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A B S T R A C T   

Environmental, social, and economic sustainability patterns interact in various dimensions of an urban envi-
ronment. Exacerbated population growth triggers an emphasis on better resource management strategies 
addressing the balance of supply and demand over food, energy, and water sectors while considering social and 
economic development. Promoting sustainable development goals requires governance structures and functions 
within and across the food, energy, and water sectors, specifically due to polycentric urban development. This 
study emphasizes food security via an urban agriculture network in the greater Miami metropolitan area, 
encompassing the three counties of Palm-Beach, Broward, and Miami-Dade. Given the existing governance 
structure, we quantified several sustainability indices for clustering analysis to agglomerate urban agricultural 
sites (UASs) and to help identify the priority of clusters in terms of vulnerability or risk level according to their 
priority index in multicriteria decision-making. The cases of eight clusters were selected for the visualization of 
the UASs ranked by multicriteria decision-making based on scenarios prioritized for governance under the im-
pacts of climate change, social equity, and economic development. The role of governance structure was high-
lighted for signifying the incentive programs to enhance the overall sustainability performance of UASs in an 
urban food–energy–water nexus.   

1. Introduction 

Urban complexity based on spatial scale varies as cities grow larger 
over time, with changes in urban morphology constrained by urban 
landscape. In developing countries, urbanization is often associated with 
economic development, thus promoting the increase of population 
density in cities (Shen et al., 2011). Hence, urban sprawl is expected to 
continue with 68 % of the world’s population projected to reside in 
urban regions, for an additional 2.5 billion people in urban areas, by 
2050 (United Nations [UN], 2018a). As such, the United Nations (UN) 
has established 17 UN Sustainable Development Goals (SDGs). Specif-
ically, Goal 11 is aimed to make cities and human settlements inclusive, 
safe, resilient, and sustainable (UN, 2018a). It leads to achieve balanced 
social, economic, and environmental sustainability (Nikulina et al., 
2018). Specifically, SDG Target 11.3 concentrates on inclusive and 
sustainable urbanization for sustainable planning and management (UN, 
2018b). In congruence, the objective of the UN Food System Summit is 

to have an inclusive, sustainable, and resilient network, focusing on 
sustainable food systems as a necessity by bridging social, economic, and 
environmental sustainability development to promote autonomy and a 
circular economy (Nguyen, 2018). 

Further, addressing climate change has become tied to urbanism and 
sustainability. According to the Intergovernmental Panel on Climate 
Change (IPCC) Sixth Assessment Report (AR6), human-induced climate 
change impacts can affect the frequency and intensity of heavy precip-
itation and extreme heatwaves, sea level rise, and droughts (IPCC, 
2021). As such, policy instruments are important to establish and 
implement to achieve these sustainability goals at the intersection of 
urbanization, climate change, food security, and social equity, as in the 
case of the European Union (EU). 

In the 2021 UN Climate Change Conference (COP26) it was 
expressed the urgency of approaching climate change with goals for 
decarbonization and global net-zero greenhouse gas emissions (GHG) 
(UKCOP26, 2021). The EU aims for carbon neutrality by 2050 by 
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implementing a policy for this long-term objective. This strategy comes 
from the European Climate Law, part of the European Green Deal, which 
proposes net-zero GHG emissions for EU countries and carbon neutrality 
by 2050 (European Commission, 2020). However, to better understand 
sustainability, it is important to analyze a suite of sustainable indices 
and indicators to obtain a quantitative measure to assist in policy 
decision-making (Mayer, 2008; Mori & Christodoulou, 2012b). 

The principles of urban sustainability entail sustainable metropolitan 
development in regard to social, economic, and environmental aspects 
(Radzi, 2018). This encompasses the understanding that a city transi-
tions toward more green practices such as renewable energy. The Na-
tional Academies of Sciences (2016a) explained that urban 
sustainability is a multiscale and multidimensional problem that in-
cludes the involvement of citizens and public and private entities while 
emphasizing the biophysical limits of the planet, interconnection of 
human and natural systems, urban inequality, and the interconnection 
of cities. Collectively, environmental, social, and economic sustainabil-
ity interact in various dimensions. The implication of exacerbated 
population growth triggers concern for essential resource security, such 
as food availability, specifically in metropolitan regions. Food inequality 
also plays a role in different geographic regions based on food desert 
status. The U.S. Department of Agriculture (USDA) Economic Research 
Service recognized more than 6,500 food desert tracts in the 2000 
Census and 2006 facts (Dutko et al., 2012). Moreover, Blanchard and 
Matthews (2007) noted the emergence of food deserts during the past 
30 years as a result of the transition from small local grocery stores to 
supermarkets. 

The USDA defines metropolitan areas as a food desert if the com-
munity has limited transportation resulting in low access to supermar-
kets or grocery stores and low income based on census tracts (Dutko 
et al., 2012). The Economic Research Service in USDA further defines a 
low-access community by having at least 33 % of the population or 500 
people that live more than 1.6 km (1 mile) from supermarket or grocery 
store in an urban region. The 2008 Farm Bill defined a food desert as a 
region where the access to affordable and nourishing food is limited 
particularly in lower-income communities (110th Congress, 2008). To 
promote urban sustainability, urban farming practices have resuscitated 
and garnered increasing interest from public and private entities and 
policymakers, especially during the era of the COVID-19 pandemic. The 
C40 Climate Leadership Group consists of a consortium of 97 cities, 
primarily megacities such as Amsterdam, Beijing, Dakar, Miami, Rio de 
Janeiro, and Singapore, focused on sustainability with the aim of 
achieving the Paris Climate Accord goals (C40 Cities, 2020). 

Moreover, part of its agenda is to promote urban agriculture tar-
geting food resilience, food self-sufficiency, and local food production 
according to the 2014 food-related targets, where around 30 % of C40 
cities have already set these goals (C40,2014; Davidson & Gleeson, 
2015). For instance, large urban farming projects are located in (a) 
Bangkok, Thailand (22,000 m2), which utilizes green roofs and land-
scape architecture to mimic rice terraces (Holmes, 2020); (b) Paris, 
France (4000 m2), which employs rooftop farming technologies such as 
vertical farming (Ball, 2020); (c) The Hague, the Netherlands (0.30 acres 
or 1200 m2), which encompasses greenhouses and tilapia farms (Chow, 
2016); and (d) Shanghai, China (2.47 acres), which promotes vertical 
farming activities (Sasaki, 2021). 

In the United States, urban farming programs exist in various states, 
such as California, Florida, Louisiana, New York, South Carolina, Texas, 
and Washington. Notably, the largest urban farms in the United States 
are situated in Albuquerque, New Mexico (40 acres); Seattle, Washing-
ton (8 acres); Baltimore, Maryland (8 acres); and Detroit, Michigan (7 
acres) (Popovitch, 2017). Nationally, Urban Farm Bureaus have been 
instated in major urban regions to form a coalition to encourage urban 
farming practices. In the context of sustainable cities, urban and peri- 
urban agriculture contribute to social, economic, and environmental 
sustainability in congruence with urban resilience. Because the economy 
is always interwoven with social and environmental sustainability, the 

environment is the largest factor influenced by economic development 
and, in turn, affects social sustainability. This can be evidenced by 
environmental decisions being made contemplating the impact of eco-
nomic efficiency, equity, and ecosystem conservation (Adger et al., 
2003). 

As mentioned by Hodson and Marvin (2009), urban ecological se-
curity is overlooked because governance is mainly centered in economic 
development and fails to focus on ecological aspects, including smart 
growth and sustainable development (Davidson & Gleeson, 2015). The 
World Bank (1992) defined governance as the “manner in which power 
is exercised in the management of a country’s economic and social re-
sources for development” (Bank, 1992). Hence, the implemented 
governance structure should guide the decision-making arena toward 
sustainable development. In such a sense, policy making should promote 
social equity and minimize the unexpected externality effect (e.g., 
market failure) in economics which, in turn, helps achieve economic and 
environmental sustainability. 

Moreover, the role and implications of sustainable indicators and 
governance have yet to be fully understood (Holman, 2009) with 
regards to how governance shapes the use and development of in-
dicators (Astleithner et al., 2004). Understanding the circumstances of 
the development and utilization of indicators can be crucial to guiding 
governance for sustainability (Moreno-Pires & Fidélis, 2012). Despite 
the current SDGs already providing insight into global governance, the 
recognition of the challenges and conditions that led to establishing 
these goals requires considering existing institutional and policy ar-
rangements (Biermann et al., 2017). 

