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Abstract: Small scale urban green-blue infrastructure (indicated as GBI hereafter) comprises huge
underexploited areas for urban development and planning. This review article aims to highlight
the relevance and knowledge gaps regarding GBI from the perspective of the food—energy—water
(FEW) nexus, these being key resources for the survival of human communities. In particular, this
review was focused on publications on urban ecosystem services (positive effects) and dis-services
(negative effects) associated with different GBI typologies. The review proved that GBI can contribute
environmentally, socially, and economically to FEW security and urban sustainability. Yet, such
positive effects must be considered against ecosystem dis-services tradeoffs, including urban food
production, commonly connected with heavy water and energy consumption, specifically under dry
climate conditions, and sometimes related to an excessive use of manure, pesticides, or fertilizers.
These conditions could pose either a risk to water quality and local insect survival or serve enhanced
mosquito breeding because of irrigation. Up to now, the review evidenced that few nexus modeling
techniques have been discussed in terms of their benefits, drawbacks, and applications. Guidance is
provided on the choice of an adequate modeling approach. Water, energy, and food are intrinsically
associated physically. However, depending on their management, their tradeoffs are often increased.
There is a need to minimize these tradeoffs and to build up synergies between food, energy, and
water using a holistic approach. This is why the FEW nexus approach offers good insights to address
the relation between three important individual resource components of sustainability.

Keywords: green-blue infrastructure; food-energy-water nexus; tradeoff; small scale urban system

1. Introduction

Urban population growth, which is expected to reach 68% of the global population by
2050 [1], is impacting on the demand and use of available resources. Land areas covered
by cities are expected to increase up to 1.3 million km? between 2015 to 2050 [2]. Such
trends will influence the demand for food, energy, and water [3]. Biodiversity loss will
also increase, together with the fragmentation of habitats and their associated ecosystem

Energies 2021, 14, 4583. https:/ /doi.org/10.3390/en14154583

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-2037-1864
https://orcid.org/0000-0002-3488-9536
https://orcid.org/0000-0002-3263-2294
https://orcid.org/0000-0002-7579-3231
https://doi.org/10.3390/en14154583
https://doi.org/10.3390/en14154583
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14154583
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14154583?type=check_update&version=1

Energies 2021, 14, 4583

2 0f 24

functionality, generating further adverse impacts [4]. This is why a transition towards a
sustainable lifestyle is necessary and should be accelerated to decrease the consumption
of resources and to minimize the existing environmental impacts. Such dynamics are
also influenced by urban infrastructures. However, their role is less considered, with the
attention often focused on resource flows as separate from their context.

Concerning the flow of key resources for human survival, food, energy, and water
can be interrelated with green and blue infrastructure (GBI). GBI is defined as a network
of landscape components, which include green areas and water bodies [5]. Such an
infrastructure, available within an urban space, provides diverse environmental, economic,
and social benefits to people and other living organisms [6]. This green-blue system can
perform various functions, having the potential to produce multiple services, such as
food, water purification, temperature regulation, and others, which are crucial for urban
adaptability [7]. Several developed countries implemented their GBI to minimize the urban
heat effects (Germany, Australia), carbon storage (South Africa), surface runoff (Brazil,
Netherland, USA), and food production (Singapore) [8].

From a human perspective, in parallel to ecosystem services (ES), GBI can also produce
some dis-services [9]. For example, while the cultivation of vegetables generates food to
support humans, it might require a huge amount of water supply. For instance, 200 L of
water are required to produce 1 kg of vegetables [10]. Trees in the urban environment
provide regulating support, by cooling or shading effects in Summer and protection against
the chilled wind in Winter [11]. Nonetheless, trees might need water in abundance [12].
On the other hand, the cultivation of fruit trees, with known edibles such as apples (Malus
spp.), cherries (Prunus spp.), and pears (Pyrus spp.), is prohibited in urban streets due
to the falling of their fruits on footpath and stroller injuries [13]. Green roofs (GRs) are
capable of minimizing the energy consumption of buildings and reducing the fluctuation
of indoor temperatures in cold as well as warm weather conditions [14]. Sometimes,
the conservation of energy utilization can be induced, due to unexpected natural factors
(e.g., the rainfall will reduce the requirements of extra water) [15]. Moreover, GRs reduce
stormwater runoffs [16], which may include heavy metals such as Fe, Zn, Cu, and Al [17].
According to the authors” observations, large amounts of metals can be upheld (92% of Cd,
99% of Pb, 97% of Cu, and 96% of Zn), especially in summer. However, such heavy metals
might contaminate the vegetables [18].

Food, water, and energy are key inter-linked resources for the survival of individuals
and human communities [19]. Such a mutual relation among different resources and their
dynamics is synthesized through the nexus concept and framework [20,21]. For instance,
energy used for food production, landfill gas, and waste from food consumption and
production can be used for energy generation [22,23]. Food production and consumption
also use water and generate wastewater [24,25]. Energy is needed for water treatment
processes, while energy production requires water, generating wastewater [26,27].

The concept of the food—energy—water (FEW) nexus was proposed at the Bonn 2011
Nexus Conference, it being regarded as important to enhance food, energy, and water
security [28]. The nexus concept has become extensively discussed in the scholarly research
literature. In fact, a better understanding of FEW dynamic linkages will help to resolve the
challenges of FEW insecurity, supporting the reduction of several impacts of anthropogenic
activities. Such an understanding will also help to identify and evaluate the synergies
and trade-offs among these resources [29-31]. The nexus holistic approach supports
an integrated management across different scales and economic sectors, generating a
higher resource efficacy. This is why it has become relevant for urban planning and
management [32,33].

