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A B S T R A C T  

Green and blue infrastructure (GBI) is an innovative strategy to tackle food-water-energy (FWE) nexus issues. GBI 
can provide the benefits of food production, energy saving and generation, waterlogging control, rainwater 
cleansing and harvesting. Significant efforts have been devoted to measuring the implications of GBI on FWE 
nexus. However, there is little research to simulate the multiple linkages between GBI and FWE nexus in urban 
areas, and the lack of a unified methodology framework also easily leads to an understanding bias of their 
connections and makes it challenging to compare the results. Focusing on the prior published literature, this 
study clarifies the interactions between GBI and FWE nexus and reviews the methods to quantify the implications 
of GBI on FWE nexus in cities, including FWE-related benefits, life cycle environmental impacts, and avoided 
upstream environmental footprints induced by FWE-related benefits. It is revealed that most studies focus on the 
FWE-related benefits or (and) life cycle environmental impacts of GBI from a silo perspective. Researchers pay 
little attention to the avoided trans-boundary environmental footprints by GBI, and carbon footprint is the 
greatest concern in the existing research. There is little evidence on comprehensive quantifications regarding 
multiple impacts of GBI on FWE nexus at the urban scale. The review outlines methods to simulate the linkages 
between GBI and FWE nexus and calls for a holistic methodological framework to apply at the urban scale. Such 
assessment practices would make sense for FWE-oriented resilience planning and governance for urban GBI 
implementation. 

1. Introduction 

Projections suggest that 6.7 billion people, accounting for 67% of 
Earth’s population will reside in urban areas by 2050 and it is estimated 
that 81% of the urban population will be in countries classified as 
developed by 2030 (United Nations, 2019). Despite socioeconomic 
benefits, augmenting urbanization leads to numerous problems, such as 
urban heat island (UHI) effects, risks of food shortages, and urban 
waterlogging events, threatening disruptions in food, water, and energy 
(FWE) domains in cities (Melo et al., 2020), which consequently results 
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in challenges to urban resilience and regional sustainability (Fuhrman 
et al., 2020). At the same time, the intrinsic intersections between FWE 
resources, also referred to as the FWE nexus, further reshapes the shocks 
that were previously contained within a geographic area or a sector and 
are now becoming globally interconnected (Liu et al., 2018; Zhang et al., 
2019), complicating the nexus issues posed to cities (Meng et al., 2019a; 
2019b; 2022). 

A holistic strategic planning approach known as green and blue 
infrastructure (GBI) delivers multiple FWE-related benefits from and to 
urban areas, such as food production, climate regulation, energy 
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savings, flood control, water purification, and rainwater harvesting 
(Elmqvist et al., 2013). This has significant impacts on urban FWE sys-
tems and ensures interconnection, versatility, and support for nature 
and ecosystems (Mell, 2017). Thus, GBI appears to be a good candidate 
for improving sustainability of urban systems. With the highlights of 
sustainable development goals (SDGs), food (SDG2), water (SDG6), and 
energy (SDG7), are targeted to achieve efficient water use, energy 
alternative, and agricultural practices (Biggs et al., 2015; Cristiano et al., 
2021). In this context, GBI has become a powerful innovation to achieve 
the SDGs and compact the nexus challenges for urban resilience from the 
perspective of FWE nexus, through adaptive and flexible implementa-
tions (Hoyer et al., 2011; European Commission, 2013; Brink et al., 
2016). 

GBI consists of a diverse set of green infrastructures (e.g., urban 
forests, gardens, street trees, urban agriculture, green roofs, green walls) 
and blue infrastructures (e.g., water bodies, constructed wetlands, rain 
gardens, permeable pavements, bioswales) (Bellezoni et al., 2021). GBI 
elements can be woven into a community at several scales and imple-
mented alone or associated with other GBIs. Previous studies classified 
different GBIs by categories and developed a conceptual framework of 
the critical links between urban GBI and FWE nexus, together with the 
direction and magnitude of the relationship. Specifically, GBI provides 
FWE-related benefits, such as food production, climate regulation, and 
water supply. As the increasing FWE demands can be satisfied locally, 
GBI also drives the reductions of emissions and consumptions embodied 
in the trans-boundary production and supply chains. However, GBI 
comes at the cost of capital, materials, and energy inputs. The envi-
ronmental impacts in relation to these inputs are trade-offs for the 
FWE-related benefits that result from GBI (Bellezoni et al., 2021; Shah 
et al., 2021). For instance, urban agriculture increases the output of 
urban edible products in the operation stage and thereby reduces the 
environmental footprints embodied in the process of external food im-
ports. Whereas during the entire life cycle stages, urban agriculture 
actuates environmental impacts in different pathways, such as energy 
input, water irrigation, and greenhouse gas emissions. 

