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A B S T R A C T   

Traditional engineering approaches alone (gray infrastructure) are not able to meet all the challenges of sus
tainability posed by growing urban population and consumption. Urban Green and Blue Infrastructure (GBI) can 
provide cost-effective treatments, and help the achievement of several Sustainable Development Goals (SDGs). 
However, knowledge concerning how to innovate GBI strategically in cities remains limited. Together with the 
others in the special issue, this article aims to enhance understanding of the potential of city-based GBI to tackle 
local and global challenges practically, and provide theoretical discussions on sustainable transitions and future 
research on urban GBI. Via envisioning and implementation of integrated urban innovations for GBI, the 
ecosystem services derived from these nature-based solutions can contribute directly and indirectly to SDG 
achievement at various scales by increasing water and food security, reducing energy consumption, as by sup
porting urban biodiversity, health, and life quality. GBI can also contribute to discussions related to such 
emerging concepts as circular economy, urban transitions, and smart cities.   

1. Introduction 

An increasing demand for resources has posed challenges to cities, as 
the current paths of urbanization have been shown to be unsustainable. 
Alternatively, the conservation and reintroduction of green spaces into 
built environments have been recognized by international entities such 
as Intergovernmental Science-Policy Platform on Biodiversity and 
Ecosystem Services (IPBES) and Intergovernmental Panel on Climate 
Change (IPCC) as a nature-based solution for cities that are key to 
addressing complex socio-ecological challenges via strategic planning, 
design, and management of inter-connected networks (Roberts et al., 
2012; Pörtner et al., 2021a). 

Although there are, to some small extent, some negative effects from 
urban Green and Blue Infrastructure (GBI), these are outweighed by 
their positive effects (Souza et al., 2021). Urban GBI provides ecosystem 
services such as, but not limited to, carbon sequestration, water 

retention and regulation, thermal comfort and enhancement of biodi
versity in and around the built-environment (Li et al., 2017). Addi
tionally, restoration of ecosystem services of rivers and streams in cities 
has been found to have significantly improved the water quality and 
biodiversity, reduced waterborne diseases (Haase, 2015; Krauze and 
Wagner, 2019), and increased the quality and availability of recrea
tional spaces around them, even when they were implemented to a 
limited degree. 

Such GBI initiatives can be implemented to provide cost-effective 
solutions to urban challenges, and hence advance achievement of 
many Sustainable Development Goals (SDGs). Indeed, the research 
community is increasingly interested in how different GBI approaches to 
problems can work together to achieve more significant results and have 
greater impacts on urban life. However, there is still limited knowledge 
of how to innovate and develop GBI strategically in cities. Therefore, 
considering that urban GBI is becoming a focal point with which to 
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translate global agendas and national policies into local practice, this 
article, together with the others in the special issue, aims to contribute to 
the knowledge on innovations for GBI in cities that address practical 
local and global challenges. We also link GBI with theoretical discus
sions on how urban GBI can contribute to debates on sustainable urban 
transitions, highlighting its importance for food, water, and energy se
curity, as well as for promoting biodiversity and combating climate 
change. Finally, some topics for future urban GBI studies are presented. 

2. Defining Green and Blue Infrastructure (GBI) 

Green and Blue Infrastructure (GBI), like the original term Green 
Infrastructure (GI) including greenspaces and water bodies, is a holistic 
planning approach. It strategically hosts diverse types of natural spaces 
in an interconnected network and provides multiple social, economic, 
environmental, and ecological benefits to wildlife and people (Benedict 
and McMahon, 2006; Handley et al., 2007). In cities, land plots that 
consists mainly of unsealed, permeable, natural surfaces, including 
‘green’ vegetated grounds and ‘blue’ water surfaces, are considered as 
the components of GBI (Handley et al., 2007; Pauleit et al., 2017). 
Through environmentally cautious and scientifically informed land use, 
GBI strategic planning might help conserve and rehabilitate nature in 
the process of urbanization, so providing desirable ecosystem services, 
such as food production, water purification, temperature regulation, 
carbon sequestration, wildlife habitats, recreation and amenity (Hansen 
and Pauleit, 2014; Pauleit et al., 2017). This mechanism lays the foun
dations essential for underpinning quality of life, climate resilience, and 
sustainability of cities – as its proponents emphasize by designating it as 
‘infrastructure’ (Benedict and McMahon, 2006). With this potential, GBI 
has been increasingly recognized as part of the Nature-based Solutions 
(NbS) for cities, when international environmental agendas aim to 
tackle local and global socio-environmental challenges; this has 
included the European Commission (European Commission, 2013) and 
the latest report (AR6) of Intergovernmental Panel on Climate Change - 
IPCC et al. (2022). 

Despite the increasing popularity of using GBI in both research and 
practice, the interpretation of the term itself, and the understanding of 
its underpinning theoretical components and planning principles, varies 
across the literature and its applications (Handley et al., 2007; Pauleit 
et al., 2017; Matsler et al., 2021). In theory, its proposition continuously 
evolves to intertwine with other prevailing concepts, such as ecosystem 
services (ES), in addition to its theoretical and traditional roots in 
ecological planning in towns and cities (Pauleit et al., 2017; Benedict 
and McMahon, 2006). In practice, it is widely used to achieve sustain
able drainage systems, low-impact development, and other ecological 
engineering principles and/or techniques (Matsler et al., 2021). Due to 
its prevailing use for runoff/water management, practitioners and re
searchers from various disciplines increasingly make blue independent 
from green infrastructure to refer either water-associated surfaces, such 
as wetlands, rivers, and ponds, or strategies used for flood control. 

In this article, we seek to understand the critical propositions of GBI 
regarding its fundamental role in supporting healthy human settle
ments; its constituents of multiple scales, connectivity, multi- 
functionality, green-gray integration and social inclusion (Pauleit 
et al., 2017; Benedict and McMahon, 2006), as well as the fact that 
empirical studies have shown complicated relationship between spatial 
structure of GBI, nature process, and functions, such as biodiversity, 
cooling effects, social cohesion, human health and well-being 
(Sandström et al., 2006). A relatively loose theoretical interpretation 
has also been adopted to reflect a real-world condition of research and 
practice, as well as to enable a wider discussion with emerging issues in 
the United Nations’ Sustainable Development Goals (SDGs). 

3. Innovating through urban GBI 

Cities have been expanding rapidly due to urban population growth 

since the industrial revolution. During this process, urban development 
has been heavily dependent on fossil fuels, which emit greenhouse gases 
from heating and cooling, transportation and industrial processes. These 
emissions have grown rapidly in the last decades (Our World in Data, 
2021), significantly contributing to global warming. The global trend of 
urbanization also increases the demand for land and resources, and 
generates waste and pollution which, in combination, poses significant 
threats to biodiversity and leads to environmental degradation, under 
current unsustainable trajectories of development (McKinney, 2002, 
2008; TEEB, 2011). Cities, as a result, have been in the spotlight for 
sustainable development, as statements from the United Nations have 
highlighted that “Cities are where the battle for sustainable develop
ment will be won — or lost if we fail” (United Nations, 2015). The 
rural-urban divide has supplemented the North-South division in the 
climate discussions (Sethi and Puppim de Oliveira, 2015). However, 
cities can switch from the cause to the solution to global problems 
(Puppim de Oliveira, 2019), as they are in the forefront in the devel
opment of innovative policies for tackling global challenges, such as 
climate change (Roppongi et al., 2017). 

On the one hand, the large ecological footprint of cities has been a 
major concern for sustainable development. Even if emissions are 
reduced, climate change impacts are anticipated to continue to occur 
with increasing frequency and severity throughout this century, while 
catastrophic events such as droughts, floods, wildfires and now pan
demics, are already disrupting every aspect of life at a global scale. Cities 
and their populations are certainly vulnerable to these abrupt changes. 
Their current social and physical infrastructures may be unable to cope 
with the intensity and frequency of present and near-future disasters 
(Hernández-Delgado, 2015). In spite of the complexities of achieving 
urban sustainability, cities are at the forefront of innovation and 
knowledge co-creation, including the use of GBI, which is increasingly 
offering an array of opportunities in helping to mitigate climate change 
(Maes et al., 2019) and offer opportunities for adaptation. 