However, FEW nexus should be further integrated with ecosystems [29]. In fact,
this integration would support the achievement of sustainable development goals [34].
GBI can act as a unifying spatial and functional (referred to provided ecosystem services)
framework, as well as a system within which flows of food, energy, and water exist and can
be quantified. Figure 1 illustrates the nexus structure. The food production practices drive
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energy use intensities and water extraction rates. At the same time, food and water are
also essential for energy, whereas electricity and food production processes are essential
for water safety. Water is demanded to produce electricity, e.g., hydropower, and the
harvesting of biomass which is used for biofuel production. Birol and Das [35] reported that
around 15% of global water extraction is consumed for the production of energy. Energy is
essential for the transport, pumping, and treatment of portable and non-portable water, i.e.,
wastewater, for human utilization and vegetation. On the contrary, approximately 8% of
energy is used for water purposes worldly [36]. Regarding power generation integration
in the water cycle, some of the GBI, e.g., constructed wetlands, can provide opportunities
to mitigate energy consumption, for instance, it generates humus as well as nutrient-rich
effluent water that can be utilized directly to irrigate energy crops and for short rotation
vegetation through fertigation process [37,38]. Moreover, the treated water can be used for
flush toilets, street vegetation, and washing the roads, and also to reduce the extra energy
burden that is required for wastewater treatment. This is why a “GBI-FEW” nexus can be
considered in the study of urban metabolism, with the purpose of a better management of
resources, supporting the transition to more sustainable energy systems.
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Figure 1. The sustainable “GBI-FEWN" management framework in an urban settlement.

In this review article, we focus on the following issues: (i) The ecological benefits and
drawbacks of GBI in urban centers from the perspective of FEW nexus; (ii) The changes
in trade-offs of FEW nexus in urban GBI with spatial planning and governance in cities;
(iii) The design of a GBI energy framework concerning FEW nexus to promote better city
interventions and decision-making processes.
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2. Materials and Methods

A general search was conducted using the electronic journal database “Science Direct”
for recent systematic scientific literature, to identify and examine the small-scale green and
blue infrastructure which influences the food, energy, water nexus in the urban system.

During the search, the following English language keywords were selected separately:
(“Green roofs” OR “food” OR “water” OR “energy”); (“Urban garden” OR “food” OR
“water” OR “energy”); (“Constructed wetland” OR [ ... ] “Bio-swales”) (Further details
available in supplementary material). The search was limited to specific document types
(review articles, research articles, conference proceedings, and book chapters etc.). We
considered a timeframe between 2011 and 2020, since the nexus became more important
in international academia globally after the Bonn 2011 conference [28]. With the current
search criteria, a total of 873 articles were retrieved.

These articles (873) were further screened based on the following criteria. Firstly,
the study used the GBI and FEW nexus concepts. Secondly, the study carried out its
nexus studies in either a specific city or urban cities within a country. Finally, the research
examines and quantifies multiple environmental benefits and negative externalities of
GBI that influence the nexus. Publications that did not meet the following criteria were
excluded from this paper. After the last screening process, the variables such as the title of
the paper, journal type, nexus type/structure, objectives of the study, the scale of the study,
data source, model use, the outcomes of the study, and other variables were assembled for
further analysis. Moreover, by using the outcomes from our finalized scientific literature,
we apply bibliometric techniques to identify positive (ES) and negative (dis-services) effects
associated with the GBI in Figure 2. Bibliometric technique helps to reveal the structures,
characteristics and patterns of a specific topic, as well as research hotspots and future
trends [39]. Further, Science Direct electronic database was employed to extract relevant
data of selected publications such as journal title, published year, citations, address, authors,
keywords, and other information. The search information system (RIS) files then treated
by VOSviewer software to generate the cluster and networks of different terms used
in literature.
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GBI-FEW nexus keywords correlation graph through bibliometric analysis.
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3. Effects of Green and Blue Infrastructure on FEW Nexus

The idea of Urban green structure emerged in the 1870s with the concept of garden
allotments and urban agriculture [40]. Later, the green infrastructure term originated in the
1980s mid, suggestion for well management practices to achieve more rainwater quantity
management goals for runoff volume reduction [41]. Compared to its precursors, GBI or
BGI are relatively new terms, first appearing in the 2000s [42], and are used for explaining
the planning efforts in the city of Brazil, Sao Paulo, to generate the network of GBI in the
reaction of flood risks [43]. In the beginning, managers and planners only thought about
the specific requirements of selected areas, such as food or water provision, considering
one service per time. Later, city authorities and experts considered that GBI produces more
than one service (also called two nodes or three-node nexus). For example, Baro et al. [44]
studied that street trees mitigate storm-water runoff and regulate the urban temperature.
Moreover, few researchers highlighted that GBI also not only reduces temperature and
saves water but also produces food. For example, Baek and Han [45] reported that concave
GR provides vegetables, saves energy, and stores water.

In terms of nodes number, nexus can be divided into two categories: (1) Two-node
nexus research such as water-land [46], food—energy [47], and energy-water [48]; (2)
Three-node nexus research such as water—energy—climate [49], energy—food—water [50],
water—soil-waste [51], environment-water—climate [52], and land use—climate change-
energy [53].

3.1. Two Node Nexus
3.1.1. Water-Energy Nexus

The usage of water, supply and disposal requires energy [54]. For example, about 19%
of the electricity of California’s requires a huge amount of water supply [55] and 2-3% of
energy usage of Ontario’s goes in the direction of water treatment for the supply to urban
population and relevant municipal industries [56]. Conversely, water is required for power
production and the exploitation of energy. In the USA, an estimated 41% of freshwater was
withdrawn for power generation in 2005 [57].

In the planning and construction of urban GBI, a balance between energy and water
should be maintained [58]. This fact was proved, for example, estimating the total runoff
mitigation and regulation of urban temperature provided by 200,000 trees alongside Spain
streets using the i-Tree Eco tool [44]. This study revealed that trees in Barcelona, during
2015, were able to regulate an amount of water equivalent to 52,668 m® for runoff and
840,408 m of surface waters. Another study evaluated the irrigation requirements and
energy performance of green roofs in drought Mediterranean climates [59]. They quantified
that plant species water requirements ranged from 2.6 to 9.0 L/m? per day. The most
efficient plant variety in terms of water usage was Aptenia cordifolia, providing higher
cooling benefits (per unit water) for irrigation. The cooling efficiency of root variants
was low and the drop in functional heat load of model buildings ascribed to the green
roof system was lower than 5% of latent heat of water lost to evaporation. In these
environmental conditions, it is difficult to see the real benefits of green roofs for building
energy saving, even considering their additional advantages.