Such positive and negative impacts reflect the multiple linkages and 
trade-offs between urban GBI and FWE nexus, which need to be un-
derstood and evaluated within a specific local context and with a variety 
of stakeholders. Since the disservices of GBI are highly subjective and 
variable across different environments (Haase et al., 2014; 2017; 
Kremer et al., 2016), the comprehensive examination of GBIs’ entire life 
cycle performances is necessary (Wang et al., 2020). Life cycle assess-
ment (LCA) is a system analysis method that presents an opportunity to 
assess these trade-offs, compare designs, and choose the most appro-
priate GBI practices by quantifying a variety of environmental impacts 
and benefits (Spatari et al., 2011; Shafique et al., 2020). We here, 
therefore, underline the cardinal role of LCA to systematically capture 
the intrinsic connections between GBI and FWE nexus considering 
positive benefits and adverse impacts. 

Currently, researchers are paying more attention to the linkages 
between GBI and FWE nexus. Cristiano et al. (2021) qualitatively 
reviewed the benefits and limitations of green roofs based on an inte-
grated food-water-energy-ecosystem nexus approach, together with the 
SDGs. The authors reflected that most of the studies focused on a silo 
approach, but green roofs should be fully evaluated on the sustainable 
development of cities and communities through a nexus approach. Melo 
et al. (2021) established a hybrid framework for forests into a 
food-water-energy nexus approach, highlighting the critical promotion 
of forests in food, water, and energy security and societies to achieve 
SDGs. They also presented three key principles of the food-water-energy 
nexus: mainstreaming forest restoration, empowering local commu-
nities, and implementing nature-based solutions. Caputo et al. (2021) 
developed a conceptual methodology framework for measuring the 
resource efficiency, food production, motivations, and health benefits of 
urban agriculture from the perspective of food-water-energy-people 
nexus. The proposed framework comprised a combination of methods, 

such as urban agriculture logbooks, a database of urban agriculture 
activities, LCA, and material flow analysis, to allow the upscaling of the 
investigation results from a garden scale to the city scale. 

Most of the prevailing quantitative research on GBI and FWE nexus is 
based on a single aspect, such as direct FWE-related benefits (Moody and 
Sailor, 2013; Orsini et al., 2014; Winston et al., 2016) or life cycle 
environmental impacts of GBI (Andrew and Vesely, 2008; Manso et al., 
2018; Pushkar, 2019). Some research has further focused on the 
trade-offs analysis by comparing the positive benefits and adverse im-
pacts of GBI (De Sousa et al., 2012; Wang et al., 2013; Moore and Hunt, 
2013; Xu et al., 2021; Shah et al., 2022). More comprehensively, 
Toboso-Chavero et al. (2019) made a vital advance in measuring the 
effects of green roofs, including direct benefits (food production, energy 
generation, and rainwater harvesting), indirect avoidance of carbon 
emissions, and life cycle impacts at community scale. Despite significant 
contributions from these studies, there lacks a systematic method 
introduction to promote the quantification of relevant FWE implications 
regarding a broad set of GBI categories at the urban scale. Our starting 
point is to support embracing quantitative explorations to break the 
understanding obstacles of GBI and FWE nexus and the multiple in-
terplays within them, as the quantitative results would be a cornerstone 
to guide stakeholders in FWE-oriented resilience planning and gover-
nance for urban GBI implementation. Therefore, to overcome the 
knowledge gaps, we identified the detailed interactions between GBI 
and FWE nexus and provided an overview of the available methods to 
quantify the FWE flows and trade-offs of GBI based on the methodo-
logical articles. 

The rest of this paper is organized as follows: Section 2 outlines the 
process of review sample selection; Section 3 visualizes the inherent 
correlations between GBI and FWE nexus; Section 4 introduces the main 
methods for assessing the FWE-related benefits of GBI; and Section 5 
reviews the trade-offs evaluation studies of GBI based on LCA. The 
conclusions and discussions are drawn in Section 6. 