Additionally, cities where tech-knowledge is concentrated are pow
erhouses of innovation to tackle social-environmental challenges. Con
siderations of how to mainstream GBI into urban development can 
harness environmental impacts and bring multiple benefits to the social- 
ecological systems of cities (Pauleit et al., 2017) that improves urban 
ecosystem sustainability (Young et al., 2014; TEEB, 2011; European 
Commission, 2013). Accordingly, there is a need to understand inno
vative GBI strategies that various cities have already developed to 
address the growing urban challenges, as these are being made more 
severe by past, present and anticipated impacts of climate change, loss of 
biodiversity and the potential to advance the achievements of other 
Sustainable Development Goals (SDGs). There are lessons to be learned 
on how to use GBI both as templates for programs elsewhere, as a means 
of inspiring stakeholders with practical examples and as benchmarks for 
what to do and what to avoid. 

Indeed, an increasing number of cities have launched GBI-related 
initiatives for different socio-environmental benefits, such as moder
ating urban heat island effects (e.g. New York, USA; Melbourne, 
Australia), managing surface runoff (e.g. Seattle, USA; Rotterdam, 
Netherlands; Curitiba, Brazil), storing carbon (Durban, South Africa), 
preventing flooding (Belo Horizonte, Brazil) (Rangel et al., 2021), 
developing social coherence through urban farming (e.g. Seattle, USA; 
Seoul, Korea; Taipei, Taiwan) (Hou, 2020); and conserving biodiversity 
(Durban, South Africa) (Shih and Mabon, 2018). However, there is no 
one-fit-to-all strategy. Cities have encountered a variety of challenges 
while mainstreaming GBI, but innovative strategies have also been 
developed within cities across different spatial scales. 

With the rise of climate change-related concerns, the same gray 
infrastructure type, such as dykes and floodgates, have been used by rich 
cities to reduce flooding and water security risks, while for less- 
developed nations unable to afford expensive engineering solutions 
the risks remain high (Abell et al., 2017). Nevertheless, the lack of gray 
infrastructure in poorer countries seems to be a clear opportunity for 
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developing countries to use their existing GBI capacity. Indeed, many 
cities in developing countries have introduced innovative approaches to 
GBI (Simon et al., 2021; Valente de Macedo et al., 2022). 

Due to a combination of growing water demand for agriculture, 
energy production, domestic and industrial use, and decreased water 
reliability due to climate change and extreme events, even developed 
countries have found that gray solutions alone are insufficient (Browder 
et al., 2019). Sustainable urban systems will require, therefore, an 
integration of traditional engineering with GBI, given their potential to 
reinforce or complement the functions of gray infrastructure. However, 
GBI also needs knowledge, political will, investment and public 
awareness if it is to be fully and functionally developed as a viable and 
credible alternative for tackling local and global problems. This is 
especially true in developing countries where funding constraints and 
local governments’ capacity for innovation and knowledge dissemina
tion limit capacity for GBI planning and implementation. However, 
while GBI can be easily implemented to provide small-scale cost-effec
tive treatments equivalent to gray infrastructure, cities and local gov
ernments need to learn to develop their own, locale-specific, 
innovations. Thus, there is a need to better understand the interaction 
between GBI, local governments and urban systems, in order to boost the 
capacity of cities to innovate effectively. 

For GBI to function effectively, and to survive the challenge of urban 
climatic conditions, programs have to be planned, built and managed by 
people and organizations with proper expertise, and have dynamic cit
izen participation with ownership based upon anticipative approaches 
that can respond to future disasters and pandemics (seeMumtaz, 2022). 
Indeed, the research community is increasingly interested in how 
different approaches to problems can work together to achieve more 
significant results and have greater impacts. To address this integrative 
challenge, several studies have recognized that cities need to move from 
a traditional silos approach that looks at resources as individualized 
parts, to a systems-based approach that views cities as integrated and 
interdependent entities. For example, the city of Belo Horizonte in Minas 
Gerais state in Brazil, developed an approach to avoid canalization of 
rivers by integrating several departments of the city, such as housing, 
environment and public works, as well as the sanitation sector, which 
was controlled by the state government (Rangel et al., 2021). 

As a synergistic approach to support socio-technical solutions, in the 

past two decades GBI have been adopted because of their benefits in 
restoring and regenerating ecosystem networks in cities as well as in 
rural contexts. GBI offers high levels of infrastructural flexibility that can 
be scaled and adapted to local conditions with significantly less eco
nomic and environmental costs, as compared to traditional gray infra
structure approaches (Rangel et al., 2021). Thus, through the 
envisioning and implementation of integrated urban innovations for 
GBI, the ecosystem services derived from nature-based solutions can 
directly contribute to address the SDGs at various scales by increasing 
water, energy, and food security, as well as maintaining biodiversity, 
health, and quality of life in cities, and offering a participatory devel
opment path and supporting circular economy principles for an urban 
transition toward fairer and more sustainable cities (Fig. 1). Ultimately, 
the mainstream adoption of urban GBI can support the realization of the 
SDGs, which should increasingly become part of policies and actions at 
both local and national levels. 

The literature contains numerous studies indicating that different 
GBI forms can be a reliable developmental path toward urban transition 
and the implementation of many SDGs. The special issue presents 
several studies in this direction (see Table 1). However, the challenge 
lies in how to select the best GBI for each case and adapt it to local 
circumstances, and especially to predict the likely effects (direct and 
indirect, positive and negative) reliably and accurately. Regardless of 
the scale involved, GBI has the potential to contribute not only to the 
supply of food, water and energy (FWE) within cities, but also to the 
management of the demand for these resources, by providing structures 
capable of harvesting water, recycling waste, gathering, raising aware
ness, and training people to support environmental values, which also 
provides citizens with a sense of belonging. Finally, more sustainable 
provision of FWE at the local scale will help avoid an array of negative 
impacts pertaining to the use of land, water, fertilizers (in case of food 
production), and the use of fossil-based fuels for industrial production, 
transportation, refrigeration, and packaging of goods. In this context, 
knowledge of the interlinkages between urban FWE systems is critical 
for effective GBI implementation in the correct form and location, so 
that associated ecosystem services can provide the most robust results in 
terms of desired FWE security (see Bellezoni et al., in this issue). 

In recent decades, socio-technical innovative solutions to tran
sitioning from rural to urban built-environments have been developed 

Fig. 1. Relationships between local challenges, innovations for urban GBI, the SDGs, and national/international targets and policies/agreements.  
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Table 1 
Overview of the research topics in the SI “Innovations in Green and Blue Infrastructure in Cities: Analyzing the Impacts on Natural Resources and Global Change".  

Article title Scope Objective Approach/Methodology Geographic scale 
(city, country) 

Disciplines Reference 

Evaluating the runoff 
storage supply-demand 
structure of green 
infrastructure for urban 
flood management 

Modeling green 
infrastructure for water 
management and flood 
control 

Develop a method to 
evaluate the city-scale 
runoff storage supply and 
demand 

Modeling of the urban 
flood management 
through remote sensing 
(LAI, NDVI), supply- 
demand indexes, water 
balance (equations), and 
the runoff storage 
capacity (SCS-CN model) 
estimations for supplying 
the city with rainwater 

City scale 
(Shenyang, China) 

Engineering Li, C. et al. 

How are nature-based 
solutions helping in the 
greening of cities in the 
context of crises such as 
climate change and 
pandemics? A 
comprehensive review 

This comprehensive 
literature review was 
conducted to provide 
holistic insights into 
selection, 
implementation, 
monitoring, assessment, 
and valuation of NBS in 
diverse urban regions with 
results from documented 
cases and research-based 
findings. 

The authors sought to 
provide an in-depth 
exploration of the 
effectiveness of NBS 
approaches to support 
city greening for 
improved quality-of-life, 
with a special focus on 
the urgencies for making 
urban transformations in 
the context of pandemics, 
climate changes and 
other challenges. 

The authors reviewed 
over 298 articles from 
109 academic journals 
and related sources, 
published within 
1997–2020. The focus of 
the articles was upon 
‘nature-based’ changes 
that are being 
implemented in urban 
areas, globally to enhance 
their resilience and the 
‘quality-of-life’ of 
humans and other 
species. 
It was based upon peer- 
reviewed journal articles, 
books, websites and gray 
literature that address 
practical and theoretical 
dimensions of NBS and 
upon results from 
documented cases with 
research-based findings 
from many parts of the 
world. 