In traditional cities, rainwater and waste are often mismanaged. Urban waterlogging
results from a large amount of rainwater runoff and from collected rainwater. The removal
and treatment of waste transported by rainwater consumes a great amount of energy. Gray
infrastructure is employed to treat the rainwater, through the urban sewer system [60].
However, wastewater treatment requires a lot of energy, whereas natural GBI could be
used with the same purpose. Drainage and water cycling often require to be supported by
energy. For energy conservation in green-blue urban construction, an integrative approach
would be desirable. While constructing the sponge cities, the usage of gray infrastructure
should be reduced. With this respect, more attention should be given to a comprehensive
green infrastructure [60]. The construction of green infrastructure systems on urban areas
can allow rainwater to penetrate underground soils via filtration and minimize the surface
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rainwater runoffs to cut flood catastrophes as well as water storage. In addition, these
green infrastructures can make use of duplicate vegetation via self-purification phenomena.
Their repeated reuse diminishes the energy consumption from tap water [61].

3.1.2. Food-Water Nexus

Various solutions have been applied to urban stormwater management, such as rain
gardens (bio-filtration or bio-retention systems) to protect water pathways via treating,
retaining, and utilization of stormwater sources [62]. Green roofs (GR), along with rain
gardens, have the potential to grow vegetables as well as retain stormwater runoff [63].
During drought conditions, stormwater may increase the safety of the water supply, when
constraints on potable water usage may be executed. These limitations were employed
in Australia between 2002 to 2012. However, restrictions on outside watering effectively
limited the production of urban food [64]. The use of stormwater in rain gardens for
food production is regarded as a win-win solution, shielding waterways from stormwater,
and enabling food production, which otherwise may be restricted. The production of
vegetables through irrigation with potable water may facilitates a concrete earning and
saves time devoted to building a rain garden. In purposefully built rain gardens, vegetable
production was assessed. A similar vegetable yield was produced as a parallel control,
utilizing traditional watering methods for vegetable gardens. The infiltration-type rain
garden reduced both the volume and frequency of runoffs by more than 90% and sized
7.5% of the drainage area. These findings indicated that it is feasible to produce a suitable
yield and withstand the purpose of rain gardens in decreasing urban runoff loss into
the sewer system. The harvesting of ecosystem services from rainwater in India was
estimated [65]. Researchers observed that, having a rooftop garden area of 21 m?, water
irrigation supported the production about 3 and 1 kg of tomatoes and lettuce, respectively.
Another study reported in Michigan in the same way that the production of food from
GRs was obtained from irrigated crops such as tomatoes, cucumbers, pepper, basil, and
green beans [66]. Their results indicated that all tested plants produce enough yields except
pepper and thus suggested a useful way for crop production from GRs. In addition, they
found that the proper management, selection, and type of vegetables can be a more useful
indicator for healthy food production in extensive GR.

3.1.3. Energy-Food Nexus

Vertical hydroponic farming (VHF) proposes beneficial impacts than conventional
farming such as efficient water and land usage as well as the reduced transport cost (if
performed in urban areas) [67]. In the same way, a comparative study of VHFs and green-
house in the Netherland and Dubai indicated that the energy usage was efficient in VHFs
per kg food, while acquired energy was much higher than solar energy of greenhouse [68].
In addition, urban rooftops can provide PV-green roofs for food production which effec-
tively utilize rooftop areas as well as reduce CO, emissions linked with food transport to
urban areas [69,70]. There is a need for thorough investigations on the selection of urban
agriculture plants, such as fruits or vegetables, by knowing the climate conditions and
geographical locations [71]. In Morocco, an experimental study installed a PV system (10%
roof area) on a tomato garden. Their results indicated no differences in the tomato yield
by the PV system on the rooftop [69]. The above outcomes proposed that this process
facilitates sustainable practices in the modern agriculture system. A PV system not only
reduces costs on transportation linked with food supply, but also makes use of empty areas
on an urban rooftop.

3.2. Three Node Nexus
3.2.1. Food-Energy-Water Nexus

As a new paradigm of multiple functions of food-energy-water nexus, a full-scale
(840 m?), concave GR (which consists of a vegetable garden, flower garden, and a fish
pond) was compared to a normal roof are compared on the #35 building in Seoul National



Energies 2021, 14, 4583

7 of 24

University, Seoul, Korea [45]. To investigate the potential effects of urban runoffs (flood)
mitigation, a concave green roof (GR) system was developed which stores and retains
rainwater in urban soils. In this concave GR system, 140 m? area displayed the impacts of
runoffs (flood) mitigation in the form of reducing storage of rainwater (6.7 tones), delay in
peak time (3 h) and quality of peak flow (56%). To examine the mitigation effects of urban
heat island (UHI), a temperature different of about 24 °C was observed in comparison with
normal roofs. For producing food in urban agriculture, GR (420 m? area) was managed
for more than 30 households. In this type of roof garden, multiple crop types, such as
vegetables, fruits, and root crops, can be obtained. These outcomes can greatly contribute
towards boosting food security and societal development [45].

Similarly, underdeveloped countries mostly suffer due to lack of sewage water treat-
ment and the pollution of blue (water) bodies, and yet few GBIs (for example., urban
treatment wetland) could be used for wastewater treatment [51]. Further, the usage of
untreated water for irrigation of cultivated crops is being implemented globally [72]. Ac-
cording to Avellan et al. [73], hypothesis the 200 PE community, swage from the constructed
wetland (CW) might generate 11-52 m3/day for irrigation. Supposing no contribution of
rainfall, and these amounts could irrigate 0.2-1.1 ha of maize crops, with a projected yield
of 750-3500 kg of grain/season [73]. Dry lands may essentially only be capable to support
tiny wetlands per unit population. Therefore, if local communities can have committed
to the nexus approach, water devoted to irrigation, and a certain amount of undrinkable
water resources could be used to enlarge untreated water and enhance their wetland size
per capita, thus enhancing the availability of nutrient, energy, and water resources. On the
other hand, the availability of CW land may become limiting due to wetland size increases
and communities will require optimization for contending land uses. However, the nexus
approach can give a framework to examine community choices for resource recovery and
conservation [74].

