selected as case studies, the
results of the multiple regression indicate that the key factors influencing the willingness of
residents to use sports parks were Sports Facilities and Maintenance & Management. As
the dominant factor affecting respondents’ willingness to use sports parks, the provided
Sports Facilities could support people who are in different age groups to engage in physi-
cal activity and thus have a significant positive effect on community attachment [23,56].
Furthermore, the Sports Facilities of the sports park must also meet certain requirements
and specified standards to meet participants’ sports-related needs. The respondents assert
that comfortable, bright, and spacious sports courts, and the quality of the sports facilities
were the determining factors in whether they will come to a sports park.

The Maintenance & Management of the sports parks is not related to their architectural
design and spatial planning but is related to the long-term maintenance for a high-quality
sports and leisure environment. The quality of the sports environment is not only de-
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termined by the physical facilities such as casual seating, restrooms, etc., but also key
characteristics of the overall spatial environmental quality such as cleanness, convenience,
safety, and so on. It is the responsibility of the sports park managers to ensure that there is
no long-term damage to equipment [57]. The Maintenance & Management could improve
the user experience and impression of the parks, which will attract more urban dwellers to
do regular physical fitness activities in the parks.

5. Conclusions

People’s demand for physical activity is booming, and the construction of sports parks
is the most effective and direct way to meet these needs. This research takes three sports
parks in Beijing as examples and uses the Semantic Differential score method as well as
statistical analysis to understand how urban dwellers use sports parks and their subjec-
tive perceptions of sports parks. Furthermore, this research identifies the two significant
factors—sports facilities, and Maintenance & Management—that impact participants’ will-
ingness to use sports parks. The sports park is one of the important places for citizens to
do leisure activities as well as physical exercise. During the planning and construction of
the sports park, these are the two factors that require consideration in order to support
the high-quality development of the sports parks and better serve urban dwellers. The
sports facilities, key elements of the sports parks, play a dominant role in the willingness
of the participants selecting to use sports parks for physical activity. This paper stresses
strengthened communication between architects and sports park decision-makers. How
to allocate sports facilities within the overall layout of the sports parks, how to quantify
the number and types of sports facilities to better serve urban dwellers, and even how to
satisfy participants who immerse themselves in the atmosphere of leisure and physical
activity in sports parks, can all be tailored and reshaped by architects’ technique.

Furthermore, an interdisciplinary collaboration between managers and decision-
makers was required for the sports park. A value co-creation for the stakeholders of
the sports park, including designers, managers, urban dwellers, and decision-makers, can
shed light on the spatial organization and design quality of the sports park, which also
helps the sports park better serve the urban dwellers. Meanwhile, the biophilic design of
the sports park should be considered in advance of its design and construction. Especially,
as proposed by the government, the proportion of green land in newly built sports parks
should not be less than 65% of the land area of the park [16] to achieve sustainability as
framed through the UN Sustainable Development Goals. Empirical research is unique
during the pandemic. With the end of the pandemic, a comparison of sports park usage
during and after the pandemic can be studied in the future.
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