Global Engineering 
(Urban Planning 
and 
Architecture) 
Social Sciences 

Bayulken, B. 
et al. 

Understanding and 
conceptualizing how 
urban green and blue 
infrastructure affects the 
food, water, and energy 
nexus: A synthesis of the 
literature 

Discusses how different 
urban GBI typologies can 
affect food, water and 
energy systems 

Develop a conceptual 
framework linking GBI 
and the food-water- 
energy nexus in cities 

Systematic literature 
review using topic 
modeling approaches in 
GBI and FWEN studies in 
global cities. Articles 
were retrieved from the 
Web of Science collection 
and then screened in 
Abstrackr, a software that 
helps teams to screen and 
organize the results of a 
literature search for a 
systematic review. 
Different GBI typologies 
were identified and 
classified according to 
geographical location, 
city size, and income 
level 

Site-specific, city and 
regional scales 
(various cities, 
multiple countries) 

Engineering 
Social sciences 

Bellezoni, R. 
et al. 

Environmental injustices 
on green and blue 
infrastructure: Urban 
nexus in a 
macrometropolitan 
territory 

Understanding of complex 
urban systems by 
considering 
environmental justice and 
nexus synergies 

Analyze the 
environmental injustice 
issue relationships of the 
supply and production of 
water, energy and food 

Using neural-network to 
investigate the self- 
organization 
characteristics of the 
artificial neural networks 
of Kohonen trough the 
LabSOM software system. 
Analyses include 
information related to 
human development, 
GBI, and land use for 
livestock and food 
production (performed 
through boxplot graphics 
created in R) 

City-scale, 
metropolitan region 
(São Paulo, Brazil) 

Engineering 
Social sciences 

Amaral, M. 
et al. 

Study on the behaviors of 
fungi-concrete surface 
interactions and 

Provides important 
guidelines for further 
development and 

Investigate the feasibility 
of self-healing concrete 
with fungi 

Analyses of a different 
strain of fungi, Fusarium 
oxysporum, and its growth 

Not applicable Biology Zhang, X. 
et al. 

(continued on next page) 
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Table 1 (continued ) 

Article title Scope Objective Approach/Methodology Geographic scale 
(city, country) 

Disciplines Reference 

theoretical assessment of 
its potentials for durable 
concrete with fungal- 
mediated self-healing 

implementation of fungi 
based self-healing 
concrete technology 

behaviors in the surface 
of concrete; formulation 
of a biological growth 
model to characterize the 
growth behavior of fungi 
hyphae; analyses of the 
properties of fungi 
hyphae fiber and 
identification of its 
hydrophobic nature, and; 
analyses of the 
performance of fungi in 
healing concrete crack 
and improving water 
tightness based on the 
experimental 
observations 

Organizing a sustainable 
smart urban ecosystem: 
Perspectives and insights 
from a bibliometric 
analysis and literature 
review 

Presents perspectives on 
the approaches to run a 
viable smart urban 
ecosystem, shedding light 
into the manifold 
attributes of sustainable 
urban smartness 

Stimulate the debate 
about the creation and 
the organization of a 
sustainable smart urban 
ecosystem focusing on 
macro, meso, and micro 
level challenges 

Bibliometric analysis (to 
systematize retrieved 
contributions in light of 
their citational proximity, 
and based on the 
Visualization of 
Similarities technique - 
VOS) followed by an 
interpretive literature 
review (that enabled an 
in-depth account of the 
identified research 
streams) 

Not applicable Social sciences Palumbo, R. 
et al. 

Role of civil society 
organizations for 
promoting green and 
blue infrastructure to 
adapting climate change: 
Evidence from Islamabad 
city, Pakistan 

Understanding and 
uncovering the role of the 
civil society organizations 
(CSOs) for promoting GBI 
as adaptive strategy in 
dealing with climate 
change 

Investigate and dig out 
the prominent initiatives 
of the CSOs towards the 
GBI in Pakistani 
governance system, 
identifying hurdles and 
challenges for the 
implementation of the 
Clean Green Pakistan 
Strategy (CGPS) 

Case study approach with 
semi-structured 
interviews conducted 
with relevant actors in 
Islamabad city. The 
rationale was to 
understand how the CSOs 
are working with local 
administration and with 
local communities in the 
city. The Islamabad city 
was chosen because most 
of the CSOs are operating 
in the city and the 
implementation of the 
CGPS is experimented in 
this city and later the 
experience of Islamabad 
will be extended to other 
cities in Pakistan. 

City-scale 
(Islamabad, 
Pakistan) 

Social sciences Mumtaz, M. 

Governance of urban 
agriculture in African 
cities: Gaps and 
opportunities for 
innovation in Accra, 
Ghana 

Mapping and 
understanding the 
institutions and actors 
that govern urban 
agriculture (UA) and 
pointing to the problems 
and potential solutions to 
sustainable UA 

Examines various actors’ 
roles in different forms of 
governance in improving 
the sustainability benefits 
of UA 

Multiple case study 
approach for two 
different UA sites in Accra 
(Dzorwulu and La) to 
examine empirically the 
management practices 
and policies that affect 
UA. These sites were 
selected because they 
reflected UA’s narratives 
where customary land 
governance and statutory 
control coexist in a 
complex land speculation 
market. Primary data was 
collected through 36 
semi-structured and 
informal interviews 
conducted at the farming 
sites and notes from 
organized discussions and 
presentations with some 
of Accra’s main urban 
farming stakeholders 

Site-specific scale 
(two urban 
agriculture sites in 
Accra, Ghana) 

Social sciences Puppim de 
Oliveira, J. 
A., and 
Ahmed, A 

Social sciences 

(continued on next page) 
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Table 1 (continued ) 

Article title Scope Objective Approach/Methodology Geographic scale 
(city, country) 

Disciplines Reference 

Urban green and blue 
infrastructure: A critical 
analysis of research on 
developing countries 

Reviews the current status 
of research on urban GBI 
in developing countries 

Analyze publication 
trends of urban GBI, 
identify innovative 
problem-solving 
measures using urban 
GBI, and understand 
priorities in the 
deployment of urban GBI 
between global regions 

Adopted a 7-step 
approach to review 
literature in fields such as 
landscape ecology and 
urban planning, 
geography, engineering, 
sustainability, 
development, and 
environmental studies, to 
identify urban GBI 
typologies used as 
biodiversity protection, 
mitigation, and 
adaptation strategies to 
enable urban 
sustainability in 
developing countries. 
Articles retrieved from 
the Web of Science 
collection were screened 
in Abstrackr, a software 
that helps teams to screen 
and organize the results 
of a literature search for a 
systematic review. 

Site-specific and city 
scales (Various 
cities, multiple 
countries) 

Valente de 
Macedo, L. 
et al. 

Explore the recreational 
service of large urban 
parks and its influential 
factors in city clusters – 
Experiments from 11 
cities in the Beijing- 
Tianjin-Hebei region 

Uses the density of mobile 
phone park check-ins and 
the average service radius 
of large urban parks as 
indicators of the 
recreational use efficiency 
of large urban parks 

Propose a novel approach 
to assess regional- and 
city-level large park use 
efficiency using visit 
frequency and park 
service area extracted 
from anonymized mobile 
phone signaling data 

Applied network analysis 
approach based on GIS 
tools to evaluate the park 
provision of recreation 
service for actual user 
distribution and 
efficiency of large urban 
parks for 11 cities in the 
Beijing-Tianjin-Hebei 
(BTH) region. Linear 
regression equations were 
applied to the following 
variables: Mobile phone 
signaling data; Potential 
influential factors on park 
use (city-level factors; 
neighborhood-level 
factors; park-level 
factors); Park visit 
frequencies; Park service 
areas and radius; 
Influential factors in park 
use efficiency 

Regional scale (BTH 
region, China) 
*Cities: Beijing, 
Tianjin, 
Shijiazhuang, 
Tangshan, Baoding, 
Qinhuangdao, 
Langfang, Chengde, 
Zhangjiakou, 
Cangzhou, Hengshui 

Engineering 
Social sciences 

Fangzheng, 
L. et al. 