In addition, VHF offers various benefits over traditional farming. Also, the social
benefits of urban green areas have the skill to move city farming nearer to resident’s centers
and improve local spaces, VHF can offer various improvements to growth efficiency and
resource usage [75]. A study into the yield and resource (land, energy, and water) usage of
lettuce agriculturalists in Yuma, Arizona, USA revealed that hydroponic farming mitigates
water consumption by 13 + 2.7 times as compared to traditional farming [76]. The water
usage for both approaches was roughly comparable over an equal area, but in that certain
area, the yield is increased, because of vertical stacking growing beds and reduced harvest
cycle times, which make hydroponic farming more effective by these metrics. The scholars
therefore note that, by their outcomes, hydroponic farming is not yet a fully sustainable
replacement. This comes commonly from the enhanced electricity cost associated with
heating and, specifically in Arizona, USA, where cooling electricity costs of indoor farms,
that took up (14%) of total energy used in the summer (July and August) months. As a
result, the energy used in VHF was different, namely orders of magnitude greater than
traditional farming. Together, these highlights indicate that energy consumption is the
main area for improvement in the efficiency of VHFs and revealed how assimilation to
district heating systems can extremely lower the running energy costs of such kinds of
farms, and make them more economically sustainable.

3.2.2. Food-Energy-Waste Nexus

Urban centers create a heat island effect because of the lack of greenery. Another
problem is food safety, security, as well as availability and cost-effectiveness due to poor
urban agriculture planning. A third concern is the amount of waste that people generate.
This waste pollutes natural resources, ground water, and the air in their surroundings. The
proposed solution is the implementation of a rooftop garden in urban areas. For example,
some researcher evaluated green roof as a mean to use recycled waste and A/C condensate
water and to calculate temperature variation in buildings [77]. This study, based on a
rooftop garden with six wood boxes, proved that it was possible the local production of
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food (e.g., radish total weight (3581.3 £ 188.2 and 1976.9 £ 440.1 g) and romaine lettuce
total weight (64.2 £ 19.5 154.2 £ 59.0 g)). Moreover, this solution decreased the temperature
variation under the roof, allowing the usage of recycled waste and potentially enhancing
reptile, insect, and avian biodiversity. Furthermore, results showed that the productive
consumption of A/C condensate (each garden box was watered every other day with 5 L),
which reduces the extra burden on water and would doubtless improve city environmental
conditions, mitigate summer UHI effects, and decrease the material going into the landfills
as well [77]. Many residents do not reuse A/C condensate in Lebanon (unpublished
data) and other developing countries. Therefore, wasted resources could be used very
productively but little investment is required. Further, this kind of activity can make social
community development and contribution to the local inhabitant food security. Many
innovative and creative events could also be possible at the GR by the community.

3.2.3. Water-Soil-Waste Nexus

Water supply, agriculture resource management, energy production and pollution
control have been treated conventionally as independent problems to be solved individually.
The interconnections among water, energy, and nutrients cycle can be exploited as a
system now, that performs many functions enhanced to provide services for the human
communities. The urban treatment wetland could be a common thread that generates the
water-soil-waste (WSW) nexus in a community. For instance, Avellan et al. [51] studied the
role of wetlands for the production of biomass within the WSW nexus. They indicated that
wetland biomass provided energy that can offset environmentally damaging sources. On a
small scale, the dried biomass can be combusted as a cooking fuel source. More complex
biogas reactors, economically feasible with CW biomass feedstock could improve energy
security when extra organic sources are consumed. Further, the waste product conversion
into an energy resource can be a perfect strategy in a water—energy cycle.

By using the outcomes from our finalized scientific literature, we identified the most
normally reported GBI types and their features that matched our research. As shown in
Figure 1, these locations are found across a wide array of contexts (i.e., countries, regions,
urban land uses, and climates). In addition, we use the scientific literature to identify the
main ecosystem services and disservices associated with different GBIs in Table 1.
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Table 1. Relationship between different GBIs typologies, FEW nexus and services provided to humans. Values in last right
side cells shows number of total publications that showed Positive (ES) and negative (Edis) effects on FEW.
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4. GBI-FEW Nexus Modeling Methods

The GBI-FEW nexus has gained much attention in research communities. Research
relevant to the calculation of flows and the dependencies between different resources,
quantifications of system performance, evaluation of technology, and policy application
have been conducted to develop administration options and apprehend their interlinkages.
There are various methods for the nexus research. However, research priorities, aims, scales,
and data availability are critical to decide which approach should be used for the GBI-FEW
nexus researches. Moreover, no single approach is applicable for all situations [78,79].
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4.1. Field Surveys and Statistical Analysis

Field surveys and statistical analysis of public data released by local governments
and agencies are widely used to explore the relations among nexus sectors. Global energy
production supported about 15% of global freshwater water extraction and approximately
70% of total global water used for food production [80]. Through a household field survey,
the benefit of products derived from trees for 450 homes in poorer built-up areas of three
big towns in South Africa [81]. This study showed that 91% of homes burned wood,
normally purchased or collected from the urban fringe, while one third firewood was
collected from their household plot trees. Most commonly, 98% fruits were purchased from
different sources. However, half of the surveyed population supplemented this supply
via harvesting fruits from a city home plot. Another study focused on the wetland ES of
Colombo city, Sri Lanka [82]. It was proven that natural remedies, fresh water, and food
were the main provisioning ecosystem services.

Such approaches are very useful to capture main factors—for example, land-use
changes, climate change, demographics—which dominate the evolution of the GBI-FEW
nexus system. Through questionnaire responses across each respondent, the relevance of
different factors that may affect the FEW nexus system was ranked [83]. Based on such
ranking, specific recommendations to increase the sustainability of each sector were derived.
Existing studies proved the relevance of qualitative approaches in detecting the complex
interactions among nexus sectors [83,84]. Furthermore, the analysis of different variables
at multiple scales paved the way for an integrated nexus modeling and assessment [85].
However, statistical methodologies should be integrated with an assessment of FEW system
dynamics to provide policy makers and planners with more insights into an internal
mechanism of relations between food, water, and energy, resulting in great troubles in
policy evaluating and making.