The main goal of this paper is to assess if the current urban agri-
culture network (UAN) in a metropolitan region can meet the sustain-
ability criteria delineated over the social, environmental, and economic 
dimensions and understand how to improve network governance, 
prioritizing the various social, environmental, and economic concerns of 
urban agricultural sites (UASs). In this paper, we use the clustering 
analysis to decide how the selected UASs in the study region of a UAN 
can be implemented in different stages with strategies according to their 
vulnerability and risk level. Likewise, the scaling up of UASs should 
follow some sustainability patterns that can maximize the overall sus-
tainability of the UAN. In this UAN, the interacting entities also form 
organizational networks that have governance structures and functions 
with an emphasis on three pillars of urban sustainability. 

We explore the following questions: (a) Can an integrated clustering 
and multicriteria decision analysis for pattern recognition in a UAN help 
gain better social and environmental sustainability while confirming 
economic sustainability? and (b) Can this managerial strategy of UANs 
be implemented through an existing or a future governance structure 
and policy instruments? This paper is organized as follows. First, we 
introduce the governance structure in the food, energy, and water sec-
tors and identify the sustainability indices used for the evaluation of 
clustering analysis to help describe the environmental, social, and eco-
nomic aspects in an UAN. Second, we review the incentive programs 
available for the food, energy, and water sectors. Finally, we consider 
the prioritization of UAS clusters, which is expected to resonate with the 
final stage of UAN growth by a more sustainable way to promote the 
UN’s SDGs. 

2. Methodology 

2.1. Study site 

The area of interest encompasses the greater Miami metropolitan 
region, consisting of three of the most urbanized counties in the state: 
West Palm Beach, Broward, and Miami-Dade. This is also the region that 
is at ground zero of climate change in the United States, with prominent 
threats that include sea level rise, hurricanes, and flooding. The UAN of 
interest in this study is comprised of 23 identified UASs distributed 
across these counties, which have primarily been demarcated as food 
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deserts by the USDA (see Fig. 1). Geographical information pertaining to 
each UAS can be found in Supplementary Information Table S1. 

In this study, a final benchmark comparison via a ratio method in 
terms of individual or county-wide food consumption index (FCI), water 
footprint (WF), and carbon footprint (CF) baseline was organized by two 
comparative approaches. One approach is the comparison between the 
selected target UAS and other UASs on an individual basis from which 
the individual ratio between the individual FCI, WF, and CF and global 
average in the UAN was generated for comparison in due purpose. The 
other approach is to carry out the group-wise comparison by calculating 
the baseline of county average values of FCI, WF, and CF baseline 
separately from which the individual ratio between the individual FCI, 
WF, and CF and county average was generated for comparison in due 
purpose. A base case of three preselected UASs (e.g., sites 2, 10, and 19) 
within the UAN was arranged for performance comparison in terms of 
their sustainability indicators throughout the two approaches. These 
three UASs were selected from three counties (i.e., West Palm Beach, 
Broward, and Miami-Dade). Each UAS corresponds to one county where 
they were selected because they have similar agriculture areas ranging 
between 520–640 m2 (5000–6900 ft2). Apart from the consideration of 
the agriculture land available for crop production, no other parameters 
were considered to make the characteristics of the base case, which 
makes the comparison easier. 

For the most part, these UASs consist of community gardens, api-
aries, indoor vertical hydroponic farms, and regenerative agricultural 
facilities aimed at providing sustainable, clean, and healthy food while 
engaging the community managed by the city supporting different social 
functions. The UASs in this area, such as the Urban Farming Institute and 
Dania Beach Patch, are nonprofit organizations that provide actionable 
programs, like city-sponsored community gardens, urban farm educa-
tion, and farmers’ markets (Urban Farming Institute, 2022), whereas 
Harpke Family Farm provides local food to restaurants and hotels based 
on chef partnerships (Harpke Family Farm, 2022). 

2.2. Governance structure and policy context 

Moving away from traditional governance is a topic of interest that 
encompasses neoliberal urbanism and neoliberal governance where 
policy making involves minimal government interference and limited 
governance concentrating on market-oriented policies and self- 
regulating markets (Ives, 2015). Besides, local UASs like the New York 
City’s park, the High Line, as an example of sustainable urban devel-
opment and community economic growth (Lang & Rothenberg (2017). 
The governance structure in Miami can be somewhat favorable in 
providing avenues to individuals participating in urban agriculture at 
their residence and community, such as in the case of urban farming 
market (Fig. 2). However, some of these urban agriculture activities 
have been regulated by the Florida Cottage Food Laws, which manage 
produce marketing by stipulating the specific items allowed for sale in a 
residence with annual gross sales below $50,000 and defining approved 
produce (Division of Food Safety, 2021). 

Further, there are also other food policies in place at different 
governance levels that could affect UASs. For example, fresh-cut pro-
duce from UASs can only be sold with permitting, processing, and 
handling for food safety at locations such as farmers’ markets, and food 
can only be sold within Florida (Florida Department of Agriculture and 
Consumer Services, 2020). 

In addition, other federal food policies regarding food safety are 
regulated by the U.S. Food and Drug Administration (FDA) and USDA, 
whereas agricultural land and practices are regulated by the Environ-
mental Protection Agency and Department of the Interior. These 
agencies establish regulations for low-impact development, stormwater 
reuse, wastewater reclamation, biosolid applications, and residential 
zoning and rezoning and help curtail environmental concerns. These 
concerns include but are not limited to urban agriculture associated with 
reclaimed water irrigation and landfill compost utilization and could 
affect food safety and public health. Yet government funding and po-
litical support are crucial for effective urban planning strategies, such as 
carbon market operation or low carbon economy. A further expansion is 

Fig. 1. Visualization of (a) urban agriculture sites and (b) low income and low food access (USDA, 2021) in greater Miami region (Miami-Dade, Broward, and Palm 
Beach Counties; details of location and cultivation area in Table S1). 
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the application of incentives and subsidies pertaining to renewable en-
ergy generation and UANs help promote certain renewable energy 
technologies and specific agriculture crops, respectively. 

The upscaling of UANs refers to the strategy for prioritization the 
gradual addition of UASs. Yet this growth strategy is influenced by 
governance structure and policy instruments. Because the interaction 
and relationship between stakeholders can be described as networks, 
network governance structure and function come into play in the 
context of governance structure and policy instruments. Network man-
agement is crucial to evaluate the structure of network governance to 
meet network change (Fuller et al., 2015; Popp et al., 2013). Network 
governance structures are employed to tackle challenges via multilateral 
coordination and involve the management and coordination of re-
sources, information, and activities of at least three organizations 
(Provan & Kenis, 2008; Rondelez, 2018). 

The modes of network governance include self-governed network, 
lead organization network, and network administrative organization 
(NAO) (Provan & Kenis, 2008). Self-governed networks are character-
ized by the distribution of leadership and decision-making among its 
members. Lead organization networks are a more centralized structure 
that involve one major member with leadership to manage the network, 
whereas the leadership in NAOs are located outside of the network. With 
long-term evolution, network governance structures can become a 
hybrid of these three modes. Additionally, polycentric governance can 
be established where multiple organizations partake in the decision- 
making arena, producing a mixed governance system with multiple 
governing agents who have distributed leadership, which promotes the 
potential of group decision-making in an urban food–energy–water 
nexus. This would involve an urban food production and distribution 
network, a water governance structure, and an energy distribution 
network (Fig. 3). 

2.2.1. Governance of urban food production and distribution 
A centralized food supply system takes care of the connection be-

tween multisource food supply systems (food security and nutrition) and 
urban system as food security policies are driven by top-down and ter-
ritorial approaches that can be fragmented and lack coordination 
(Économiques et al., 2016). Further, multilevel food system architecture 
is affected by territorial governance at different scales that can be also 
context specific. Nevertheless, this implies that a one-size-fits-all 
approach is not representative of most of the urban areas. A 

decentralized governance structure that promotes urban agriculture 
according to consumer demand, localized sourcing, distribution, and 
procurement is preferred for sustainable urban development. As the 
Fig. 3 implies, transitioning toward securing a food supply for food 
sustainability is central to the interrelated governance structure across 
food, energy, and energy sectors. Its decentralized decision support is 
reflected by a self-managed or self-governed network (Fig. 3) where a 
shared responsibility between different partners is desired. For example, 
low impact development for stormwater management might affect 
urban agriculture as the recovery and reuse of stormwater runoff for 
irrigation is central to the success of the emerging urban agriculture. 