A human-scale 
investigation into 
economic benefits of 
urban green and blue 
infrastructure based on 
big data and machine 
learning: A case study of 
Wuhan 

Combines big data and 
machine learning methods 
to investigate the 
economic benefits of GBI 
in the city of Wuhan 

Investigate the 
correlation between 
housing prices and the 
quality of GBI in the 
environment 

Street view images and 
remote sensing images 
were processed through a 
machine learning model 
and then merged features 
from big data and 
housing prices. Daily 
travel routes of citizens 
were analyzed at two 
scale levels (housing and 
neighborhood scales); 
Analysis consists of 
mapping the location of 
residences, as well as the 
route taken by citizens in 
their routines, including 
through amenities and 
public open spaces. These 
trajectories dataset 
include 30 variables, 
which were used as the 
input into ordinary least 
squares (OLS), 
geographically weighted 
regression (GWR), and 
multiscale GWR (MGWR) 

City-scale (Wuhan, 
China) 

Engineering Jia, J., and 
Zhang, X. 

Not applicable Social sciences 

(continued on next page) 

J.A. Puppim de Oliveira et al.                                                                                                                                                                                                                



Journal of Cleaner Production 362 (2022) 132355

7

and tested. However, a number of challenges were found in terms of up- 
scaling their wider applications. First of all, existing buildings and 
infrastructure systems are too costly to modify or to refurbish (Lafor
tezza et al., 2018; McPhearson et al., 2015). Secondly, long-term 
financial and political commitments by local and regional govern
ments, as well as the communities’ involvement in the decision-making 
(although integral), exacerbate the complexity to achieving trans
formative changes (Kivimaa et al., 2019; Borgström, 2019). To over
come these difficulties, cities need a deeper understanding of the 
institutional, financial, political, social, and behavioral factors that 
inhibit the necessary changes. 

Therefore, sustainable and innovative GBI initiatives to both adapt to 
and mitigate the impacts of climate change show that one must focus on 
the urban environment and involve people at smaller scales. Many cities 
can lead the way in changing attitudes towards this, proving to be part of 
the solution and not just part of the problem. Finally, policy and 
governance should focus on providing and innovating basic infrastruc
ture for all, using planning based on urban form and identifying multi- 
sector synergies for resource efficiency by including different types of 
GBI (Bellezoni et al., 2022). Self-sufficiency of cities can therefore be 
stimulated by the use of new technologies and concepts of the circular 
economy and the transition to sustainability, which can benefit local 
green finance mechanisms and the emergence of smart cities. 

4. Addressing local and global challenges 

The joint call from IPCC and IPBES in 2021 highlights the synergy 
between actions to protect, sustainably manage, and restore terrestrial 
ecosystems. For the first time, these two international bodies have 
explicitly related to each other, highlighting mutual benefits that could 
be derived through either action to conserve biodiversity and ecosystem 
services or strategies for climate change mitigation and adaptation 
(Pörtner et al., 2021). For example, studies of the conservation of natural 
and semi-natural areas, such as wetlands and woodlands, have shown 
their effectiveness in sustaining wildlife, storing carbon, buffering haz
ards, and reducing impacts from extreme weather (TEEB, 2011). At the 
same time, the ecosystem goods and services provided by these natural 
assets can prove key sources for local livelihoods and social resilience. 
Indeed, urban green infrastructure is becoming a focal point to translate 
global agendas and national policies into local practices. Using GBI for 
underpinning healthy ecological environments and/or Biodiversity and 
Ecosystem Services (BES) in, of, and for cities is the precursor of this 
trend, which is well-developed and backed by the disciplinary theories 
and approaches of urban ecology and landscape ecology (Wu, 2014; 
Pickett et al., 2016), as well as by the substantial empirical studies 
looking at urbanization impacts on biodiversity and ecosystem services 
(Souza et al., 2021). 

Table 1 (continued ) 

Article title Scope Objective Approach/Methodology Geographic scale 
(city, country) 

Disciplines Reference 

The challenges of urban 
river restoration and the 
proposition of a 
framework towards river 
restoration goals 

Conducting an extensive 
literature review of urban 
river restoration and its 
possibilities, aiming to 
provide a critical 
perspective about this 
topic, highlighting the 
possible gaps, limitations 
and potentials 

Propose a framework to 
assist managers in 
identifying and 
implementing potential 
river restoration actions 

The academic literature 
on river restoration was 
filtered and processed in 
order to identify the most 
recurring keywords. 
Elsevier’s Scopus 
database was used to 
identify the literature on 
river restoration over a 
40-year period. 
References were exported 
from the database and 
provided as input to the 
open-source software 
VOSviewer, which 
allowed the creation of a 
network map of terms, 
based on their co- 
occurrence as keywords 
in the searched document 

Guimarães, L. 
F. et al. 

Blue Green infrastructure 
as a tool for sustainable 
urban development 

Highlights the benefits 
offered by GBI and the 
available GBI technologies 
based on available 
scientific works 

Understand and evaluate 
the performance of 
different GBIs in terms of 
their contribution to 
regulating services, 
providing an overview of 
the multi-functional 
benefits of GBI and its 
contribution to the 
improvement of urban 
ecosystems 

A database of studies 
(300) from Web of 
Science was compiled 
based on a bibliographic 
review of the peer- 
reviewed literature 
related to GBI. After a 
screening process, a total 
of 150 articles were 
selected for review 
analysis. A separate 
category of papers was 
compiled for research 
articles that referred to 
GBI economics’ 
evaluation in their 
methodology or 
discussion. Cultural, 
provisioning, regulating 
ecosystem services have 
also been identified in the 
literature, as well as tools 
for modeling GBI. 

Site-specific, in the 
cities of Berlin 
(Germany), Milan, 
(Italy), New York 
and Portland (USA). 
More generalist 
insights for 
Australia, China and 
India, without 
specifying any case 
studies 

Engineering 
Social sciences 

Dar, M.U.D. 
et al.  
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4.1. GBI for promoting biodiversity conservation 

The local benefits of GBI in cities have long been studied (Handley 
et al., 2007; Gill et al., 2007), particularly in terms of promoting 
biodiversity. Cities have been considered an important part of the 
implementation of the Convention on Biological Diversity – CBD (Pup
pim de Oliveira et al., 2011). Urbanization leading to land conversion 
from (semi-)natural areas into buildings, productive landscapes, and/or 
other hinterlands for sustaining cities often damages and constrains 
available habitats for wildlife (McKinney, 2008). The encroachment of 
urban sprawl on large natural areas and habitats has been a serious 
concern in terms of global biodiversity loss, since biodiversity is likely to 
decrease with the decline of natural habitats across a rural-urban 
gradient (Blair and Johnson, 2008). In this regard, studies on biodi
versity conservation and planning often suggest developing inter
connected ecological networks, via vegetation corridors, across a 
city-region to facilitate wildlife movement between suitable habitats 
embedded in an urbanized setting (Benedict and McMahon, 2006). Yet, 
wildlife-habitat relationships are neither simple nor linear. Wildlife 
species display varying levels of sensitivity to the GBI connectivity, and 
drawn attention to the differences in dispersal capability and habitat 
requirements between species. However, even though many cities have, 
in their local regulations, recognized the importance of maintaining 
urban biodiversity, developers are not always aware of the guidelines, 
particularly in developing countries (Ahmed and Puppim de Oliveira, 
2017). Consequently, we need to develop new approaches to dissemi
nate information, enforce regulations and envision the role of nature in 
cities, in order to make GBI a key, and integrated, component of urban 
development (Mansur et al., 2022). 