4.2. i-Tree Eco Model

i-Tree is a most widely employed, tested and free model, developed by the United
States Department of Agriculture Forest Service and introduced in 2006 [86]. We observed
that i-Tee model mostly used for urban forest (58%), followed by street trees (42%) ecosys-
tem (Table 1). This model, embedded in a set of computer tools, estimates the ES and values
of urban trees globally (www.itreetools.org, Accessed Data: 1 January 2021). i-Tree Eco
model uses input data of forest structure, weather, buildings, air pollution, and economic
pricing to quantify the tree-based ES of avoided water runoff, building energy savings, air
pollution reduction, and carbon storage and sequestration [87]. Soares et al. [88] evaluated
the cost and benefits of street trees by using i-Tree model. The result of this study indicated
that each tree intercepted 4.5 m? rainfall annually, and this service was valued at $48.
Further, the value of energy savings was $6.20/tree, and the effects of urban street trees
on building energy performance were based on software simulations which incorporated
climate, building, and shading effects [89]. The tools can be applied anywhere in the
world. For example, Kiss et al. [90] applied the model to estimate air pollution and carbon
sequestration which is based on the ecological processes of park and street trees in Szeged,
Hungary. Moreover, the model has some limitations. For example, application of the i-Tree
Eco tool was limited to yearly average analysis because of the difficulty in finding correct
and higher temporal resolution samples, such as daily, seasonal, or annually [91]. Further,
it does involve field surveying (more time required if it is large scale research) and data
interpretation. Therefore, the next basic steps in model improvement should include model
accuracy, extended sensitivity tests, and uncertainty analysis. In future, the model will be
useful for other urban ecosystem (e.g., bioswales, CTW etc.) and ES, such as the estimation
of food, noise, etc., due to its continuous development.

4.3. Life-Cycle Analysis

Life cycle assessment (LCA) is the most important and widely used standardized
approach for calculating the environmental impacts of a given process or product through-
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out its whole life cycle. It can easily export its measurable processes and correctly show
the quantification of any unit during its life cycle, with the features indicating all the
values—inputs or outputs—which may have significant effects on the environment [92].
Because of the above benefits, the LCA methodology, which could provide environmental
data and consistent analytical framework support the managers for decision making, has
been widely implemented in evaluating the environmental effects of nexus sectors across
their consumption and production processes, purpose to find an efficient solution to cope
with present resources shortage and world climate change.

It is clear from this survey that the utilize of LCA is widespread as an appraisal
tool. We found that this technique mostly used in various GBI systems (e.g., GR (46%),
followed by CTW (17%) and rain gardens (13%)), as shown in Table 1. A number of studies
have been conducted to compare the ecological performances of the GBI infrastructure
with traditional infrastructures by using LCA approach [93-100]. Kosareo and Ries [101]
compared the extensive green roof and intensive green roof to traditional gravel ballasted
roofs in Pittsburgh, USA by using LCA method. Result shows that vegetative roofs were the
finest environmental option because they enhance roof life and decrease energy demand.
In addition, few studies reported that rain garden is more environmentally and financially
favorable than the old-style infrastructure in stormwater management [102,103]. Therefore,
the ecological performances GBIs, particularly the nexus of food, water, and energy have
rarely been measured from life cycle perspective. Though each kind of GBI remains an
irreplaceable city element for generating ES. A comprehensive investigation of ecological
performances will be beneficial in improving the application of these GBI infrastructures in
municipalities with limited resources. Further, relevant information should be delivered to
city managers, investors, and designers that can help to design the GBI strategies, because
it can maximize their ES while decreasing their ecological impacts from construction to
usage and to disposal.

Yet, the LCA approach has still some limitations despite its broader application
in nexus study. Because of high dependency on data, the LCA technique is difficult
to adopt in data-scarce areas [104]. Such inadequacies can be overcome by utilizing
LCA combined with other techniques such as material flow analysis [105]. Furthermore,
because of the personal judgment of the definition concerning the system boundaries,
therefore it is unavoidable to leave out few production processes, which frequently leads
to important truncation errors in some calculations of LCA. Further, this approach looks to
be a static technique and may not be directly suitable for the dynamic analysis of complex
systems [92]. To some extent, it is difficult to contemplate social factors inside the coupled
system based on the LCA technique with the focus on an evaluation of environmental
impacts [106]. Future research will mainly focus on a complete LCA (including the use
like energy consumption, food production, and water retention and usage, etc.) and the
end-of-life phases.

5. Discussion
5.1. Positive and Negative Impacts of GBI on FEW

In this segment, we describe the most important city GBI types and the associated
FEW topics that are found in a systematic literature review. We observed that scientific
studies on GBI-FEW nexus related primarily focus on direct and indirect ES (e.g., food),
because of food security issues in cities. Many studies on the direct positive effects of
urban farming on food generation in built-up places or food-associated topics are receiving
attention in the scientific literature. Some GBI types (such as green roofs, urban gardens,
urban forests, etc.) can be used for food generation, as shown in Table 1. For example,
the rooftop gardens are favored in dense urban cores with limited space, and different
kinds of vegetables can be produced and make the people self-resilient for local food
production. Nowadays, societies in developed and developing countries normally depend
on urban agriculture to meet their demand for food. Orsini et al. [107] inquired about the
production capability of rooftop farming in Bologna, Italy, finding that rooftop farming
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could provide more or about 12,000 t/year of vegetables to Bologna, satisfying 77% of
the city dwellers’ requirements. A Singaporean annually consumes 82.6 kg average of
vegetables [108]. According to Singapore Statistics [109], the population of Singapore is
4.8 million, Singapore requires 396,480 t/y of vegetables. Both traditional farms and rooftop
gardening can however satisfy approximately 35.5% of Singapore’s vegetable requirements,
and significant growth from the (5%) currently met as well [8]. Similarly, few authors
observed that the urban gardens also play a crucial role in food security and the supply of
food in several historical periods, and the importance of gardens enhances in the urban
areas for food security during political and economic crises [110]. McClintock, [111] studied
in the USA and Europe, the provision of urban food production by gardens formed a part
of adaptation approaches in times of battles. When Sweden was influenced by a severe
shortage of food during World War II, 10% of the food utilized in the whole country came
from urban gardens [112]. In addition, the contribution of city gardening to the urban
food supply was evaluated in Salzburg, Austria. The results indicated that out of 156 city
gardeners, 76% cultivate their vegetables and fruits, the majority of gardeners providing
44% of their vegetable utilization and 10% of their annual fruit [113]. Urban agriculture
practices can not only satisfy the vegetables and fruits requirements of the urban dwellers
but decrease the food imports as well, whereas also reducing annual carbon emission
footprint. For instance, Lee et al. [114] demonstrated that for the greater municipal area
(51 km?) of Seoul, South Korea, an urban agriculture implementation would decrease by
11.7 million kg carbon dioxide emissions annually. This offset amount is the same value of
annual carbon dioxide sequestered by 10.2 km? of 20-year-old oak forests and 20 km? of
pine forests. Hence, there is a need to develop a sustainable policy to maximize the positive
effects and minimize the negative effects of urban agriculture.