2. Review methodology 

To make this literature review as comprehensive and detailed as 
possible, a wide range of relevant sources were examined to find pub-
lished methodological articles. We determined a set of initial keywords 
according to the authors’ expertise and iteratively optimized them 
through database searching. The retrieved keywords included four as-
pects: GBI categories, FWE-related topics, research boundaries, and 
quantitative evaluation. GBI categories were based on the typologies 
described by Bellezoni et al. (2021), including green roofs, green walls, 
street trees, constructed wetlands, urban forests, green spaces, urban 
agriculture, and so on. Typical search terms are available in the Sup-
porting Information (see Table S1). These keywords were then com-
bined and connected to obtain the retrieval string; for instance, the 
following was used for the green roof-energy search: TS1 = ("green roof" 
OR "roof greening" OR "roof greenery") AND TS = ("energy") AND TS = 
("urban" OR "municipal" OR "city" OR "metropolitan" OR "neighbo*" OR 
"communit*") AND TS = ("model*" OR "method*" OR "quantif*" OR 
"approach" OR "simulat*" OR "estimat*" OR "evaluat*"). The literature 
search was performed in three databases, namely, Web of Science, Sci-
enceDirect, and Google Scholar, and the principal language reference 
was English, with a restriction on the publication year from 1990 to 
March 2021 being applied. Our results are not fully comprehensive since 
relevant non-English language articles may exist. However, our search 
results that are in a fairly restrictive selection of papers are sufficient to 
provide an overview of the main methods used in the literature on GBI 
and FWE nexus. 

By screening based on a series of pertinence and uniqueness princi-
ples (as reported in Fig. 1), a total of 456 articles were deemed suitable 

1 In Web of Science, TS stands for “Topic”. 
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Fig. 1. Flowchart of literature selection and sample data collection. 
Note: N represents the number of articles; GBI-FWEN is short for the linkages between GBI and FWE nexus. 

for inclusion in this review. Fig. 1 shows the details of the literature 
selection and exclusion process. 

3. Linkage identification between GBI and FWE nexus 

In light of our review, as visualized in Fig. 2, some common aspects 
of the linkages between urban GBI and FWE nexus are highlighted. In 
previous research, we have identified the relationship between different 
types of GBI and FWE nexus (Bellezoni et al., 2021). Further, in this 
paper, we focus on the inherent correlations between GBI and FWE 
nexus to guide the quantification of their linkages. As shown in Fig. 2, 
GBI can offer great FWE-related benefits to the environment and human 
beings, such as local food production, temperature regulation (and their 
effects on the UHI reduction that ultimately causes energy savings), and 
water savings by rainwater harvesting. Since the demand for urban FWE 
resources decreased, the trans-boundary environmental footprints in the 
upstream production and supply chains would consequently be avoided. 
Certain applications of GBI, however, show specific negative impacts 
during whole life cycle processes, such as energy and water consumption 
and greenhouse gas emissions. Based on this, we attach significant 
importance to the quantification of both positive and negative impacts 
of GBI on FWE nexus. Therefore, the following sections of this study 
review the quantitative methods of FWE-related benefits and trade-off 
studies of GBI, which may provide an ideological basis for the linkage 
simulation between GBI and FWE nexus. 

4. Quantification of the FWE-related impacts of urban GBI 

This section aims to outline the quantitative methods of the impli-
cations of GBI in relation to FWE domains, including food (local food 
production), energy (climate regulation, energy saving, and energy 
generation), and water (runoff control, rainwater collection, and water 
purification), where provides the method introductions and specific 
cases, more details are presented in the following tables. 

4.1. Food-related effects 

GBI has become an increasingly popular farming system, as it pro-
vides space for urban agriculture and reshapes the edibility of GBIs and 
the local food-growing environment (Russo and Cirella, 2019). In recent 
years, the food production potential of urban gardens (McDougall et al., 
2019; Caputo et al., 2021; Pourais et al., 2015), rooftop farms (Jing 
et al., 2020; Orsini et al., 2014; Sanyé-mengual et al., 2015), urban fruit 
trees (Lafontaine Messier et al., 2016; Grafius et al., 2020), and urban 
forests (McLain et al., 2012; Riolo, 2019) has been explored. Among the 
articles reviewed, rooftop farms are frequently studied at the building 
scale, and the tendency to gardens occurs at the community level. When 
considering large-scale farming, researchers prefer applying the concept 
of urban agriculture to discuss the total food production potential in 
cities more often, involving a variety of possible food cultivation spaces 
(building rooftops, gardens, farms, and arable land) (Clinton et al., 
2018; Lee et al., 2015; Pulighe and Lupia, 2019; Sioen et al., 2017). In 
addition to predicting the food yield, the self-sufficiency of nutrients is 
measured as well because it can be understood as a realistic target for 
food produced and distributed within city boundaries. Potentially, 
micronutrient-rich foods (i.e., fruits and vegetables) are advocated for 
the limited amount of land in cities and the short supply chains to 
enhance food security (Weidner et al., 2019). This point also fits our 
findings in this paper; that is, most of the studies investigated the 
growing potential of vegetables or fruits, such as tomatoes, cabbage, 
grapes, and apples, which are easily planted in urban areas (Gondha-
lekar and Ramsauer, 2017; MacRae et al., 2010; Nadal et al., 2019). In 
this review, we identified three main quantitative approaches to esti-
mate the local food production of urban GBIs, namely, (a) agricultural 
logbooks (AL), (b) statistical data (SD), and (c) model simulation (MS), 
applied either separately or in combination (see Table 1). 