However, the current governance structure related to food supply is 
more closely described by a structure of NAO, where decisions and 
policy regarding food safety permitting, processing, and handling is 
primarily controlled by an entity outside of the network (e.g., the FDA 
and USDA). Because of federal food safety policies and regulations, it 
can be difficult for UANs to transition to a self-governance and large- 
scale mode given the advantage of the UAN is to enable the provision 
of local food sources in dealing with the regular food supply and 
emergency responses such as COVID-19 or hurricane landfalls in coastal 
regions. 

2.2.2. Food safety and regulations for small food supply operations 
There are three different types of food-related businesses: cottage 

food (i.e., home food processing), commercial food processing facility 
(e.g., retail and wholesale), and (peri-)urban farms in the context of 
urban agriculture. Specific pertinent food safety regulations can be 
dependent upon the type of business or operation and the nature of food 
or produce and regulations or acts in concert with different governance 
levels (e.g., federal, state). First, at the federal level, the Food Safety 
Modernization Action of 2011 is the most sweeping reform of the U.S. 
Food Safety Law since 1938, and it is the most comprehensive regulation 
applicable to farm produce including urban agriculture. 

It also has other relevant regulations, such as preventative controls 
for human and animal food and sanitary transport rule. For example, for 
preventative controls for human food, there are specific safety regula-
tions on sanitary operations, equipment and utensils, and personnel. The 
ongoing hazard analysis critical control points (HACCP) is another 
federal-level systematic and preventative system, where food safety is 
addressed through the analysis and control of biological, chemical, and 
physical hazards from raw material production, procurement, and 
handling to the manufacturing, distribution, and consumption of the 
finished product. It breaks down to different types of food, such as juice 
HACCP and seafood HACCP. At the state level (that is Florida), the 
Department of Business and Professional Regulations is the regulatory 

Fig. 2. Implication of governance complexity and policy in food, energy, and 
water sectors. 

Fig. 3. Network structures and functions in an urban food–energy–water nexus.  
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agency responsible for licensing and regulating businesses and pro-
fessionals, including food trucks, restaurants, farmers’ markets, and 
caterers. 

Another important agency is the Florida Department of Agriculture 
and Consumer Services, which enforces federal regulations on UAS op-
erations without interstate commerce and some retailers. The Florida 
Cottage Food Law is another important regulation that is especially 
relevant to urban agriculture. In Florida, based on the Cottage Food Law, 
individuals can use unlicensed home kitchens to produce for sale of 
certain foods that present a low risk of foodborne illness (e.g., honey, 
jams, homemade pasta, etc.). It requires that the selling of Florida- 
produced cottage foods be restricted to within Florida and not across 
state boundaries and that they need to be properly packaged and 
labeled. It also needs to comply with all applicable county and municipal 
laws and ordinances regulating the preparation, processing, storage, and 
sale of cottage food products. 

2.2.3. Governance of sustainable water management 
Water governance focuses on water utilization and management, 

such as allocation, distribution, and equitable use, through establishing 
legislation and water policy. Here, we refer to water governance as the 
governance of water stakeholders in decision-making in the UAN 
context, although the case study is at a local scale and the entities 
involved in water governance encompass various organizations (i.e., 
regulatory authorities, community organizations) and individuals. 
Given the source of surface water or groundwater in a region, the water 
supply system is mostly a centralized institutional system where 
decision-making is distributed among the players of the municipal au-
thority (Fig. 3). Managerial policies are enacted by local, state, and 
federal legislation via centralized governance. 

Policy instruments can also affect the supply chain of water for urban 
agriculture irrigation. With the current operations in South Florida, most 
urban growers use groundwater for irrigation, which is a free resource 
except for the initial cost for pump installations. Few operations use tap 
water or city water due to the high cost, and such practices are more 
applicable to productions systems like aerophonics or hydroponics, 
which have higher standards of water quality and water chemistry but 
also possess high water use efficiency. Using reclaimed water (e.g., 
rainwater, stormwater, wastewater) can have great potential toward 
sustainable practices. However, this is not widely adopted in South 
Florida, due to the lack of infrastructure for sizable operations in urban 
food production. We observed that some urban growers use rain barrels 
connecting to rooftops to supplement water needs for irrigation as well 
as water from small urban ponds. 

Yet the combination of stormwater reuse provides an additional 
layer to decrease community vulnerability to water shortages, especially 
with concerns of climate change and substantial drawdown of the 
groundwater table. Stormwater reuse, with other low-impact develop-
ment strategies, can support urban agriculture irrigation and be further 
linked to combating climate change because stormwater can be utilized 
as an alternative water supply to support urban agriculture in drought 
events. In this context, the governance structure is a hybrid centralized 
and decentralized system (Fig. 3) that can be more reliable to the UAN 
because decentralized systems can have pros and cons relative to 
centralized systems (Goldthau, 2014). 

2.2.4. Governance of energy production and distribution 
Based on the characteristics of the energy sector, which has fewer 

restrictions and regulations in comparison to the food and water sectors 
that are sensitive to health and welfare, it can be easier to manage policy 
wisely. Unlike food and water that go directly to the consumer or the 
production process, energy is more of a service and is intangible by 
comparison. Energy governance encompasses energy service and supply 
distribution; however the governance structure is fragmented (Escri-
bano, 2015), with the polycentric structure better reflecting the gover-
nance structure in energy sector (Goldthau, 2014). Based on the 

networked characteristics in an urban food–energy–water nexus, it 
seems a lead organization governance structure can be selected (Fig. 3) 
because it is a more centralized structure that involves one major 
member (energy-generating facility) to manage the network of power 
distribution. 

The electricity generated by a centralized facility is distributed 
through the electric power grid to multiple end users like the UASs. 
However, with the potential inclusion of a local microgrid, energy 
storage units, and renewable energy production technologies that can 
operate as decentralized energy sources, the UAN can have a hybrid 
energy supply system between the centralized and decentralized oper-
ation modes. Further, there are also governance structures to promote 
sustainability and energy security. This type of decentralized energy 
source can not only provide a better energy reliability to the UAN but 
also decreases the carbon footprint (CF) associated with energy from 
fossil fuels, hence enabling the UASs to transition to be more sustainable 
for UANs to meet SDGs in the future. 

2.3. Sustainability indices 

The EU SDG indicator set was first presented in 2017 by the Euro-
pean Commission addressing progress toward the 17 SDGs and was 
revised in a 2021 report to consider EU policy and monitor the progress 
toward meeting the SDGs (European Commission, 2020). Moreover, 
sustainable indices also aid in the quantification of sustainable urban 
development (Verma & Raghubanshi, 2018). Trade-offs among social, 
environmental, and economic sectors are expected with respect to those 
selected sustainability indices that vary over the sustainable develop-
ment options (Mori & Christodoulou, 2012b). 

Yet the emphasis of sustainable development differs according to the 
interpretation of those sustainability indices (Tanguay et al., 2010). 
Therefore, transitions toward urban sustainability via multiple sectors 
presents a pathway instead of providing a direct evolution (Pupphachai 
& Zuidema, 2017). A quantification of progress toward sustainable 
development with respect to various sustainability targets can be ach-
ieved by delineating sustainability indices to support decision-making 
with linkage to urban governance structures and functions (Mayer, 
2008; Pupphachai & Zuidema, 2017). 

The selection of sustainability indices are dependent on the objec-
tives or interest for sustainable development and can be extremely 
broad, such as the measurement of CO2 emissions (Pupphachai & Zui-
dema, 2017), natural capital index, ecological footprint index, and 
welfare index (Mori & Christodoulou, 2012b). For instance, it is bene-
ficial to use local sustainability indicators to address local governance 
and policy among the pool of 29 local indicators presented by Tanguay 
et al. (2010). These include crime rate, daily water consumption per 
person, unemployment rate, GHG emissions, and population density. 