In addition, the city street trees provide food (fruits) as well. However, the fruit tree
species with normally known edibles, like pears, cherries, and apples were not offered
and remain prohibited in city street planting strips. The reasons for prohibiting these
three species is that their products (fruits) are the probable falling of fruit on the footpath
and enhanced risk of walker injuries [115]. Secondly, the consumption of urban planted
fruit trees poses little risk of heavy metals (e.g., cadmium and lead) exposure [116,117].
Therefore, suitable species for growing in the street tree strips included dogwood and
serviceberry, which produce a fewer edible fruits. The Food and Agriculture Organization
of the United Nations (indicated as FAO) evaluated that one-third of the global food
production (around 1300 t) is wasted or lost [1]. Food loss refers to the reduction in food
quality and quantity, throughout the several stages of a supply chain; from agriculture
production to consumption and ultimately food disposal (before recycling) while it is
known that there might be up to 11-stages of supply chain waste [118]. If we could save
only one-fourth of the food which is currently waste or lost around the globe, it could be
enough to feed all undernourished people [119]. All of these above resources could be
used to enhance food generation, or to influence the food system in other ways. Therefore,
associated with this motive is a particular one based on the future requirements for food
and the growing global food supply.

The scientific literature shows that GBI not only generates ES, but also ecosystem
dis-services. However, the same urban GBI can have a positive and negative effect on, e.g.,
food (Table 1). On one side, growing their food in a metropolitan area, ensure a food supply
especially for the poor people in developing countries. In contrast, the safety of food turns
out to be a major concern because of environmental pollution [120,121]. For example, heavy
metals become the main problem sourced from gaseous atmospheric deposition [122,123].
Furthermore, wastewater reuse in the urban agriculture sector whereas improving city
water system efficiency, adds to significant concerns about the safety of food with pathogens
moving from sewage water to food [124]. Similar to another farming system, urban
agriculture itself may also contaminate water with pesticides and fertilizers [125]. Hence,
unintentional negative impacts of each GBI must be taken into account, as this can offset
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the objectives that motivate the expansion of GBI in cities. Therefore, its existence as a
green infrastructure also helps control rainwater runoff to lessen the risk of flooding.

Blue infrastructure studies are also common as their green counterparts. We found
that the effects of the urban rivers on reduced stormwater runoff, energy-saving, and
improved water supply are the topics (24%) mostly discussed in the literature, followed by
CTW (17%) and streams (15%) topics (Table 1). Some blue infrastructures (such as rivers,
CTW, lakes, etc.) studied in the scientific literature demonstrate associations to at least one
subject in each of the FEW systems.

Furthermore, crop cultivation needed a considerable amount of water. To produce
a kilogram of tomatoes by using conventional land cultivation approaches, 200400 L of
water is essential. Hydroponic farming, therefore, requires around four times less water for
the same yield [126]. As an estimation, the amount water needed for each kg of vegetables
harvested in soil culture is assessed to be 200 L [10]. This explains to 50 L amount of water
essential in the case of hydroponics farming. To meet this demand, various strategies
for water harvesting are considered, the first one is rainwater harvesting and secondly
grey water consumption via GR and CW. For instance, in Singapore, the local rainfall is
2360 mm annually [127]. Taking into account the total Housing and Development Board
apartments (HDB) residential area in new towns of Singapore—the total catchment area
is 7435 ha [128]—could contribute to a collection of about 175 mm?> stormwater annually.
Thus, it indicates that around 25 times more water could be available than the water
required for urban rooftop in HDB estates, suggesting that urban stormwater harvesting
can be a sustainable strategy. Moreover, the integrated wetlands usages would be the
contributions to conserve water resources as well. Being an essential medium for living
things, water is necessary for both aquaculture (fish) and agriculture (crops) production
processes. With food production, the integrated wetlands would greatly support water
storage and the population to become more self-sustained with enough water provide for
the production process.

Globally, 80% of all untreated water is released into the ambient environment without
any treatment and around 1 billion people still practice open defecation [74]. Constructed
treatment wetland (CTW) is capable to utilize the natural function of soil, micro-organisms,
and vegetation for the treatment of wastewater (e.g., rainwater runoff, domestic or munic-
ipal sewage), proving that it is a cost-effective and well-established approach [129]. The
most important benefit of CTWs for sewage water treatment might be their ability to offset
GHG emanations, to generate energy [130]. Biofuel production through the integrated
wetland is a sustainable approach that can provide compounded assistance and benefits to
developing countries towards energy and food security [131]. Liu et al., [130] have been
predicted that if CTW treated all of China’s wastewater, a land area < 20% of fallow land in
China would be essential and could annually generate bioenergy (8.2 x 107 GJ) sufficient
to meet the electricity demands of about 2 million homes in China [132]. Therefore, the
utilization of CTW to treat sewage water presents an alternative to old-fashioned activated
sludge systems, conserving energy expenditures to treat the sewage water and generates a
bioenergy resource [133].

In the interim, energy is the subject that presents the most prominent assortment of
GBI sorts. Thinks about on energy subjects too appear direct and indirect positive impacts
on their related ES. The green infrastructure, e.g., urban gardens, GR, street trees, and other
vegetation, can help to reduce local temperature (Table 1). These influences on temperature
are due to evapotranspiration and shading of urban surface mechanisms [134,135]. When
these infrastructures are over/near to buildings, they have an even larger impact on micro-
climate, diminishing the artificial cooling requirement and contributing to energy savings
indirectly [121,136]. Urban trees and forest also have the potential to capture and store
carbon, as highlighted by the literature [137,138], as well as to reduce city run-off and
flood control [139]. By urban agriculture, energy can be reduced or saved from avoided
mileage of food, also from avoided cooling and packing activities. Few authors suggested
that urban agriculture has the potential to be a more environmentally damaging food
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source as compared to conventional agriculture, generally because of energy-related effects
related to greenhouses operation [140]. Nonetheless, gains in energy efficiency could be
realized through the co-location of UA operations with waste streams [141]. Moreover,
green infrastructure not only reduce temperature and save electricity but also decrease
energy cost and GHGs emission, that is generated in term of electricity production. Yet,
there is a need to find an integrated nexus framework that takes all trade-offs and each GBI
indirect effect into account.