As the first-hand data of food production, the agricultural logbook is 
an essential means to determine the food productivity of urban GBI. 
McDougall et al. (2019) investigated 13 small-scale organic farms and 
gardens in Sydney according to the logbooks of gardening activities over 
the course of a year, and the results showed that the yield of 62 different 
vegetables, fruits, and herbs harvested in the plots reached an average 
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Fig. 2. Linkages between urban GBI and FWE nexus. 
Note: Yellow: related to food; Orange: related to energy; Blue: related to water; Solid line: direct impacts; Dotted line: indirect impacts; Red arrow: energy and 
resource input; Up or down black arrow: increase or decrease trend; F-E: Food-Energy nexus; F-W: Food-Water nexus; E-W: Energy-Water nexus; W-E: Water-
Energy nexus. 

crop output of 5.9 kg/m2. However, the workload for data collection is 
quite challenging because farmers and volunteers need to closely track 
the input and production of crops by recording data (Duchemin et al., 
2008; Pourais et al., 2015; Sanjuan-Delmas´ et al., 2018). When it is 
difficult to obtain the first-hand data, the secondary statistical data 
sourced from national institutions or FAO2 take a key part (MacRae 
et al., 2010; Lee et al., 2015; CoDyre et al., 2015). Sioen et al. (2017) 
estimated the vegetable yield and potential nutrients of urban agricul-
ture based on the data from the 2015 Tokyo Metropolitan Agricultural 
Products Production Survey and found that the total vegetable produc-
tion of professional farms was 4,776 tons, with an average nutritional 
self-sufficiency rate of 2.5%. Some standard online tools, such as 
Farming Concrete3, Harvest Metre4 and MyHarvest5, also provide sta-
tistical data related to urban agriculture for reference. In addition, food 
yield prediction can be achieved through models such as DNDC6, Cit-
yCrop7, KASPRO8, InVEST9, and GAEZ10. These models are commonly 
used to quantitatively describe and forecast crop growth based on the 
internal growth law of crops and the causal relationship between crop 
genetic potential and environmental effects. 

Overall, agricultural logbooks, statistical data, and model simula-
tions are practical for estimating the food production of small-scale 
(such as building and community) edible GBIs. At the district, city, 
regional, and global scales, the prediction of agrarian yield usually re-
quires two factors. One is to obtain the potential spatial area for urban 
agriculture development through spatial analysis (SA); researchers 

2 The Food and Agriculture Organization of the United Nations (FAO): www. 
fao.org (retrieved on 25 November 2021)  

3 https://farmingconcrete.org (retrieved on 24 November 2021)  
4 https://www.capitalgrowth.org/the_harvestometer/(retrieved on 24 

November 2021)  
5 https://myharvest.org.uk (retrieved on 24 November 2021)  
6 DeNitrification-DeComposition; https://www.globaldndc.net/ (retrieved on 

24 November 2021)  
7 https://www.citycrop.io/ (retrieved on 24 November 2021)  
8 https://www.wur.nl/en/product/App-KASSIM-interactive-learning-tool-

for-education-and-practice.htm (retrieved on 24 November 2021) 
9 Integrated Valuation of Ecosystem Services and Trade-offs https://natural-

capitalproject.stanford.edu/software/invest (retrieved on 24 November 2021)  
10 Global Agro-Ecological Zoning https://gaez.fao.org/ (retrieved on 24 

November 2021) 

mainly use geographic information systems (GIS) and remote sensing 
(RS) technologies to identify the sites with potential for food production 
in the study area (Taylor and Lovell, 2012; Saha and Eckelman, 2017). 
The other is the crop yield per unit area, which is generally based on 
small-scale data (from national databases, FAO statistics, model simu-
lation results, agricultural logbooks, or other literature data). Based on 
these two parameters, the urban agricultural output in the study area 
can be estimated. For instance, Pulighe and Lupia (2019) first used 
high-resolution Google Earth11 images and ancillary data to map the 
potential urban agricultural area in Milan, Italy, and estimated the food 
productivity based on the data from the Ministry of Agriculture. The 
study reported that urban vegetable gardens could feed a population of 
63,700 inhabitants, approximately 4.8% of the urban dwellers. Inter-
estingly, with a productivity scenario of 5 kg/m2 (similar to what 
McDougall et al. (2019) found in Sydney), the urban inhabitants’ 
vegetable demands could be approximately satisfied within 2,000 
hectares of vegetable garden space. 