Because there are various aspects of sustainability, sustainability 
performance can be measured via sustainability indices in a similar 
approach that encompasses environmental, social, and economic in-
dicators tied to legal aspects. These indices also help explore and con-
nect urbanization and urban agricultural practices as summarized in 
Table 1. For example, carbon footprints can be linked to policy in-
struments aimed for carbon neutrality and GHG emission reduction. 
Conversely, water footprints can be associated with water conservation 
and climate change effects. The food consumption index can link pop-
ulation, local food production, and food security. For environmental 
sustainability, indices related to environmental impact, such as CF (kg 
CO2-eq), WF (L), and sea level rise (m), are considered. 

In social sustainability, indices related to population density, food 
availability, and social equity, such as the FCI, unemployment index 
(UI), and crime rate index (CRI), can be evaluated. In the economic 
sector, crop production index (CPI) is used to explore the economic 
sustainability with respect to income generated by crop produced at 
local scale, and water reuse potential (WRP) relates the reduction of 
reclaimed water demand for irrigation by stormwater per agriculture 
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site area. Accordingly, the sustainability will be assessed for the 23 UASs 
selected in the UAN of interest as well as cross-comparison corre-
sponding to the grouped UASs by their inherent characteristics. 

2.3.1. Environmental sustainability 
The analysis on environmental sustainability focuses on the analysis 

of water footprints and carbon footprints from the production and 
consumption of resources in the UASs and their activities of related 
people and entities. The carbon footprint related to the GHG emissions is 
associated with production activities in the UAS described in Eq. (1). 
Similarly, the water footprint quantity of water consumption from crop 
production activities is described in Eq. (2). 

CF = areacrop*yieldcrop*GHGEFarea of crop (1)  

WF = areacrop*yieldcrop*WCFarea of crop (2)  

where CF is the crop carbon footprint and contribution of GHG (i.e., 
carbon dioxide) emissions (kg CO2-eq), areacrop is the area for crop pro-
duction (m2), yieldcrop is the maximum annual crop yield (kg⋅m− 2), and 
GHGEFareaofcrop is the GHG emissions factor for each crop (kg CO2- 

eq⋅kg− 1). Likewise, WF is the total water footprint and water consump-
tion (L), and WCFareaofcrop is the water consumption factor for each crop 
(kg CO2⋅kg− 1). 

Additionally, the analysis of sea level rise was performed according 
to the projections acquired from the IPCC AR6 report according to 
NASA-IPCC AR6 scenario SSP5-8.5 (low confidence) that accounts for 
possible climate change to having extremely high GHG and CO2 emis-
sions from climate change impact (Masson-Delmotte et al., 2021), with 
the projection for total sea level rise of 0.15 m by 2030 obtained from 
NASA’s sea-level projection tool utilizing the IPCC AR6 report (NASA, 
2022). 

2.3.2. Social sustainability 
Social sustainability indices can include information like supply 

chain, location, social innovations, training and education, health and 
safety, and so on (Husgafvel et al., 2015). Social sustainability is the 
relation between stakeholders and social development. Further, quality 
of life, governance, diversity, equality, food security, and social equity 
are other indices analyzed in describing sustainable development 
(Dempsey et al., 2011; Talan et al., 2020). In this case, we examined 
specific aspects of social sustainability, such as the unemployment rate, 
the crime rate, and food security in the context of food availability. 
Crime rate and low income affect UASs and, therefore, can help deter-
mine which urban farming location needs to receive priority support, 
leading to a decreased crime rate via urban agriculture activities. 

The low access is defined by USDA when at least 33 % of the pop-
ulation or 500 people live more than 1.6 km (1 mile) from a supermarket 
or grocery store in urban regions. However, to describe food availability 
via the FCI, we used the average daily dietary food uptake for an adult of 
4 kg (World Health Organization, 2003) to determine the food demand 
according to the relationship between food consumption and approxi-
mate population density near UASs. The population near the UASs was 
determined based on the area of local UAS community and the popu-
lation density (cap⋅km− 2) obtained from the postal zip code corre-
sponding to each farm (U.S. Zip Codes, 2022). Considering 33 % of the 
population in low-access regions surround the UASs, the theoretical 
population near each UAS is obtained by considering the population 
density that can be sustained by the agricultural area and factoring for 
the 33 % of the population being fed by each UAS. Thus, the FCI is 
obtained from the ratio between the average daily food consumption 
(fcUFAi

) and food production (fpUFAi
) as described in Eq.3. If FCI > 1, it 

represents a greater food demand over food supply. 

FCI =
fcUFAi

fpUFAi

(3) 

The UI and CRI were collected from the U.S. Census Bureau from the 
2019 American Community Survey 5-year estimate (U.S. Census Bureau, 
2022) and the interactive crime map using data from a private data 
provider, ATTOM Data Solutions (ADT, 2019). 

2.3.3. Economic sustainability 
Economic sustainability can integrate the elements that stimulate 

economic growth in sectors such as food, energy, and water. These 
should be capable of supporting a given system (e.g., community or 
population). For example, cost analysis for local food production and 
food consumption in relation to energy supply via a utility grid and/or 
microgrid can provide an idea of economic sustainability. Similarly, 
comparison of reclaimed water and stormwater consumption and cost of 
water utilization can further provide insight into economic 

Table 1 
Summary of sustainability indices applied in this study.  

Sustainability Index Description 

Environmental 
aspects 

Carbon footprint Carbon footprint resulting from GHG 
emissions related to crop harvesting and 
local crop production 

Water footprint Water footprint resulting from water 
consumption related to local crop 
production 

Sea level rise Climate change impact prediction of sea 
level rise according to NASA-IPCC AR6 
scenario SSP5-8.5 (low confidence) 
projections 

Social aspects Food consumption 
index 

Relation between food consumption and 
approximate population density near 
the urban farms 

Unemployment 
index 

Standard values for the unemployment 
rate 

Crime rate index Standard values for crime rate 
Economic aspects Crop production 

index 
Used to calculate the income generated 
from the crops produced in each urban 
farm utilizing Florida price (pf) and 
national crop price (pfnat.) 

Water reuse 
potential 

Cost of water reuse potential is a ratio 
comparing the cost of reclaimed water 
supply for irrigation after utilizing an 
alternative water supply (e.g., 
stormwater) per UAS area (Assuming 
stormwater storage of 20,000 L⋅yr− 1)  

Table 2 
Carbon footprint and water footprint based on crop production for UASs.  

UAS Number of 
crops 

Carbon footprint (kg CO2- 

eq⋅yr− 1) 
Water Footprint 
(L⋅yr− 1) 

1 4 1.76 × 103 0.229 × 106 

2 3 0.532 × 103 0.326 × 106 

3 5 1.17 × 103 0.926 × 106 

4 7 5.44 × 103 2.27 × 106 

5 9 10.6 × 103 2.68 × 106 

6 13 8.96 × 103 1.03 × 106 

7 7 1.57 × 103 0.345 × 106 

8 3 4.37 × 103 0.445 × 106 

9 12 1.60 × 103 0.443 × 106 

10 4 2.83 × 103 0.380 × 106 

11 11 3.52 × 103 0.966 × 106 

12 7 5.34 × 103 1.60 × 106 

13 7 4.16 × 103 2.26 × 106 

14 5 17.6 × 103 3.13 × 106 

15 4 5.40 × 103 4.61 × 106 

16 7 31.4 × 103 8.61 × 106 

17 2 0.287 × 103 0.136 × 106 

18 4 0.357 × 103 0.296 × 106 

19 12 2.28 × 103 0.633 × 106 

20 12 2.72 × 103 0.703 × 106 

21 9 5.63 × 103 1.39 × 106 

22 11 6.29 × 103 1.73 × 106 

23 12 1.76 × 103 0.229 × 106  
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sustainability. 
The CPI index is used to calculate the income generated from the 

crops produced in each UAS (fpUASi
) utilizing Florida price (pf) and 

national crop price (pfnat.), which are obtained from the USDA 
(Table S2). For simplicity in comparing UASs, 15 crops (i.e., snap bean, 
cabbage, corn, cucumber, pepper, tomato, eggplant, squash, potato, 
lettuce, spinach, onion, okra, and radish) generally produced by the 
UASs are presumed to be cultivated throughout the agricultural sites, 
although not all are cultivated through the 23 UASs (Table S3). 
Assuming that equal quantities of each crop are cultivated at each farm 
(based on area), the estimated income can be derived based on the 
Florida fresh market price (Eq. (4)). 