On the other hand, urbanization might increase the diversity of 
habitats, providing wildlife with additional food resources from human 
waste or feeding behaviors, which can attract more species than more 
homogenous agricultural habitats in the surrounding countryside 
(Chace and Walsh, 2006). Indeed, cities around the world have found 
high species abundance and/or diversity in green and blue spaces (Eu
ropean Commission, 2013; Fernández-Juricic and Jokimäki, 2001). 
Green spaces, such as urban farms, wetlands, woodlands, gardens and 
parks, can function as refuges for preserving native wildlife and rare 
species (Shih, 2018); and some urban green spaces create novel habitats 
for those species that are more tolerant of human activities (Marzluff 
et al., 2016). At a site scale, greater avifaunal richness is often found 
within larger greenspaces, because they tend to provide more resources 
and habitat types (Shih, 2018). The presence of water bodies within 
greenspaces has been found to promote bird diversity. Both in Petaling 
Jaya, Malaysia, and in Taipei, Taiwan, researchers have found higher 
bird abundance and species richness in greenspaces that contains water 
bodies, even if the greenspaces themselves are small. 

4.2. GBI for tackling climate change 

Cities have been at the forefront of innovative policies to tackle 
climate change for a long time (Roppongi et al., 2017). GBI is regarded 
by the authors of IPCC assessment reports as a win-win strategy for both 
climate change mitigation and adaptation in cities (Roberts et al., 2012; 
Bai et al., 2018; IPCC et al., 2022). Urban greenspaces, such as forests 
and wetlands, often act as a carbon sink, and at the same time, they have 
the potential to act as a buffer or regulator to protect coastal areas from 
storms and to moderate extreme weathers. In recognizing this dual role, 
as well as its cost-effective nature, there has been forceful advocacy for 
GBI to be mainstreamed into formal process of urban planning, partic
ularly in low to middle income countries (Roberts et al., 2012; Valente 
de Macedo et al., 2022). The Durban Metropolitan Open Space System 
(South Africa), which has adopted the concept of ecosystem services and 
green infrastructure for enhancing climate resilience of its societies, can 
be viewed as one of these pioneer cities (Roberts et al., 2012). The value 
of ecosystem goods and services provided by this open space system is 

estimated at US$ 387.5 annually (Shih, 2017). 
The regulating services from GBI in terms of urban heat mitigation 

and flood risk reduction are the most prominent issues studied and 
implemented to date for adapting cities to extreme weather (Gill et al., 
2007; Demuzere et al., 2014). GBI components, such as green roofs, 
street trees and urban forestry are being adopted increasingly as cooling 
strategies to mitigate urban heat island effects, cooling buildings, 
forming wind corridors, improving thermal comfort, and therefore 
reducing energy consumption. Green spaces with dense vegetation and 
tree canopies can reduce surface temperatures between 3-5 ◦C via 
shading and evapotranspiration (Carter et al., 2015; Moreno-García and 
Baena, 2019) while temperatures on and around water bodies can be 
2-3 ◦C lower if they are surrounded by trees (Wu and Zhang, 2019). The 
shade from mature trees can keep surfaces cooler by as much as 15.6 ◦C 
according to research in Manchester, U.K. (Gill et al., 2007). Addition
ally, reduction in surface temperatures of up to 11-25 ◦C for walls and 
roofs near tree canopies have been recorded in Sacramento, USA 
(USEPA, 2008). Su et al. (2021) suggested that every 0.5K reduction of 
urban heat island effect can save between 0.17 and 1.84 KWh/m2 per 
month in cooling energy consumption. Yet, the cooling intensity and 
distance from GBI is not fixed, tending to vary with climate types, 
geographical features, GBI configuration, urban geometry, and the type 
of built environments in adjacent areas (Bowler et al., 2010; Yu et al., 
2020). Hence, a joint strategy considering ‘gray-green integration’ was 
urged in the latest report (i.e., sixth assessment report - AR6) from IPCC 
et al., 2022. 

Rapid urbanization has resulted in changing topography and 
decreasing proportions of permeable underlying surface in urban areas, 
resulting in increased severity of disasters associated with urban 
stormwater runoff, as shown by the 2022 floods in Petropolis, Brazil, in 
which hundreds of people died (Feitosa, 2022). In addition to the po
tential for cooling and energy savings, GBI can also play a key role in 
rainwater harvesting and storage, mitigating the serious adverse 
water-related effects of climate change, such as flooding and landslides. 
In this context, woodlands, wetlands, riverain areas, urban parks, 
playing fields, private gardens, and other natural and created areas in a 
catchment provide stormwater regulation services, and so help cities 
mitigate flood risks by retaining a large amount of rainwater for a longer 
period, so delaying the peak discharge (Shafique et al., 2018; Almeida 
et al., 2018; Haase, 2015). 

Finally, the existence of green corridors (which include plants and 
trees linking open spaces and green areas) can be part of a greater urban 
green network to provide both ecosystem services (i.e., habitat 
improvement, cooling effects, air purification, flood mitigation, rain
water harvesting, food production, etc.), and act to foster sustainable 
mobility networks, increasing access and social interaction in urban 
areas, as well as providing biking and walking paths. Again, increased 
use of alternative transportation coupled with essential services located 
within walking distance can contribute to reducing the final demand for 
fossil fuels by reducing the use of traditional modes of transportation. 

4.3. Positive impacts of GBI on health and well-being 

The interaction between humans and nature is essential for everyone 
of all ages, especially for those who live in big cities. GBI enhances 
psychological and physical wellbeing of urban populations (Depietri and 
McPhearson, 2017), by providing citizens with the necessary conditions 
to interact with nature in their residential and work settings. For 
example, the existence of visually attractive urban parks increases 
physical activity, social cohesion and positive mental stimulation, and 
helps to reduce the rate of illnesses such as obesity, depression and 
attention deficit disorders among those living within close proximity to 
green and blue networks (Bratman et al., 2012; Grinde and Patil, 2009). 
Interestingly, larger urban parks help to create collective identity and 
memory, thereby shaping the identity of the city. 

The presence in cities of artificially built, impermeable surfaces such 
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as roads, parking spaces and buildings of many types that prevent water 
infiltration, increase surface runoff levels by around 50–90 percent 
(Elmqvist et al., 2015). Subsequently, pollutants with nutrients, heavy 
metals, and pathogenic microorganisms are transferred, via the cities’ 
drainage systems, to adjacent rivers and marine environments. This 
often results in extensive contamination of water resources and losses of 
marine life. In contrast, the improved water and air quality associated 
with GBI reduce the risks from cardiovascular, neurological and pul
monary conditions significantly, saving billions of Euros of healthcare 
costs in both the short and long-term (see Andersson et al., 2015 for 
fuller details). 

Together with the COVID-19 pandemic, microbial and viral in
fections through interactions with particulate matter (both PM2.5 and 
PM10) are being investigated. With regard to urban air quality, toxic 
pollutants such as ground-level ozone and Nitrogen Dioxide (NO2) from 
industrial processes, carbon dioxide and carbon monoxide, emitting 
energy and transportation systems as well as the smog events from 
intensifying wildfires, continue to cause severe health risks to respira
tory, cardiovascular and neurological/neurobiological systems of all 
species living in at-risk zones within urban environments (Nowak et al., 
2014). Air pollution is currently directly and indirectly responsible for 
millions of human deaths annually (Cohen et al., 2017; Selmi et al., 
2016). In this context, urban forests and dense vegetation are effective in 
improving urban air quality due to their capacity to remove air pollut
ants (Nowak et al., 2018), thereby helping to annually, save millions of 
human lives. GBI should, therefore, be used synergistically with the 
concepts such as Climate Change Adaptation (CCA), and Biophilic 
Design and Resilience and further emphasis should be given upon their 
uptake along with the restorative and regenerative approaches to more 
rapidly re-nature our cities. 

Aware of such benefits from GBIs and concerned about the increasing 
demands of resources, such as food, water and energy, and likely con
straints on their provision, many cities across the world have been 
deploying GBI initiatives for providing ecosystem services such as 
rainwater harvesting and flood mitigation, local microclimate control, 
air purification, CO2 storage, wastewater treatment, among others. 
Studies on urban sustainability mainly center on the Global North, 
focusing on complex challenges of food systems and related constraints 
such as water and energy, however, in the very rapidly and haphazardly 
urbanizing Global South such studies are even more essential to tackle 
global sustainability challenges. GBI is still not implemented as a low- 
impact development or innovative strategy, except in China, where re
searchers have examined several cases where systemic GBI has been 
used to address urban issues (Valente de Macedo et al.,2022). 