4.2. Energy-related effects 

The implications of GBI on energy domains involve three aspects, 
which are respectively climate regulation, energy saving, and energy 
generation. The corresponding quantitative methods are introduced in 
the following three sub-topics. More details can be viewed from Ta-
bles 2-5. 

(i) Climate regulation 

By acting as urban heat sinks, vegetation and water bodies of GBI can 
effectively regulate the local microclimate and are therefore helpful for 
reducing the formation of UHIs. In addition, due to the wind blockage 
and thermal insulation of vegetation, greenery could also abate the heat 
loss in winter. To make a positive impact on urban climate, hydrology, 
and ecology, the evaluation of climate regulation benefits of GBI is 
necessary (Gaffin et al., 2012). In recent years, intensive research has 
been conducted to explore the impacts of GBIs on urban microclimates, 
involving green infrastructures, such as green roofs (Sendo et al., 2010; 
Lundholm et al., 2010), green wall/green facades (Cameron et al., 2014; 

11 https://earth.google.com/web/ (retrieved on 24 November 2021) 

https://earth.google.com/web
https://gaez.fao.org
https://capitalproject.stanford.edu/software/invest
https://natural
https://www.wur.nl/en/product/App-KASSIM-interactive-learning-tool
https://www.citycrop.io
https://www.globaldndc.net
https://myharvest.org.uk
https://www.capitalgrowth.org/the_harvestometer/(retrieved
https://farmingconcrete.org
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Table 1 
Methods review of food production by urban GBI.  

Method Spatial scale GBI typology Food-related Indicator Empirical value Reference 

Lettuce yield 

Agricultural Logbooks 

Model Simulation 
(MS: DNDC) 

Building 

Building 

Rooftop farm (83.34 m2) 

Rooftop farm 

Tomato yield 

Potato yield 
11.7–25.5 kg/m2/ 
year 
19.6 kg/m2/year 

0.6–1.2 kg/m2/year 

Sanjuan-Delmás et al., 

Jing 
et al., 
2021 

(AL) 

Statistical Data (SD) 

Community 
Community 
Community 
Community 
Community 
City 

City 

Community garden (350 m2) 
Community garden (14.2 ha) 
Collective garden 
Collective garden 
Individual and community garden 
Urban garden (median plot area of 
10.8 m2) 
Urban agriculture (community 
gardens, market gardens, private 

Crop yield 
Vegetable yield 
Tomato yield 
Vegetable yield 

Crop yield 

Food and beverage self- 
sufficiency 

1.3 kg/m2/year 
3.66 kg/m2/year 
5.4 kg/m2/year 
0.3–2.08 kg/m2/year 
2.4–5.4 kg/m2/year 
5.94 kg/m2/year 

4.2%–17.7% 

2018 
Caputo et al., 2021 
Algert et al., 2014 
Pourais et al., 2015 
Duchemin et al., 2008 

McDougall et al., 2019 

Grewal and Grewal, 
2012 

Spatial Analysis & City 
gardens, and commercial farm) 
Rooftop farm (82 ha) Vegetable yield (self- 15.2 kg/m2/year Orsini et al., 2014 

Agricultural 
Logbooks (SA + AL) 

Spatial Analysis & 
Statistical Data (SA 
+ SD) 

City 
Neighborhood 

Ward 

Vegetable garden (13.76 ha) 
Urban agriculture (168 ha of land) 

Urban agriculture (14.7 ha of hobby 

sufficiency rate) 
Vegetable yield 
Cabbage yield 
Apple yield 
Grape yield 
Total vegetable 

(77%) 
1.43 kg/m2/year 
9.16 kg/m2/year 
3.94 kg/m2/year 
1.14 kg/m2/year 
884 ton/year 

CoDyre et al., 2015 
Gondhalekar and 
Ramsauer et al., 2017 

Sioen et al., 2017 
farms) production (nutritional (0.38%) 