CPI =
∑

i=23
fpUASi

*pf (4) 

The WRP index is a ratio comparing the cost savings from using an 
alternative water supply (e.g., stormwater) and the cost of the reclaimed 
water supply per UAS area (Eq. (5)). 

WRP =
(WS − SWS)*RWcost

UAarea
(5)  

where WS is the water supply (m3⋅yr− 1), SWS is the stormwater supply 
(m3⋅yr− 1), RWcost is the cost of reclaimed water supply ($⋅m− 3), and 
UAarea is the area of an UAS (m3). 

2.4. Spatial analysis of UAN from optimal governance perspective 

2.4.1. Urban farm clustering 
Many urban spatial patterns have been evolving into being more 

polycentric than centralized patterns (Wang et al., 2020). Most metro-
politan cities can be described as polycentric urban regions character-
ized as polycentric urban networks (Kloosterman & Lambregts, 2001). 
While implementing clustering methods, the dissimilarities between the 
observations assigned to each cluster can form an emerging UAN. Thus, 
the clustering analysis aims to agglomerate the UASs in a UAN for 
exploring UAS growth. Within this context, the sustainability assessment 
of the UASs in the UAN must consider the intersections among social, 
economic, and environmental sustainability and its implications of 
being equitable, bearable, and viable (Fig. 4) because all three pillars of 
sustainability should be addressed to attain a truly sustainable 

development (Tasdemir et al., 2020). Along with this philosophy, three 
sectors of food, energy, and water can be better structured with gover-
nance and policy for resources distribution for the public at large 
(Fig. 3). 

Geo-clustering has been presented in various clustering analyses, 
including k-means clustering, hierarchical clustering, and density-based 
spatial clustering. For example, the three-dimensional (3D) feature 
space iterative clustering method with noise control was applied for 
image clustering by Guo and Haigh (1994) in a 3D feature space. But Wu 
et al. (2018) used gray clustering analysis for classifying multiple ele-
ments and objects in a system that may have uncertainty and fuzzy 
factors. 

Further, fuzzy classification was used to classify the feature vector of 
vehicle feature space (Astapov & Riid, 2015) and processing 3D brain 
magnetic resonance images (Kong et al., 2019). Optimal clustering in 
high-dimensional spaces has been applied to data that may have a high 
degree of noise in grid clustering (Hinneburg & Keim, 1999) and high- 
dimensional clustering of single-cell data of antibody panels (Brum-
melman et al., 2019). In this study, we employ k-means clustering al-
gorithms to analyze clusters based on high-dimensional data embedded 
in different UANs, projecting more than 10 indices in a 3D feature space 
with respect to social, environmental, and economic sustainability pat-
terns. Variation in the number of clusters in k-means clustering analysis 
helps assess how the UASs can be grouped into varying levels of 
sustainability. 

The k-means clustering algorithm can form grouping based on 
assigning data points to a centroid (i.e., the centroid is the center point of 
the object) with respect to Euclidean distance between the centroid and 
the data point locations. It can be manipulated in an iterative process 
that averages the points in the cluster and adjusts the centroid to the 
updated location (Chikumbo & Granville, 2019). In a 3D feature space, 
the Euclidean distance (d) is determined from point A = (x1, y1, z1) and B 
= (x2, y2, z2) is described by Eq. (6). 

d(A,B) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x1 − x2)
2
+ (y1 − y2)

2
+ (z1 − z2)

2
√

(6) 

Mathematically, the aim of k-means clustering algorithm is to 
minimize the sum of squared errors within the Euclidian distance. 
Further, the k-means clustering algorithm clusters data without given 
classification categories. In this optimization process (Eq. (8)), the 
objective function f is to minimize the sum of the squared Euclidean 
distance of each point to the nearest centroid as specified in Eq. (7), 
where k represents the specified number j of clusters (j = 6, 8, 10, and 12 
in this study), m is number of features for sample data i, X = (x1, …,xn) 
are a set of data points, c = (c1, …, cj) represents a cluster set, and cj is a 
centroid of cluster j. To implement the k-means clustering algorithm, we 
explored the number of iterations required for convergence and speci-
fied the maximum number of iterations per run as five iterations based 
on our results. 

f = min
∑k

j=1

∑m

i=1

⃒
⃒
⃒
⃒xi − cj

⃒
⃒
⃒
⃒2 (7) 

The k-means clustering strategies are formulated with respect to 10 
criteria that are implicated in the determination of the priority index 
(PI): (a) sustainability (social, economic, and environmental), (b) 
governance (agriculture funding for UASs), and (c) geographical loca-
tion (proximity to food desert). Each criterion has unique attributes 
identified as A1 = CRI, A2 = UI, A3 = FCI, A 4 = CPI, A5 = WRP, A6 = CF, 
A7 = WF, and A8 = effect of sea level (SL) rise by 2030 according to IPCC 
AR6 SSP5-0.6. If a UAS is affected by sea level rise, assign a value of 1; 
otherwise, assign 0. These three strategies echo the three pillars of 
sustainability (Fig. 4). Attributes identified in governance are A9 =

government funding (PF) for food distribution (if nonprofit or public, 
assign value of 1, otherwise 0). We noted that most UASs (labeled as 
community gardens) are nonprofit organizations or are managed by Fig. 4. Summary of the realm of clustering analysis for three pillars of 

sustainability. 
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public entities (e.g., town or city). A10 = proximity to food desert (FD) (If 
situated near food desert, assign value of 1, otherwise 0). 

However, before implementing the k-means clustering algorithm, 
scaling and normalizing these attributes is performed where the 10 at-
tributes of the data set were first standardized according to Eq. (8). Here 
nik = standardized sustainability index for attribute k of UAS i, Xik =

attribute value for sustainability index k, Xik is the mean attribute value, 
and si is the standard deviation of i. This was done by using Scikit-learn’s 
StandardScaler package. The standardization is important to avoid 
possible bias when assigning weights related to the importance of each 
attribute because the values for the attributes are scattered over 
different ranges. 

nik =
Xik − Xi

si
(8) 

Because proximity plays a vital role in many aspects of an urbani-
zation process, the competitiveness in economic activities are site- 
specific in some cases (Kloosterman & Lambregts, 2001). The geo-
spatial data of the UASs were thus transformed from latitude and 
longitude to Cartesian coordinates by applying a 100 × 100 grid matrix 
that overlays in the ArcGIS map for plotting in a 3D space later in the 
clustering analysis. 

2.4.2. Prioritization of UAS clusters via multicriteria decision-making 
To evaluate the implementation of clustering analysis for ultimate 

prioritization of the UAS clusters, the various intrinsic criteria or attri-
butes can be ranked in order of importance. For example, in multicriteria 
decision-making (MCDM), the technique for order preference by simi-
larity to the ideal solution (TOPSIS) (Behzadian et al., 2012) can be 
employed to generate weights for each sustainability index to echo the 
importance given to the individual cluster condition. Thus, a decision- 
making problem can be solved after conducting and evaluating the 
clustering strategies for the specified attributes. 

However, this MCDM process can be implicitly implemented directly 
to the clustering analysis, where the desired weights are assigned to the 
sustainability indices before the application of the clustering algorithm 
to assess the alternative scenarios (e.g., values and assumptions) in 
shaping the outcome of complex decision-making. Hence, to couple all 
the aspects of sustainability, the sustainability weight index is deter-
mined as follows for the sustainability indices for social, environmental, 
and economic sustainability. Given the different scenarios, the assign-
ment of criteria weights reflects the importance of the criteria in the 
decision-making (Mateo, 2012). 

wkj = mjnki (9)  

where wkj = weighted standardized vector for attribute/criteria j for 
UASs, i = {1, …,23},mj = assigned importance of criterion {0,1}, and 
nki = standardized sustainability index for attribute j of UAS i. A com-
mon weighting method is the weighted score (Odu, 2019) based on the 
order of importance, and hence, the values assigned for the weighting 
factors range between 0 and 1 because the total score should be 1 or 100 
% (Németh et al., 2019). 