Similarly, we talk about how blue infrastructures, like wetlands, can be cooler than
non-wetlands areas which have been confirmed in many studies [142,143]. Intensive
evaporation from urban wetlands could elevate air humidity and after that lessens the
temperature of neighboring areas [144,145]. The results of the latest study reported that
air temperature near wetlands getting decreases by 2.74 °C as compared to neighboring
areas [146]. Furthermore, positive or negative effects from blue spaces on human health
must be examined from the overall socio-ecological context of specific urban areas [4]. For
instance, waterbodies in temperate low humidity climates have positive impacts like local
temperature reduction. In hot humid climatic cities, the water increases moisture, has
minute effects on temperature but overall human thermal comfort decreases. Many other
unintentional negative effects may arise as well, e.g., utilization of sewage water for urban
gardens irrigation [147], as well as from the increase of mosquito-borne diseases that can
be exacerbated by GBI [148].

In addition, garden waste biomass is a potentially underutilized renewable biofuel
feedstock, which is increasing dramatically with rapid urbanization worldwide. Few
authors have suggested that garden waste for energy generation could be more environ-
mentally friendly [149,150]. We are conscious of two studies that have been carried out on
assessing the potential of city waste (garden) for biofuel production. The biofuel production
from city waste (garden) can offset 1.6-6.5% of the metropolitan transportation gasoline
demand of Singapore [151]. According to another study that has been carried out in China,
the total possible biofuel generated by garden waste was calculated 260 petajoules (PJ]),
accounting for 12.6% of the Chinese transportation gasoline demand, or 20.7% of China’s
city residential electricity consumption in 2008 [152]. Therefore, the garden waste for bio-
fuel generation enhances energy yield, as well as decreases waste disposal cost. Similarly,
garden waste in the urban area is more suitable for energy generation because it has already
been collected and transported and has no impact on the stability of the natural ecosystem.
The feasibility and potential of using garden (e.g., community, GR, etc.) waste for energy
generation should be researched further.

Where urban garden biomass provides positive effects, oppositely it also generates
some negative effects. So, urban farming is commonly connected with heavy water con-
sumption, specifically during periods of dry climate. The ratio of potable water consumed
for the garden (domestic) escalates with increased dryness. Syme et al. [153] study in
western Australia and indicates that 56% of local water consumed is connected with the
garden (domestic). Another study in Barcelona, Spain; support the above research and
they found that the 30% (average) local water consumed within the garden, and increases
up to 50% during the summer [154]. Similarly, changes in urban climate will enhance the
demand for water for gardens in temperature areas. However, surprisingly, some studies
have examined the detail of this. There is a need for scientists to think of some innovative
solutions for the reduction of water usage in arid climate areas. For example, mulching
flower beds reduces moisture evaporation as well as limiting GHGs emissions [155], and
organic lawns versus the intensive way of turf management could minimize water use up
to 10-fold [156]. In the future, further research is essential to fill this research gap.

In a city environment where the availability of ground surface is limited, roofs offer
considerable space for the application of urban heat island (UHI) mitigation strategies.
GRs are efficient in reducing the level of building energy consumption and decreasing the
variation of indoor temperature both in cold and warm climates [14]. Therefore, the future
plays a very important role in the potential contribution of GRs. In warm climates, the GRs
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possibly decrease indoor temperature via preventing the direct effect of solar radiations and
shading the roof top layer [157,158]. For the climates of subtropical regions, the extensive
GRs have great potential with strong rain and high temperature. Niachou et al. [159] stated
that the GRs in Greece decrease the energy consumed for cooling by 2-48% depending on
the space covered by the GR with indoor temperature decreasing up to 4 K. Meanwhile, in
different climates, approximately the same results were estimated with maximum cooling
saving by 4%, heating saving by 9%, and total 3% energy saving with GR retrofit [160].
So, GRs can mitigate the surface temperature, improving the surrounding environment of
an area.

GR is successfully applied in the city of South Korea for surface temperature and
rainwater runoff reduction [161,162]. However, in South Korea, a major issue is the water
quality of GR is degraded after a while. This is due to the excessive usage of pesticides
and fertilizers in the GR. However, it is essential to share information with each inhabitant
for the planning and management of the GR to obtain the multiple benefits [163,164].
Because of very limited studies, the GBI stakeholders and owners are not aware of the GBI
advantages in underdeveloped countries. It is essential to provide information related to
the benefits of the GBI to the stakeholders and owners and to encourage the implementation
of GBI. Consequently, the GBI is the appropriate choice to enhance the water quality in
urban areas.

5.2. Changes in Tradeoffs and Synergies of FEW Nexus in GBI

Even with the progress in ecosystem services (ESs) studies, we still lack a compre-
hensive and satisfying understanding of the feedback and interactions among several
ESs [165,166]. They might both impair and support each other, which suggests an existence
of a range of trade-offs and synergies [167]. Here, a trade-off discusses the rise of the
provisioning of one service and the simultaneous decrease of another ES at the same place.
This knowledge finds an obligatory application of the ESs concept in political and social
decision making in terms of estimating whether it is sustainable, resource and cost-efficient,
or worthwhile to support the provision of one service to a probably costly decreasing of
another ES [168,169]. This is especially true in urban areas, where nowadays more than
half of the global population lives, and this is projected to increase [170]. In recent years,
metropolitan ecology has made considerable progress concerning the particular ecological
functions in city areas and the unambiguous consideration of city ESs, although their
contact with one another has not still received much study.