City 

Urban agriculture (180.2 ha of 
professional farms) 
Urban agriculture (486.4 ha of 

self-sufficiency rate) 

Vegetable yield 

4,776 ton/year 
(2.48%) 
2.24 kg/m2/year McClintock et al., 2013 

public land and 136.4 ha of private 
land) 

(conventional) 
3.36 kg/m2/year 
(low-biointensive) 
5.6 kg/m2/year 
(medium-

City Vegetable garden (98 ha) Feed population 
Vegetable yield 

biointensive) 
63,700 
2.5 kg/m2/year 

Pulighe and Lupia, 
2019 

(conventional) 
5 kg/m2/year 
(medium 

City 

Urban agriculture (2,539 ha of 
arable land) 
Urban agriculture (5,115 ha of 

Maize yield 
Wheat yield 
Crop yield 

management) 
1.2 kg/m2/year 
0.6 kg/m2/year 
1.22–9.54 kg/m2/ Lee et al., 2015 

City 

Worldwide 

land) 
Community garden (121,400 ha) 
Urban agriculture (190,500 ha of 
remaining rice and dry fields) 
Urban agriculture (rooftop farms, 

Vegetable yield 
Vegetable yield 
Rice yield 
Total potential grain 

year 
0.26 kg/m2/year 
5.12 kg/m2/year 
0.5 kg/m2/year 
100–180 million ton/ 

Hara et al., 2018 

Clinton et al., 2018  
vertical farms, and vacant land) production year 

Pérez et al., 2017), urban parks (Monteiro et al., 2016), gardens (Xue 
et al., 2019), street trees (Shashua bar et al., 2011; Wang and Akbari, 
2016), lawns (Snir et al., 2016), and blue infrastructures, such as water 
bodies (Yu et al., 2020) and constructed wetlands (Xue et al., 2019). 

Modern urban landscapes feature a compact city form and aug-
menting UHI effects, leaving limited land resources for urban greening. 
Green roofs and green walls where vegetation is transplanted onto 
building rooftops and envelopes have shown effectiveness in providing 
environmental benefits to the cityscape through microclimate regula-
tion, and serve as alternatives to traditional landscapes (Wong et al., 
2021). A growing number of studies emerge to quantify the impacts of 
building greenery on urban microclimate basically according to tem-
perature variations (air temperature, internal and external surface 
temperature at vegetation cover, building façade, indoor temperature, 
and land surface temperature). These papers tend to compare the indoor 
and outdoor temperatures of green roofs, cool roofs, traditional roofs 
(He et al., 2020; Ouldboukhitine et al., 2014), green walls and bare 
concrete walls (Sanchez-Resendiz et al., 2018; Wong et al., 2009), and 
green roofs and green walls (Alexandri and Jones, 2008) and investigate 
the thermal performance variations of different kinds of vegetation 
(Koyama et al., 2015; Zhang et al., 2020). In this review, we identified 
three approaches to quantify the climate regulation benefits of GBI: (a) 

field measurement (experimental and observational studies (EO)), (b) 
statistical modelling (SM), and (c) model simulation (MS). The quanti-
tative methods and results of the climate regulation benefits of GBI are 
shown in Table 2. 

Field measurements are usually carried out through the temperature 
monitoring of existing GBIs or specially built GBI test platforms. For 
example, Fioretti et al. (2010) examined the thermal performance of 
green roofs in the main building of Marche Polytechnic University by 
monitoring the meteorological parameters on site. A temperature 
reduction of nearly 6◦C on green roofs compared to conventional roofs 
was obeserved. When there is no existing GBI for field measurements 
and the research scope exceeds the experimental scale, statistical 
modelling is usually taken to predict the temperature regulation benefits 
of GBI, such as the Monte Carlo approach, variance analysis, Pearson 
correlation analysis, and linear regression analysis. One example is the 
study by Dong et al. (2020), who explored the correlations between roof 
greening area and land surface temperature (LST) on Xiamen Island 
based on the RS data from Landsat. The results showed that the average 
LST difference between green roofs and Xiamen Island decreased by 
0.91◦C, and the average LST of the roof and its characteristic cooling 

2buffer zone decreased by 0.4◦C for every 1000 m increase in roof 
greening area. However, landscape heterogeneity within cities may have 
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Table 2 
Methods review of climate regulation by urban GBI.  