The first scenario or equal sustainability scenario (S1) gives the same 
weighting factors to social, economic, and environmental sustainability 
(i.e., mj = 0.1 for each index). The second scenario or climate prioriti-
zation scenario (S2) accentuates the climate change impact (specifically 
CF, WF, and sea level rise), thus assigning mj = 0.2 to CF, WF, and sea 
level rise, and mj = 0.0571 to each of the remaining indices. The third 
scenario, economic prosperity scenario (S3), highlights the economic 
gain (CPI) from local food production and possible cost savings from the 
inclusion of stormwater by reducing reclaimed water demand for irri-
gation (WRP), thus also assigning mj = 0.2 to CPI and WRP and mj =

0.075 to each of the remaining indices. 
The decision-making matrix is composed of the summation across 

the 10 criteria (j = 1, …, 10) pertaining to sustainability concern (social, 

environmental, and economic sustainability indices), optimal gover-
nance (agriculture funding support for UASs), and sensible location 
(proximity to food desert; Eq. (11)). The direction from each attribute 
considers how precarious each UAS could be as summarized by using the 
PI. For instance, the UI, CI, FCI, CPI, WRP, CF, WF, sea level rise, PF, and 
FD would all have a positive direction because it is desirable to 
commence the upscaling process across UASs that are under more dis-
tressed conditions regarding food insecurity, societal crime control 
problems, and salient environmental impacts. 

PI =
∑n

k=1
wij (10) 

Last, to decide the priority of promoting these UAS clusters in a UAN, 
the ranking is performed accoding to the PI value, where the highest PI 
signifies higher priority in a UAN to promote due to its precarious 
situation. 

Further, the scenarios can be assessed to help stakeholders and 
decision-makers understand which scenario needs greater attention for 
the implementation in a UAN. Using summations of the weighted vec-
tors (wkj) determined and normalized for the attribute or criterion 
derived from each scenario in the MCDM process, the three scenarios 
can be ranked according to the PI score, in which a PI closer to 1 is 
preferred (Abidin et al., 2016). First, the weighted vectors are normal-
ized (rij) (Eq. (11)), and second, the scenario is selected for the highest 
calculated score Pi (Eq. (14)). 

rij =
wkj
̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j=1
w2

kj

√ (11)  

S+
i =

[
∑n

j=1

(
wkj − v+j

)2
]1/2

(12)  

S−
i =

[
∑n

j=1

(
wkj − v−j

)2
]1/2

(13)  

Pi =
S−

i

S+
i + S−

i
(14)  

where S+
i = positive distance between alternative and overall score for 

alternative i, and S−
i = negative distance between alternative and overall 

score for alternative i. Here v+j = ideal best value based on wkj, v−j = ideal 
worst value based on wkj, and Pi = score of alternative i. 

3. Results 

3.1. Sustainability assessment 

We performed the evaluation of sustainability indices to try and 
undertake the three aspects of sustainability with the social, environ-
mental, and economic dimensions of the UAN as mentioned by Mayer 
(2008). We used local indicators to evaluate and support local decision- 
making (Tanguay et al., 2010). The assessment of environmental sus-
tainability provided insight to GHG emissions and water consumption 
for each UAS as well as possible impact from sea level rise based on 
projections for 2030 (Fig. 5). With GHG emission factors (kg CO2- 

eq⋅m− 2) and water consumption factors (L⋅kg− 1) for urban agriculture 
irrigation from the literature (Table S5), we estimated the CF and WF for 
each UAS. It is noticeable that the estimated values of CF and WF were 
based on the inventory of dominant crops documented for production at 
each UAS (Tables S3 and S4); hence, farms that grew more crops tended 
to have a higher CF and WF (Table 2). For the base case that corre-
sponded to the UAN consisting of three UASs (UAS2, 10, and 19), the 
UAS with the lowest CF and WF was UAS2, followed closely by UAS10. 
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Out of the selected 23 UASs, UAS5, UAS14, and UAS16 obtained the 
highest carbon and water footprints related to crop production. 

After performing the sea level rise projection according to NASA- 
IPCC AR6 scenario SSP5-8.5 (low confidence), we found that UAS1, 
UAS2, and UAS3 located in Miami-Dade will be affected with flooding 
according to a 300-meter delineation range (Fig. 5). Two of these UASs 
(i.e., UAS2 and UAS3), along with UAS4, UAS9, UAS13-15, UAS20, and 
UAS23, showed large FCIs, indicating greater food demand in relation to 
food production. A suggestion to decrease the FCI and provide a larger 
food supply in this area can be made possible by expanding the current 
cultivation area of the UASs. However, considering the possible impact 
of sea level rise in the future at UAS1, UAS2, and UAS3, it may be more 
feasible to incorporate a new UAS at a location that may not be affected 
by coastal flooding given the projected sea level rise. This can call forth 
the need for additional policy instruments, incentives, and subsidy 
programs to aid in the sustainment of the UASs. Additional options can 
be evaluated to pinpoint some private and public entities that may 
develop more UASs with a high sustainability level, such as UAS15. In a 
sense, having multiple UASs in the UAN provides a form of robustness as 
to the case of climate change impact assessment. 

Other important aspects in regard to social sustainability are the 
observed large unemployment rate and crime rate at UAS4 relative to 
other UASs. The unemployment rate is ~ 2.2 times higher than the 2021 
national average unemployment rate of 5.3 % (USDL, 2022). However, 
the crime rate was slightly below the 2020 national crime rate of 387.8 
(per 100,000 general population) (Grimes, 2021). For economic sus-
tainability, usually the UASs with a larger agricultural area exhibited a 
higher CPI, such as UAS14, 15, 16, and 23, related to its production 
potentials. The possible income from crop production is one important 
benefit to areas that suffer from economic inequity; hence, this income 
can stimulate further urban agriculture in the UAN, thereby concur-
rently increasing its social sustainability. Yet, governance and policy 
have to be evaluated to determine if rectification is needed to enable the 
avenue for this transition in the UAN. 

Comparison of the sustainability patterns in an UAN can be made 
possible with respect to food security (e.g., FCI) and environmental 
impact (e.g., CF and WF) over each individual UAS or each group of 
UASs in each county. Fig. 6a shows the performance comparison of the 
individual UAS relative to the global averages of all UASs in the UAN. 
The three selected target sites of UAS2, 10, and 19 may be highlighted 

Fig. 5. Location of UASs with respect with sea level rise for 2030 according to NASA-IPCC AR6 scenario SSP5-8.5 (low confidence).  
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for demonstration. In this context, UAS2 with a FCI ratio of 0.839 is 16.1 
% lower in comparison with the global average of the FCI ratio in the 
UAN, implying that there is greater food demand than food production 
at UAS2. As for UAS10 and UAS19, the same ratio was 0.105 and 0.704, 
respectively, indicating the FCI ratio was 89.5 % lower for UAS10 and 
29.6 % lower for UAS19 in comparison to the global average of the FCI 
ratio in the UAN. However, the individual CF ratio was 0.042, 0.225, 
and 0.181 for UAS2, 10, and 19, respectively indicating that the CFs for 
the three preselected UASs as base case were lower than the global 
average of CF ratio in the UAN, while being 95.8 % lower for UAS2, 77.5 
% lower for UAS10, and 81.9 % lower for UAS19. Moreover, UAS2 with 
a WF ratio of 0.174 had a value of 82.6 % lower WF than the global 
average of the UAN. UAS10 and UAS19 had a WF ratio of 0.203 and 
0.338, respectively. Finding in this case displayed 79.7 % and 66.2 % 
lower WF ratio than the global average of WF ratio in the UAN, 
respectively. The performance comparison between other UAS relative 
to the base case can be further evaluated by the same way using the 
global averages (i.e., horizontal base lines) In Fig. 6(a). 