5. Urban GBI for sustainable transitions 

Sustainability transitions occur at societal, structural/institutional 
levels and through systematic innovations (Fuenfschilling et al., 2018; 
Larondelle et al., 2016) that are integrated within 
political-technical-ecological-economic-social systems. Green and Blue 
Infrastructure (GBI) can also help advance the understanding of con
ceptual discussions on sustainability transitions. 

Recent decades have seen social-ecological dimensions of change 
processes become ever-more prominent in transition-related discussions 
of policy and research. Although, this was initially catalyzed by the 
rapid losses of biodiversity, environmental degradation and the resul
tant impacts on human survival and well-being (Wamsler et al., 2019; 
van der Jagt et al., 2020), the frequent incidence of disasters caused by 
climate change have increased the urgency for investigating the benefits 
and trade-offs of ecosystem-based approaches, to cope with the pressing 
urban environmental challenges and to accelerate the transition to 
sustainable, equitable and livable cities with resilient governance 
systems. 

In this context, GBIs have been found to be beneficial in helping to 
restore and regenerate ecosystem services, to reduce the negative 

impacts of urban development and to improve resiliency. They provide 
cost-effective and integrative solutions to enhance human-nature re
lationships (Borgström, 2019; European Commission, 2016; Nesshöver 
et al., 2017), while also supporting the evolution of city infrastructures. 

However, for GBIs to provide their restorative functions effectively, 
their benefits need to be contextualized within the social, environmental 
and economic domains to which they are applied, and quantified across 
various sectors (Davies and Lafortezza, 2019). Additionally, there are 
other challenges to achieving transformative sustainability transitions 
that encompass several phases, such as policy support, planning, initia
tion, innovation, scaling-up and, diffusion within and beyond the purview 
of local administrations; this requires complex and multi-dimensional 
approaches and policy actions (Glaas et al., 2018; Beling et al., 2017), 
combined with conditions that favor their implementation. 

For example, the lack of comprehensive insights into the feasibility, 
flexibility and long-term sustainability of GBIs compared to socio- 
technical approaches are major barriers to incorporating them into 
spatial planning policies (Stefanakis et al., 2021; European Commission, 
2021). Additionally, ‘path dependency,’ is a persistent inhibitor of change 
processes, because it favors traditionally-tested engineering solutions 
(D’Amato and Korhonen, 2021; Matthews et al., 2015). This is mainly 
due to the known socio-technical configurations that have become 
institutionalized and rigidified over time (Fuenfschilling et al., 2018). 
Such elements influence the decision-making of spatial planners and 
policy makers, who then tend to opt for established methods (Davies and 
Lafortezza, 2019). 

To overcome such challenges, it is essential to establish multi-level 
governance systems with relational approaches to address nature-based 
solutions, support catalytic change agents and develop social learning 
and communication mechanisms (Wamsler et al., 2019). In this regard, 
effective coordination between various levels of governance, actors and 
stakeholders is needed to ensure inclusiveness and participation in the 
decision-making processes (Borgström, 2019). Moreover, appropriate 
changes in the financial, regulatory and legal frameworks are required 
to create conditions conducive to the systematic integration of GBIs into 
urban planning and development policies (Davies and Lafortezza, 2019; 
Kabisch et al., 2017). Finally, city administrations and citizens need to 
learn from internal and external organizations to develop incremental 
and transformative innovations (Zambrano-Guitiérrez and Puppim de 
Oliveira, 2022). 

With regard to GBI operationalization; envisioning, experimentation 
(planning and implementation), monitoring, evaluation and learning 
(reflection) are essential steps to help in building capacity for trans
formative changes. On the other hand, GBI can be connected to SDGs via 
a variety of conceptual discussions related to sustainability transitions, 
including circular economy, provision of ecosystem services, resilience 
of food-water-energy systems (i.e. FWE nexus) (see Fig. 2). Recently, 
nexus frameworks applied at the scale of metropolitan regions and cities 
have driven the shift to approaches that include other components that 
directly or indirectly affect food, water and energy systems, such as 
ecosystem services, waste management, circular economy, climate 
change adaptation, smart cities, mobility, and others (Benitez-Lázaro 
et al., 2022). In the following sections, we highlight the key concepts 
with respect to their relatedness to GBI applications with the goal to 
accelerate the transition to sustainable cities and societies and, more 
broadly, to achieve overall transformative change. 

5.1. Urban GBI and circular economy 

Although, the concept of Circular Economy originated almost a 
century ago (see for example, Beling et al., 2017), it only gained intel
lectual traction, high-profile attention and popularity due to the work of 
the Ellen MacArthur Foundation in the last decade. 

Circular Economy (CE) is a conceptual framework of closed loop 
approaches to production and consumption, designed to minimize 
resource extraction and use, extend the life of products, repair, recover, 
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materials, reduce materials and energy waste, while preserving and 
enhancing economic, social and natural capital, as well as tackling 
climate change (Stefanakis et al., 2021). Initially, many of the embedded 
concepts were focused upon within Industrial Ecology and Industrial 
Ecosystems (D’Amato and Korhonen, 2021). But CE’s scope and rele
vance grew significantly in response to the rapidly changing climate and 
the resultant impacts on the aging urban infrastructures, environment 
and the human well-being. 

In this context, GBIs have been reported to provide cost-effective 
solutions, with the additional benefits such as improved ecosystem 
services, better quality of life and more sustainable management of re
sources (Stefanakis et al., 2021). For example, GBIs are designed to 
support and improve the functions of existing built-infrastructures in 
cities, thereby, increasing their capacity to withstand climatic changes. 
Consequently, they reduce urban financial and social consequences. In 
this regard, CE can generate climate co-benefits and bring together 
intersectoral collaboration to generate nature-based solutions to urban 
problems, such as solid waste and wastewater (Paes et al., 2021). There 
are good examples of CE initiatives in urban areas, and the circularity of 
those initiatives could be expanded by connecting with other sectors and 
further bringing more opportunities for climate co-benefits (Durán-Ro
mero et al., 2020; Ibn-Mohammed et al., 2021). 

The potential economic benefits of GBIs include, but are not limited 
to, those that were briefly mentioned above in this section. With respect 
to the circularity of GBI’s roles in sustainability transitions, their po
tential to enhance ecosystem services provides many opportunities for 
increasing the transformative capacity of cities. 

5.2. Ecosystem services and GBIs 

Ecosystem services (ESS) are defined as the benefits provided, 
directly and/or indirectly, by the ecosystems’ functions to humans 
(Söderman et al., 2012). The concept was initially developed to char
acterize the benefits generated by natural and semi-natural systems, and 
to raise awareness of the urgent need to ensure conservation and 
biodiversity of flora and fauna within and around urban systems 
(Birkhofer et al., 2015). 

With regard to the operationalization of ESS in urban contexts, GBIs 
provide an array of services via their roles in urban parks, green walls, 
green roofs and gardens, spaces with trees and vegetation, as well as 
rivers and water bodies, especially those having large tree canopies 

surrounding them. Urban GBI can be planned according to the demand 
and supply of ESS. If designed and implemented integratively, they 
reduce urban heat island (UHI) effects, enhance safe storm water regu
lation, increase air and water quality, regenerate biodiversity, and 
improve physical and mental health of urban populations (Elmqvist 
et al., 2015). The ecosystem benefits provided by GBIs can be quantified 
in biophysical terms and calculated in monetary values, both of which 
enable decision-makers to better design and implement urban more 
sustainable development and environmental policies. 

However, due to the rapidly intensifying climate changes, the 
integrity of ecosystems and the capacity of GBI solutions to deliver ex
pected outcomes in the future, requires anticipatory approaches with 
dynamic assessment frameworks (Calliari et al., 2019). In this regard, 
GBIs should be used synergistically with the concepts such as Climate 
Change Adaptation (CCA), Biophilic Design and Resilience, and further 
emphasis should be given upon their uptake along with the restorative 
and regenerative approaches to more rapidly re-nature our cities. 

5.3. Climate change adaptation and resilience 

Cities are becoming increasingly vulnerable to climate change, 
which is rapidly intensifying with projected increases of global mean 
average temperatures of 3-4 ◦C within this century, thus rendering them 
uninhabitable by some species in the near future. The urgency of making 
changes is being increased due to ‘rural-urban’ relocations. The urban 
population is projected to reach 6.5 billion by 2050 (UNDESA, 2018). 