Method Spatial scale GBI typology Energy-related Indicator Empirical Reference 
value 

Experimental and Observational Studies (EO) 

Experimental and Observational Studies & 

Building 

Building 

Site 

Green roof (0.25 
m2) 
Green wall (5.46 
m2) 
Green wall 

Air temperature reduction 

Indoor temperature 
reduction 
Wall surface temperature 

0.8–3◦C 

2◦C 

3◦C 

Zhang et al., 2020 

Sánchez-Reséndiz et al., 
2018 
Cameron et al., 2015 

Statistical Modelling (EO + SM) 
Building 

Top of a railway station 

Green wall (1.55 
m2) 
Extensive green 
roof (484 m2) 

increase (in winter) 
Wall surface temperature 
reduction (maximum) 
Air temperature reduction 

7◦C 

0.1–1.6◦C 

Blanco et al., 2019 

Peng and Jim, 2013 

Building 

Intensive green 
roof (484 m2) 
Green wall Indoor temperature 

0.2–2.1◦C 

3.94–4.89◦C Rupasinghe and 
reduction Halwatura, 2020 

Building Street tree Wall surface temperature 9◦C Berry et al. 2013 
reduction 

Observational Studies & Statistical Modelling Block (5 ha) Green space 
Air temperature reduction 
Air temperature reduction 

1◦C 
0.27◦C Park et al., 2017 

(OS + SM) 

Spatial Analysis & Experimental and 
Observational Studies & Statistical Modelling 

Block (9.8 ha) 
Block (11 ha) 
Neighborhood (200×200×80 
m) 

Green wall (189.6 
m2) 

Air temperature reduction 

0.63◦C 
1.93◦C 
0.19–0.23◦C Peng et al., 2020 

(SA + EO + SM) 
Spatial Analysis & Model Simulation (SA + MS: 

ENVI-met) 
Building Green roof (1,000 

m2) 
Air temperature reduction 0.4–2.0◦C Berardi, 2016 

Spatial Analysis & Model Simulation (SA + MS: 

Residential area (300×300 
m) 
City (700 km2) 

Street tree 

Green roof 

Air temperature reduction 

Air temperature reduction 

2–4◦C 

2–3◦C 

Wang and Akbari, 2016 

Arghavani et al., 2020 
WRF) 

Spatial Analysis & Model Simulation (SA + MS: 
MUKLIMO_3) 

Spatial Analysis & Statistical Modelling (SA + 
SM) 

City (415.72 km2) 

Garden (0.2–0.3 ha) 
Square (0.8–3.8 ha) 

Green roof (23.58 
km2) 
Green space 

Air temperature reduction 

Air temperature reduction 

0.25–0.5◦C 

0.3◦C 
0.4–0.8◦C 

Žuvela-Aloise et al., 
2018 
Monteiro et al., 2016 

Park (10.1–12.1 ha) 
District 

Island (142 km2) 

Reservoir, garden, park, 
river, lake (2.1–2,090.5 ha) 

Green roof (0.65 
km2) 
Green roof (0.54 
km2) 
Constructed 
wetland 

Land surface temperature 
reduction 
Land surface temperature 
reduction 
Air temperature reduction 

0.6–1.0◦C 
1◦C 

0.4◦C/1,000
2m

2.74◦C 

Todeschi et al., 2020 

Dong et al., 2020 

Xue et al., 2019  

impacts on the climate regulation benefits of GBI, and there are potential 
interactions between urban grey infrastructure and GBI. Ziter et al. 
(2019) underlined the specific synergies between urban grey infra-
structure and GBI in climate adaptation. By fitting the relationship be-
tween tree canopy cover, impervious surface cover, and air temperature, 
the research suggested that nearly half of impervious surfaces and more 
than 40% of the canopy cover in the city was the most effective strategy 
to enhance temperature regulation services. 

In addition, model simulations are extensively used by most studies; 
models such as ENVI-met12 (Peng et al., 2020; Zhu et al., 2021; Wang 
and Akbari, 2016), WRF13 (Arghavani et al., 2020; Huang et al., 2019; 
Yang and Bou-Zeid, 2019) and MUKLIMO_314 (Žuvela-Aloise et al., 
2016; Zuvela-Aloise et al., 2018) are widely used to predict theˇ 
air-plant-surface temperature as well as the land surface temperature, 
and simulate the temperature changes in different greening scenarios at 
multiple scales. 