When considering the benchmark comparison based on the county 
averages as shown in Fig. 6(b), the three preselected target sites (e.g., 
UAS2, 10, and 19) may be chosen again for demonstration to signify the 
implication of scaling up the UAN from a regional perspective. 
Regarding the base case for the FCI ratio in Fig. 6(b), UAS2 had a ratio of 
1.10 suggesting that the individual FCI ratio is 10 % higher than the 
county average of FCI ratio of the UASs in Miami-Dade County. Besides, 
UAS10 and UAS19 had a FCI ratio of 0.07 in Broward County and 1.25 in 
Palm Beach Counties, respectively, indicating that the individual FCI 
ratio obtained for UAS10 was 93 % lower while for UAS19 was 25 % 
higher than the county average of the FCI ratio. When comparing with 
regards to CF and WF ratios, UAS2 obtained a ratio of 0.11 and 0.26 
indicating an 89 % and 74 % lower carbon and water footprints relative 
to the county average of the CF and WF ratio, respectively. UAS19 had a 
ratio of 0.09 for CF and 0.34 for WF relative to the county averages of the 
CF and WF ratio. It is indicative that the CF and WF ratio for this UAS is 
approximately 91 % and 66 % lower than the county average of the CF 
and WF ratio, respectively. Similarly, the comparison in terms of the 
performance of other UASs relative to the global averages can be visu-
alized by using the horizontal base lines for the global averages of FCI, 
WF, and CF ratios as shown in Fig. 6(b). When comparing the global 
results of the UAN with the three preselected target sites in the base case, 
the results support the network expansion with the inclusion of more 

UASs. This is evidenced by that two of these three UASs in the base case 
did not have favorable results. We predicted that UAS2 will be affected 
by sea level rise and flooding, while UAS2 and 19 had similar FCI ratios 
representative of greater food demand than food supply and UAS2 and 
10 had close values of unemployment rate. 

3.2. Clustering analysis of the urban agriculture sites 

The clustering analysis leads to generating the PI, which aggregates 
all the predefined indices. The individual visualization of the social, 
environmental, and economic sustainability for each cluster can then 
help clarify the overall level of sustainability in a UAN (Fig. 7). For 
instance, UAS15 has greater food demand, as demarcated by the larger 
FCI, and the highest crime rate is at UAS4 (Fig. 7a). Although UAS1, 
UAS2, and UAS3 are affected by sea level rise, UAS17 has the highest CF 
and and UAS16 the highest WF among all the UASs (Fig. 7b). The UASs 
in proximity to food deserts includes UAS1, UAS2, UAS3, and UAS12 
(Fig. 7c). It is noticeable that most UASs are supported by government 
funding with four exceptions, including UAS8, UAS15-16 and UAS23. 

The analysis of the UAN can follow those clusters that maximize the 
sum of the different sustainability levels of the 23 UASs (Fig. 8), which 
can be easily summarized by PI across three scenarios (Table 3). The 
three proposed scenarios in this study try to address the impact of 
varying aspects of sustainability for each UAS. The equal sustainability 
scenario (S1) provides a base for comparison, with similar importance 
placed in all the criteria for decision-making, whereas the climate pri-
oritization scenario (S2) and economic prosperity scenario (S3) priori-
tize climate change impact and economic gain (CPI) from local food 
production, respectively. Visual comparison of both S1 and S2 yielded a 
similar relationship for all k-clusters (6, 8, 10, 12) except for S3 ac-
cording to the 3D feature space (Fig. 8). 

To further showcase the clustering results, we selected the case of k 
= 8 clusters for further assessment and visualization of the three sce-
narios because this clustering scheme in general has a distribution of at 
least two UASs per cluster (Fig. 9). To accommodate sustainable ur-
banization, polycentric evolution in expansion and growth may be more 
appropriate for the UAN because polycentric urban development con-
siders the shift of urban clusters followed by the reshaping of regions 
from population growth. The formation of subcenters has resulted in a 
polycentric spatial pattern exhibited in the urban regions driven by 
urban spatial dynamics (Broitman & Czamanski, 2015). For instance, 

Fig. 6. Comparison between (a) FCI, WF, CF ratios for individual UAS relative to global baseline in the UAN (b) FCI, WF, and CF ratios for individual UAS relative to 
each county average as shown by different shaded area and global county averages in the UAN. 
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Yue et al. (2010) presented the analysis of polycentric urban expansion 
in Hangzhou, China, focused on development clustered around eco-
nomic activities. 

Finally, the interrelationship between food security and environ-
mental sustainability in a scaling-up process with regards to the UASs in 

each cluster can be observed by a cumulative context. By highlighting 
the clustering analysis of S2 a demonstration was presented in Fig. 10 
based on the data set in Fig. 6(a) where this interrelationship is visual-
ized through a logistic pattern globally. Although the FCI, WF and CF 
increase with the addition of more UASs to the network in a scaling-up 

Fig. 7. Distribution of standardized a) social, b) environmental and c) economic sustainability indices of UASs.  
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process, the cumulative approach with increased number of UAS inte-
gration confirms the contribution of clustering analysis which pull in the 
most sustainable clusters into the network in the beginning stage step-
wise. It is evidenced by the fact that the transition between the addition 
of UASs from Cluster 7 to Cluster 8 with not much difference in terms of 
sustainability level is noted in the end. Although there is an increase in 
the trend from the beginning stage there seems to dampen and level off 
after the incorporation of Cluster 7. 

3.3. Multicriteria Decision-Making 

The MCDM approach was performed from the calculated PI per-
taining to priority because of the higher vulnerability in the UAS clus-
ters. For demonstration, k-cluster = 8 was selected for final MCDM to 
rank the clusters from the most to the least vulnerable to determine the 
priority for the three scenarios (Table 4). In the equal sustainability 
scenario (S1), where equal importance was placed on the sustainability 
indices, the integration of UAS clusters from highest to least priority is as 
follows: Cluster 2 → Cluster 1 → Cluster 4 → Cluster 6 → Cluster 5 → 
Cluster 8 → Cluster 7 → Cluster 3. In the climate prioritization scenario 
(S2), the UASs that have higher priority are Cluster 4 and Cluster 7, as 
opposed to S1, where Cluster 7 was one of the last ranked. 

Although the economic prosperity scenario (S3) laid importance on 
economic gain from local food production and water reuse potential, 
both Cluster 2 and Cluster 4 were ranked as high priority. Further, 

because the implementation of the UAN is reliant on stakeholder 
decision-making, the scenarios can be ranked using TOPSIS to help 
identify which process for upscaling UAN shall be followed for the 
implementation of the UASs in the clusters. Considering all of the sus-
tainability indices and the highest score alternative (Pi), S2 ranked the 
highest, followed by S3, and therefore, we suggest that the proposed 
UAN should follow S2 (Table 5). In this scenario, all sustainability 
indices are given higher priority due to climate change in the decision- 
making context. 

4. Discussion 

The UN SDGs goal-setting agenda draws on the efforts of sustainable 
development with the implication of governance strategies. Although 
creating sustainable cities and communities is the aim of SDG 11, other 
SDGs can be examined simultaneously. For instance, SDG 17 emphasizes 
the importance of cooperation and global partnerships at the local, na-
tional, and regional levels with two of SDG 17′s targets (17.16 and 
17.17) aimed at strengthening and encouraging multistakeholder part-
nership for sustainable development as well as enhancing policy con-
sistency for sustainable development (UN, 2020). 

Yet the vague target descriptions in the SDGs provide room for 
interpretation and can lead to poor implementation (Biermann et al., 
2017). The assessment of sustainability indicators as illustrated in this 
paper is able to provide stakeholders and decision-makers with 

Fig. 8. Visual comparison of clusters in 3D feature space for scenario 1, scenario 2, and scenario 3: (a), (b), and (c) k = 6; (d), (e), and (f) k = 8; (g), (h), (i) k = 10; 
and (j), (k), (l) k = 12. 
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sustainable pathways, as is the case of the City Sustainability Index 
presented by Mori and Christodoulou (2012a). Besides, the participation 
and engagement of decision-makers in the conceptualization and gen-
eration of sustainable development indicators is important to show their 
assessment potential across different site conditions (Mascarenhas et al., 
2010). The methods of governance for sustainable development form 
strategies for functionalizing sustainable development (van Zeijl- 
Rozema et al., 2008). Hence, Kapucu et al. (2021) addressed stake-
holder engagement and partnership in the food–energy–water nexus 
toward SDG implementation. 

The emphasis of networks of organizations or partnerships (e.g., 
agencies) is important for addressing the implementation of sustain-
ability goals. Network science is composed of the analysis of networks in 
various disciplines, such as information science, computer science, so-
cial network analysis, physics, and mathematics (Börner et al., 2007). 
Multiorganizational governance can also be perceived as a form of 
network (Provan et al., 2008). Thus, the governance structure is essen-
tial to the interaction of organizations, agents, and stakeholders in 
complex decision-making. A polycentric governance system is an 
approach to creating multiple independent governing entities (Feldman, 
2016) as necessary for achieving collective sustainability. For instance, 
the crime rate can be linked to social equity in a cyclic pattern given that 
key factors in influencing crime rates include education levels and racial 
and ethnic backgrounds. Further, the crime rate can indirectly affect 
economic growth (Kusuma et al., 2019), which can be linked to income 
inequality and unemployment. 