Even if the desired changes toward sustainable production and 
consumption patterns are implemented within the next few decades, 
urban populations will experience the impacts due to droughts, over
heating and flood events, and there may be severe energy, food and 
water shortages. Green and Blue Infrastructures are location-specific 
and scalable; they can be cost-effective solutions to help all, including 
the most vulnerable populations to more effectively withstand those 
anticipated impacts. 

However, ecosystems cannot adapt quickly enough to match the 
speed at which the climate changes are expected to occur. Therefore, 
cities need to develop adaptation strategies that are anticipatory, and 
should involve multiple solutions with hybrid (Green-Blue-Gray) ap
proaches (Depietri and McPhearson, 2017). 

According to Scarano (2017), the integration of socio-ecological and 
socio-technical dimensions is essential to manage adaptive 

Fig. 2. Illustrative roles of GBIs and related other transitional concepts in achieving transformative capacity in cities.  
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sustainability transition processes effectively, especially in those local
ities that are most likely to be affected by climate changes. 

5.4. Improving the food-water-energy nexus using GBI 

Integrating GBI into broader urban systems, such as Food-Water- 
Energy systems, can help policy-makers involved in administering 
such cities to better understand the problems inherent in each system, 
thus leading to a range of small-scale nature-based solutions for man
aging and improving urban systems. The nexus of FWE (hereafter, 
FWEN) encompasses the three interactive factors affecting human 
communities, ecosystems and the economy. The FWEN approach pro
vides a framework for city-based stake-holders and administrators to 
understand and tackle the challenges that urbanization poses for these 
critical resources while developing resilient cities. In short, the logic 
behind FWEN is that it shifts attention from a one-sector view to a more 
integrated approach, focusing on securing the provision of food, water, 
and energy (Al-Saidi and Elagib, 2017). However, science lacks a 
consensus on which approach to FWEN is most appropriate (Newell 
et al., 2019; Simpson and Jewitt, 2019). This is because each specific 
situation requires an understanding of its conditioning factors. Thus, 
there is no one-fits-all solution. Each city has its own challenges, re
sources, limitations, characteristics, technology, and potentials, and for 
this reason, the potential for implementing nature-based solutions de
pends on the socio-ecological characteristics of each region, city, or 
neighborhood, each having in each context, different impacts on FWE 
systems (see Bellezoni et al., in this issue). 

Both GBI and FWEN literature is primarily concerned with identi
fying and exploring trade-offs and synergies between FWE systems, with 
a focus on fostering sustainable development and tackling climate 
change. The urban nexus literature also highlights that, considering the 
interdependence of the production chains and FWE securities, the 
development and management of sustainable and resilient cities is 
crucial for social inclusion and improving the quality of life of its pop
ulation (Artioli et al., 2017). Thus, FWEN frameworks consists of the 
search for synergies to mitigate trade-offs between supply chains, aimed 
at securing FWE. Indeed, the production of energy requires water, while 
the supply of water requires energy, and the production of food requires 
both water and energy (Hoff, 2011; Bazilian et al., 2011; Howells et al., 
2013). Within city boundaries, cross-sectoral FWE interactions are ex
pected to occur in all cities, although variations in magnitudes exist (SEI, 
2018; Newell et al., 2019). However, urban settlements are almost 
entirely dependent on surrounding (or global) hinterlands for FWE to 
sustain urban population, and activities and improving FWEN in cities 
can be an alternative to mitigate some of the increasing demands on 
global resources. One way to reduce the demand for and supply of FWE 
and promote the sustainable development of urban centers through 
small-scale cost-effective projects is urban GBI. 

5.5. Smart cities and GBI 

The Smart City, as a concept, has gained significant traction since the 
late 2000s (Joss, 2015), compared to its predecessors including but not 
limited to ‘eco city’, ‘intelligent city’ and ‘digital city’ concepts (de Jong 
et al., 2015). Smart Cities were initially characterized by information 
and communication technology (ICT), urban infrastructure and inte
grated governance processes (Joss, 2015) to generate [sustainable] 
urban and economic development and to provide higher quality of life 
for their citizens (de Jong et al., 2015). However, a rapidly growing, and 
global, interest in research and practical applications of this concept, led 
to discussions pertaining to the need to shift from technology-oriented to 
more people-centric approaches in the design and governance frame
works for such cities (Joss et al., 2017). 

Together with the advanced computing power and storage capac
ities, processing of Big Data began enabling large amounts of data 
gathering and analyses far more efficiently and accurately (see Palumbo 

et al., 2022), which further propelled smart city applications to resolve 
real-world problems. Such digital applications are helping to facilitate 
the design and assessment of energy (Shi et al., 2020), water and waste 
management, as well as mobility and healthcare (Wall and Krummel, 
2020) more integratively and sustainably. 

Additionally, digital applications supported by Artificial Intelligence 
(AI) are being developed and used to monitor the vital signs of natural 
habitats (see Bayulken et al., in this issue), and to track changes in 
ecosystem services (Willcock et al., 2018) in both the urban and rural 
contexts. For example, remote sensing and machine learning techniques 
are being used to understand how to more efficiently implement GBI in 
cities. Together with the development of the fifth generation (5G) 
communication technology and the Internet of Things (IoT), autono
mous control systems are enabling the maintenance and sustainability of 
urban GBI such as but not limited to vertical gardens, green roofs, as well 
as the urban farming systems (Halgamuge et al., 2021). 

However, the integration of GBI solutions into Smart City designs 
with real-world applications is thus far inadequate (Nitoslawski et al., 
2019). Although there are several advanced methods, connecting ICT 
and citizen science to map the conditions and wellbeing of urban GBI, 
policy changes, professional expertise, as well as the financial and 
institutional commitments, are required to design, implement and 
maintain GBI solutions in order to more effectively adopt a holistic 
framework for rapidly growing Smart City developments. In this sense, 
there is a governance paradox with cities in the Global South, where 
sustainable initiatives have not set in and where infrastructure and be
haviors are not yet entrenched. Despite this, it is often these same places 
that have limited financial and institutional capacities to leverage reg
ulations and strategies to take advantage of this integration between 
new technologies and alternatives to manage FWE resources using urban 
GBI. 

6. Future research in urban GBI 

Systematic consideration of spatial distribution of a wide range of 
green capitals and associated multi-functionality are among the core 
propositions of GBI, which distinguishes itself from conventional 
greenspace planning and design that focus on individual green parcels. 
The specific spatial pattern of urban GBI in cities underpins the health of 
natural process and determine the types and the location of ecosystem 
services. This characteristic is critical for GBI to form a viable part of the 
set of nature-based solutions for responding effectively to multiple 
social-environmental challenges and attaining urban sustainability. 
Nevertheless, it requires cross-disciplinary knowledge to produce sci
entific evidence and transdisciplinary collaborations to facilitate 
implementation. Some emerging research areas might help complement 
GBI research and facilitate the process of sustainable transition of cities. 
A set of potential future research on GBI is provided below. 

6.1. GBI and the urban nexus 

As section 5.4 mentioned, food, water, and energy are essential re
sources to sustain the development of human society, and are often 
interdependent and interconnected in a web system (Marti
nez-Hernandez et al., 2017; Hoff, 2011). ‘Urban Nexus’ is gaining 
attention in the FWE nexus research community that works on global 
urbanization trends and its major role in consuming food, energy and 
water (Newell et al., 2019). The strand of research on urban FWEN has 
highlighted the lack of self-sustaining capacity of city and the reliance 
on fossil fuels to produce and transport food, water, and energy from 
great distances that results in expansive environmental impacts and/or 
ecological footprints (Barthel and Isendahl, 2013). These studies, which 
are often include life cycle assessments, have highlighted the 
tele-connection (i.e., changes that correlate over large geographic dis
tances) between city and rural hinterlands. Although several researchers 
have related the material flows of FWE to land use change, their 
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tendency to de-spatialize the nexus (Newell et al., 2019) from the 
environment and land use patterns of a specific location of the city, as 
well as to overlook of human actors and power-laden relations (Leck 
et al., 2015; Romero-Lankao et al., 2017), constitutes a major constraint 
for developing a spatially compatible program to guide urban planning. 