Trade-off identifications allows policymakers and managers to understand the hidden
penalties of preferring one ESs to another. Building-integrated agriculture (indicated
as BIA) is another type of horticultural production in municipalities, consisting of the
implementation of high performance without soil cultivation approaches modified for
use on the top of or within buildings [171]. Benis et al. [172] considered a more advanced
“high-tech” RG farm, and the high productivity of conditioned GHs has led to the positive
net present value (NPV) in both long food supply chains (LFSC) and short food supply
chains (SFSC) cases. This product has to be scrutinized, as distributing such huge amounts
of produce may need widening the disposal zone, leading to a not-so-domestic food system
where the food could travel longer distances, needing conditioned storage, and ultimately
ending up being harmful more to the environment in comparison with rural produce
which travels to the town. To evade this pitfall, vegetation diversification can be a beautiful
solution. Most importantly, rooftop greenhouse (indicated as RG) plantation has been
gaining fame recently, and some have adopted this approach in big cities such as Singapore,
New York, and Montreal, selling food baskets (including different quantities and kinds of
fresh produce locally) to their subscribers [172]. Eventually, this model has the potential
to locally meet the substantial demand of urban inhabitants for vegetables. However,
the installations of “high-tech” RG farms are generally equipped with thermal screens,
rainwater harvesting systems, backup lighting, and climate control systems. While higher
investment cost and higher energy requirements as compared to conventional horticulture
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facilities were recognized as main limitations to the extensive application of conditioned
RG farms [140,173]. According to Benis et al. [172], global warming potential (indicated
as GWP) reduction per square meter of urban rooftop result is negative, which mean that
“high-tech” RG farming is more injurious to the ambient environment when compared
(in terms of area/land) to another productive use of rooftops. This is because of the huge
amount of energy requirements for controlled-environment cultivation. In a previous
publication where different BIA tomato forms were compared to the existing conventional
supply chain in Lisbon [174], conditioned RG farming was found to possibly cut CO,
emanations in half. In a currently published life cycle analysis (indicated as LCA) of the
Lisbon Municipal Area food system, the supply chain of vegetables was estimated for
a Land Use of 23.4 m?/cap/year [175]. The integration of agricultural and horticultural
production into or within buildings needs no extra land because the land has already
been occupied by the urban buildings. One can, however, hypothesize that both BIA and
building-integrated photovoltaics (indicated as BIPV) may lead to ecological benefits by
lessening the demand for agricultural land and decreasing land effects from the fossil fuel
developments, subsequently improving biodiversity and restoring habitats. Modelling an
economic valuation of these trade-offs is a challenging task since the environmental services
provided by soils are not priced in the markets [176]. The urban rooftop garden is a good
solution for producing agricultural products and mitigates the city land, simultaneously
GHGs emissions into the atmosphere may cause a global warming issue. So, policy makers
and urban managers must also think about these significant tradeoffs that are not suitable
for cities. They must adopt innovative ideas that minimize the changes in tradeoffs and
produce a synergic effect at a small urban agriculture scale.

In addition, GBI also allows experts from various sectors to account for trade-offs and
synergies between the services for which each sector is responsible. For instance, vacant
land might be managed as a useful food landscape, as a wildlife habitat, or for heavy
rainwater management [177,178], which depends on who takes headship in management.
On the other hand, from brown to green GBI, not all transformations result in the same ES.
For instance, urban agriculture could provide food and habitat for pollinators [179], but the
application of fertilizers, pesticides, and soil amendments by the hobby gardeners [180,181],
may degradation downstream water as compared to increasing quality of water via rainwater
retention. Moreover, Sanchez et al. [182] undertook a study on arid land, constructing a
treatment wetland, and the result shows that the wetland reduced the nutrient well from
surface water and another surprising ES is a significant habitat for aquatic wildlife (such
as birds). In contrast, a huge volume of water is lost to the atmosphere through plant
transpiration, which is unusually high during the dry and hot season in the Sonoran Desert.
The GBI concept allows different stakeholders (e.g., food policy committees, domestic water
quality authorities) to talk to each other about how a parcel can be used to maximize the
benefits whereas avoiding damaging trade-offs. This is already in practice in Strasbourg:
The city’s Urban Ecology and Water Department (UEWD) worked with local communities
and scientists regularly to design and applied the restoration of the Ostwaldergraben [183].

McDougall et al. [184] have been investigated that the inputs and produce yields over
a one-year duration in 13 small scale gardens and organic farms in Sydney, Australia. The
result of this study showed that the average yields by 5.94 kg per meter square, which is
about double the yield of conventional commercial Australian vegetable farms. Whereas
these systems utilized the land effectively, but they were relatively ineffective in their
use of labor and material resources. To ensure the sustainability of urban agriculture
production through the cost of inputs is very important to find the tradeoffs essential to
attain high yields. Both issues could be reduced with more judicious resourcing of materials
such as organic matter and water. These resources are comparatively abundant in urban
environments and are frequently underutilized to the point that they are treated as waste.
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6. Conclusions

The interactive flows in the energy, water, and food system as a food—energy-water
(FEW) nexus are very important for the sustainable development of cities, and they can be
arbitrated via green-blue infrastructure (GBI) in the built-up area. Here, our focus is on
non-built “nature in cities” infrastructure. In particular, we provided an inclusive scientific
literature review to study how GBI influences the FEW nexus in urban areas. The GBI
generates multiple ecological benefits (food production, water and energy-saving, and
microclimate regulation) in urban centers. The FEW flows also generate some negative
effects (dis-services) within the GBI, for example, food products within the green-blue
system, but over-application of pesticides and fertilizer, could generate a release of toxic
substances, that might also alter the quality of water. If water is extracted to produce
energy, it might reduce the natural water flow within a river, impacting on the biosphere
too. Well-planned urban construction can help to control the negative effects.

There is a need to make integrative and deliberate policy to link the GBI with each
element in the urban FEW nexus. Current research also focuses on nexus modeling
techniques in terms of their benefits, drawbacks, and applications. Moreover, guidance is
provided on the choice of an adequate modeling approach. Finally, water, energy, and food
are linked physically, but tradeoffs among them often increase when their management is
put into practice. We must minimize the tradeoffs and build-up synergies between food,
energy, and water by using a holistic approach. Therefore, the GBI-FEW nexus has become
a major approach to address the relation between three important individual resource
components of sustainability.
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