Yet this observation also applies to the structure of renewable energy 

Fig. 8. (continued). 

Table 3 
Summary of clustering (k = 8) of UASs for three scenarios.   

Scenario 
1  

Scenario 
2  

Scenario 
3 

Cluster 
number 

UAS Cluster 
number 

UAS Cluster 
number 

UAS 

1 23 1 5 1 17 
2 16 6 18 
3 1 2 18 19 

2 19 20 
3 20 21 

4 4 21 22 
13 22 2 16 
14 3 1 23 

5 17 2 3 1 
18 3 2 
19 4 16 3 
20 23 4 12 
21 5 12 15 
22 15 5 5 

6 12 6 7 6 
15 11 6 13 

7 7 17 14 
8 7 4 7 4 
9 13 8 7 
10 14 8 
11 8 8 9 

8 5 9 10 
6 10 11  
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due to a variety of alternatives with respect to different technologies, 
which hinders cost-effectiveness while transitioning to the next stage for 
better sustainable development (Sanderink, 2020). Therefore, the 
governance structure has a key role in the implementation of relevant 

policies, such as in the case of Florida with the integration of an urban 
food–energy–water nexus as described in Table 6. This is intimately 
associated with water sources (e.g., groundwater, city water, storm-
water, reclaimed water) and energy sources (e.g., utility grid and 
renewable energy) that require collective actions and interorganiza-
tional coordination between governance and institutional structures. 

However, at present, there are no broad or general guidelines, stra-
tegies, or policies for sustainable development in the United States 
(Kapucu & Beaudet, 2020; Kapucu et al., 2021). Therefore, Kapucu and 

Fig. 9. Location of UASs from clustering analysis (k = 8): a) scenario 1, b) scenario 2, c) scenario 3.  

Fig. 10. Comparison of cumulative FCI, WF, and CF ratios among UAN clusters 
for Scenario 2 (S2) clustering analysis. 

Table 4 
Ranking of UASs based on priority index.   

Scenario 1 Scenario 2 Scenario 3 

Rank of PI Cluster number Cluster number Cluster number 
1 2 4 2 
2 1 7 4 
3 4 5 6 
4 6 2 1 
5 5 1 5 
6 8 6 8 
7 7 3 7 
8 3 8 3  

Table 5 
TOPSIS Multicriteria decision-making results.  

Scenarios S+
i S−

i Pi 

Scenario 1  0.953  0.472  0.332 
Scenario 2  0.975  0.951  0.494 
Scenario 3  1.000  0.837  0.456  

Table 6 
Subsidizes and grants in governance structure.  

Food Description Energy Description 

Florida farm 
subsidies 

Subsidies specific to 
crops (peanut, 
sugar, cotton) 
include price loss 
coverage, market 
assistance, quota 
buyout, and 
agricultural risk 
coverage 

Federal Solar 
Investment 
Tax Credit 
(ITC) 

Promote renewable 
energy, specifically 
solar energy, 
providing a 26 % 
tax credit for 
residential and 
commercial solar 
power systems 

Environmental 
quality 
incentives 
program 

Provides financial 
assistance to 
agricultural 
producers to 
preserve surface 
water and 
groundwater 
sources, improve air 
and water quality, 
and reduce soil 
erosion 

Solar System 
Property Tax 
Exemption 

Property tax 
exemption on the 
additional home 
value from the 
solar system   

Home solar 
system sales 
tax exemption 

Tax exemption for 
residential solar 
system installation  
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Beaudet (2020) evaluated the existing structure and governing process 
for SDG implementation in a food–energy–water nexus context and 
emphasized the critical role of partnerships for the implementation of 
SDGs. To help a current UAN transition toward urban sustainability with 
an emphasis on planning via S2, the governance function entails the 
actions from governing authorities facing policies and incentives (e.g., 
local level) that promote social, economic, and environmental sustain-
ability. Similarly, S1 can be described as a base scenario that does not 
need much effort via reshaping policies, such as generation of new 
policy instruments. 

However, the results from S2 and S3 suggest how decision-making, 
governance, policy, and planning of UAN aimed at sustainability are 
interrelated and have a cascading effect. For example, the imple-
mentation of decentralized water management that can reduce the de-
pendency of the current centralized system, such as decentralized 
wastewater treatment systems that are not connected to centralized 
sewer systems, can reshape the governance structure. Thus, stormwater 
reuse can further support and decrease the water demand specifically for 
the UASs with the highest WF (e.g., UAS16), which increases their 
sustainability. However, the inclusion of stormwater for irrigation re-
quires adequate water quality standards regulated by policies that may 
require the cooperation between different agencies representing the 
water and food sectors. Further, as previously mentioned, to properly 
advance toward sustainable development and implement sustainable 
indices, it is crucial to also consider existing institutional and policy 
arrangements to establish the best next steps. 

5. Conclusion 

In this study, the evaluation of sustainability patterns via a series of 
environmental, social, and economic indices provides a means to 
quantify the priority of each UAS and helps policymakers foster a better 
governance program for these UASs. According to NASA-IPCC AR6 
scenario SSP5-8.5 (low confidence) sea level rise projections of 2030 for 
a 300-meter delineation range it was found that UAS1, UAS 2, and UAS3 
will be affected with flooding. Given the current understanding in 
governance and policy, MCDM assessment was incorporated into the 
clustering analysis to help visualize the clustering structures of the UAN 
and to rank them in accordance with the greater need for improvement 
or the level of social vulnerability. In scenario 1, where equal impor-
tance was emphasized in these sustainability indices the ranking of UAS 
clusters from the highest priority to the lowest ones for transition is as 
follows: Cluster 2 → Cluster 1 → Cluster 4 → Cluster 6 → Cluster 5 → 
Cluster 8 → Cluster 7 → Cluster 3. 

In general, UAS2 and UAS4 were ranked the highest across the three 
decision-making scenarios; however, other variables (e.g., that dive 
further into the socioeconomic aspect) can be assessed to explore what 
differentiates these UASs from the rest in the UAN. This may require a 
more substantive approach to better understand the current de-
mographics at the regions where the UASs are located as well as the 
urban agriculture strategies employed at each farm. With collation of 
large-scale datasets, the study highlights the contributions of UAN to 
urban sustainability through a food-water-energy nexus given gover-
nance structures that ultimately help achieve SDGs. We anticipate that 
our approach can be used to manage any high-dimensional UAN in 
different urban environments. Future work can be expanded to 
encompass an evaluation of the decision-making process for UASs in the 
Miami metropolitan area using innovative technology hubs to promote 
urban agriculture in an urban food–energy–water nexus. 
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Chen, Y., Goldfarb, L., Gomis, M.I., Huang, M., Leitzell, K., Lonnoy, E., J.B.R. 
Matthews, Maycock, T.K., Waterfield, T., Yelekçi, O., Yu, R., Zhou, B., 2021. IPCC, 
2021: Summary for Policymakers. In: Climate Change 2021: The Physical Science 
Basis. Contribution of Working Group I to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change IPCC, Intergovernmental panel on 
climate change. 

Mateo, J.R.S.C., 2012. Multi-criteria analysis, Multi criteria analysis in the renewable 
energy industry. Springer 7–10. 

Mayer, A.L., 2008. Strengths and weaknesses of common sustainability indices for 
multidimensional systems. Environ. Int. 34 (2), 277–291. 

Moreno-Pires, S., Fidélis, T., 2012. A proposal to explore the role of sustainability 
indicators in local governance contexts: The case of Palmela, Portugal. Ecol. Ind. 23, 
608–615. 

Mori, K., Christodoulou, A., 2012. Review of sustainability indices and indicators: 
Towards a new City Sustainability Index (CSI). Environ. Impact Assess. Rev. 32 (1), 
94–106. 

NASA, 2022. IPCC AR6 Sea Level Projection Tool. https://sealevel.nasa.gov/ipcc-ar6- 
sea-level-projection-tool. 

National Academies of Sciences, E., Medicine, 2016a. Principles of Urban Sustainability: 
A Roadmap for Decision Making, Pathways to urban sustainability: challenges and 
opportunities for the United States. National Academies Press, pp. 27-39. 
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