Another strand of urban nexus studies have intended to relate FWE to 
specific land use (often greenspaces) at a site. This has often focused on 
one or two nexuses of a greenspace and has detailed the material flows, 
such as food and water or food and energy. Whilst these studies provide 
empirical information to quantify resource demands of a greenspace, it 
is less likely to be generalizable to use when assessing and guiding the 
allocation of urban GBI. Future research may wish to further this field by 
unpacking how the change of location, composition, and configuration 
of urban GBI at intra-city level might influence FWE systems. In addi
tion, self-sufficiency of cities can be stimulated by the use of new tech
nologies and concepts from the circular economy and energy transition, 
which can benefit local green finance mechanisms (Bellezoni et al., 
2022). Future studies on reductions in inequality, increased social 
participation and incentives for key community processes towards more 
sustainable cities are encouraged, to advance understanding of how to 
promote dynamic multi-sectoral urban improvements. 

6.2. Urban GBI trade-offs and synergies: ecosystem services 

Another thematic area for future research of urban GBI is defined as 
the trade-offs and synergies of functions provided by such natural 
spaces. Although this has been a widely recognized issue, the recent call 
from IPBES and IPCC for Synergistic actions to protect, sustainable 
manage, and restore territory ecosystem has highlighted the importance 
of understanding the possible co-benefits between the conservation of 
biodiversity and ecosystem services and climate change mitigation and 
adaptation via GBI (session 4.2) (Demuzere et al., 2014). For both 
biodiversity loss and climate change that the United Nations has 
emphasized as the prime concerns within global environmental change, 
urbanization is a recognized key driver and requires proactive local 
actions to conciliate development and environmental protection. Local 
strategies and actions for urban GBI are a critical area that enables these 
two main global environmental issues to be addressed within the process 
and context of urban development (UNDRR, 2021; IPBES et al., 2019). 
Indeed, while GBI is closely related to urban biodiversity and 
social-environmental resilience to extreme weather hazards, empirical 
research has provided limited synthesized assessment of the effect of GBI 
on biodiversity and climate hazards. The shortage of evidence-based 
information (and synergies) from different GBI to inform policies for 
nature-based solutions in cities undermines and hinders the provision of 
municipal resources for implementation, as it might intensify the 
competition for budget and policy priority or even cause unwanted 
wastage and/or trade-offs between environmental benefits from policies 
for urban GBI. For example, greening policy focusing on heat mitigation 
might overlook the importance of urban natural habitats and lead to 
fragmentation of critical habitats in cities. 

6.3. Gray-green integration in cities of under-representative countries 

As pointed out in chapter 6 (Cities, Settlements and Key Infrastructure 
of the IPCC’s AR6), urban GBI is a critical nature-based solution for cities 
to adapt to climate change, but one that requires the integration be
tween green infrastructure and existing gray infrastructure in built en
vironments. This has been better reflected by the efforts from research 
looking at, for instance, urban climatological planning and low-impact 
development using urban GBI. However, studies of gray-green integra
tion have so far biased toward the context of Western countries and 
China (see Valente et al. in this SI). As cities located in different climate 
types and drawing on divergent socio-political mechanism face different 
challenges imposed by climate change, the limited global exemplars in 
the GBI literature are unlikely to address socio-economic, urban 

development, governance context of cities that are outside the context of 
the cities analyzed so far. Cities located in the Global South might face 
complicated socio-economic settings and face economic development 
imperatives that may be seen as in opposition to environmental chal
lenges. Future research might therefore pay attention to the barriers and 
enablers of gray-green integration of cities in nations that are under- 
represented in the literature to date. 

6.4. Distributive inequality of GBI and associated functions 

The increased focus on GBI means that environmental inequality has 
also become an issue to be investigated in urban centers (Mabon and 
Shih, 2018; IPCC et al., 2022). There is a spatial inequality in relation to 
the distribution of GBI, causing injustices in the distribution of associ
ated GBI benefits (see Amaral et al., in this issue). The spatial pattern of 
GBI, which determines availability of, and accessibility to, green spaces, 
is often linked to socio-economic factors. The process of urbanization 
often disproportionately distributes greenspaces, and thus biodiversity 
and ecosystem benefits, across urban neighborhoods. In some cases, 
wealthier neighborhoods are associated with more abundant flora, 
higher biodiversity, and greater benefits from ecosystem functions, such 
as recreation, environmental amenity, temperature regulation, and 
community connectivity (Schell et al., 2020). This socio-ecological 
nexus of inequality has given rise to concerns over the problem of 
‘green gentrification’, which may lead socio-economically disadvan
taged populations to be disproportionately exposed to environmentally 
deprived and hazard prone areas (Anguelovski et al., 2019; Amorim 
Maia et al., 2020). Strategic GBI planning for BES conservation in cities 
should therefore be built into the considerations of the social, ecological 
and political contexts of a locality. 

6.5. GBI to sustainable transition of cities 

Urban GBI is an important interface of human and nature, which 
determine both environmental and social sustainability/resilience 
across urban space. Developing scenarios through participatory process 
can be a mean of raising awareness of GBI as a key component when 
planning future cities (Mansur et al., 2022). However, future research 
needs to incorporate viable methods for overcoming barriers and 
developing strategies for mainstreaming GBI into local development, 
while local governments need to absorb knowledge and collaborate with 
different stakeholders. In order to innovate, local governments need to 
gain capacity through learning mechanisms by interacting with citizens 
and other actors, as the requisite knowledge is often dispersed among 
different groups. The transformative innovations in GBI come with in
teractions with external actors, while the more incremental innovation 
require more internal mechanisms of collaboration (Zam
brano-Guitierrez and Puppim de OIiveira, 2022). City to city learning 
through networks can be an avenue for innovation, but how best to build 
the capacity to incorporate the knowledge from other cities remains to 
be fully understood. 

By linking plant and water assets or features, urban GBI provides a 
system of connected spaces and services that create value for both 
people and the local underpinning ecosystems (Pitman et al., 2015). 
However, GBI can also produce ecosystem disservices, defined as func
tions of ecosystems that are perceived as negative for human well-being 
(Lyytimäki and Sipilä, 2009; Gómez-Baggethun et al., 2013; Souza et al., 
2021). Therefore, these trade-offs need to be understood and evaluated 
within a local context and with a variety of stakeholders because dis
services are highly subjective and vary greatly across different envi
ronments and social contexts (Xu et al., 2018; Kremer et al., 2016). 

7. Conclusions 

Urban GBI provides the opportunity for scholars, practitioners and 
governmental officials to further manage urban solutions using nature, 
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in a way that has large, short and long-term positive benefits in terms of 
natural resource management, and which tackles global challenges such 
as climate change, biodiversity loss, air pollution, water quantity and 
quality management and aesthetics for better human lifestyles. 

Because of the potential of GBI to systematically mitigate the impact 
of urbanization on biodiversity and ecosystem services (BES), GBI has 
been promoted as a vital local strategy to be mainstreamed into urban 
development processes, particularly after the failure from national 
governments to meet the 2010 global target on biodiversity loss 
reduction. Nevertheless, development pressures and the complicated 
socio-economic settings inherent in cities often compete with policy and 
budget priority for BES conservation. This challenge remains in many 
cities and are likely to be particularly severe for those located in 
developing countries. The increasing interest in adopting GBI for 
ecosystem-based adaptation/mitigation strategies, however, may also 
enable the delivery of co-benefits for local BES conservation, as 
described in this chapter. 

Overall, there are multiple dimensions of urban GBI and, as shown by 
the articles in this special issue, individual cities continue to develop 
innovative concepts and approaches to understand how to assess, build, 
monitor and govern GBI solutions and policies. Greater integration be
tween local governments and societies with regional and national gov
ernments can promote the positive effects of urban GBI and their 
integration into the planning of food, water, and energy management 
systems developed beyond city limits. In this context, improved infor
mation on transboundary environmental effects and impacts on local 
well-being are critical to identify and quantify synergies and trade-offs 
between local versus larger-scale infrastructure networks. Therefore, it 
is critical to understand the flows of key resources (physical, techno
logical, cultural, financial) that can enable cities to sustainably develop, 
particularly by making better use of small-scale urban GBI. 
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