In conclusion, the climate regulation benefits of small-scale GBIs can 
be evaluated by field measurements and model simulations. For the 

12 https://www.envi-met.com/zh-hans/ (retrieved on 25 November 2021)  
13 Weather Research and Forecasting Model; https://ral.ucar.edu/solutions/ 

products/weather-research-and-forecasting-model-wrf (retrieved on 25 
November 2021)  
14 https://www.dwd.de/EN/ourservices/muklimo_thermodynamic/muklimo_ 

thermodynamic.html (retrieved on 25 November 2021) 

quantitative evaluation at the scales of community, district, and city, it is 
often necessary to extrapolate the climate regulation benefits of GBI at a 
small scale. The first step is to obtain the surface climate parameters 
through geospatial analysis, analyse the relationship between the sur-
face temperature and GBI vegetation coverage through statistical 
modelling, and then predict the temperature within the research scale. 
Additionally, considering varying factors such as time step, solar 
reflectivity and relative humidity, a number of researchers preferred 
running models , which is not only suitable for the simulation of tem-
perature changes at the microscale but also widely used for large-scale 
temperature prediction (i.e., the urban and regional scales) (Koc et al., 
2018). 

(ii) Energy saving potential 

GBI promotes cooling effects by providing shades and enhancing 
evapotranspiration in summer (Wong et al., 2021) and stabilizes indoor 
temperature by providing wind barriers and thermal insulation in winter 
(Pitman et al., 2015), thus regulating the indoor temperature and 
reducing the energy consumption of air conditioning and heating inside 
buildings. In urban areas, buildings consume a considerable amount of 
energy, and the demand for ventilation and air conditioning particularly 
comprise a large part of the electricity bills (Pan and Chu, 2016). 
Therefore, the energy saving characteristics of GBI could serve as a so-
lution for urban energy consumption. Current quantitative research on 
GBI energy savings mostly focuses on the scale of buildings, such as 

https://www.dwd.de/EN/ourservices/muklimo_thermodynamic/muklimo
https://ral.ucar.edu/solutions
https://www.envi-met.com/zh-hans
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green roofs above building rooftops and green walls on building enve-
lopes, and quantifies their effects in summer (Akbari et al., 1997; Kong 
et al., 2016; Pan and Chu, 2016; Peng and Jim, 2015). However, rela-
tively few articles have explored the winter thermal effect and heating 
energy saving potential of GBIs (Coma et al., 2017; Djedjig et al., 2017; 
Xing et al., 2019) since there has been controversy over the thermal 
performance of GBIs in winter. Some studies have demonstrated their 
negligible energy benefits and even increased the heating load of 
buildings in winter, due to the limited capacity to store and transmit 
heat downwards to indoor spaces (Theodosiou et al., 2014; Lee and Jim, 
2020). Given that much of the energy consumed in cities is generated 
outside their city boundaries, it is of great significance to evaluate the 
energy saving potential of GBI for urban and regional energy planning. 
From this review, we identified three main approaches to evaluate the 
energy saving potential of urban GBIs: (a) field measurement (experi-
mental and observational studies (EO), experimental studies (ES), 
observational studies (OS)), (b) model simulation (MS), and (c) 
temperature-energy empirical formulas (TE). The quantitative methods 
and results of energy savings of GBI are shown in Table 3. 

The energy saving benefits of GBIs can be estimated through field 
measurements; that is, researchers install on-site monitors to measure 
the power required for heating and air conditioning and estimate the 
building energy saving potential after the implementation of a given GBI 
(Xing et al., 2019; Campos-Osorio et al., 2020; Cameron et al., 2015). 
The energy saving benefits of small-scale GBIs can also be quantitatively 
estimated by model simulations, such as EnergyPlus15, Design Builder16, 
and TRNSYS17. Moody and Sailor (2013) used EnergyPlus to evaluate 
the dynamic thermal performance of green roofs in a three-story office 
building. Their simulation results of Portland, Oregon and Houston, 
Texas showed that approximately 2% of the energy saving benefits of 
heating and fans in winter could be achieved when implementing green 
roofs in these two cities. 

In addition, the temperature-energy empirical formula is applicable 
for energy saving evaluation because direct relationships exist between 
temperature and energy (Moreno, 2011). The temperature change of 
GBI’s surrounding environment is first required through field mea-
surement or model simulation; then, according to the 
temperature-energy empirical formula, the energy consumption (Q) of 
building heating and air conditioning can be calculated. The typical 
formula Q=T×h×A considers the temperature difference (T), heat 
transfer coefficient of the matrix material (h, depending on the heat 
transfer of the GBI matrix material), and the area of GBI (A). In addition, 
the formula Q=T×c×m is applicable, which considers the temperature 
difference (T), air-specific heat capacity (c), and air weight (m). 

On balance, the energy saving potential of a small-scale GBI can be 
quantified by field measurements, empirical formulas, and model sim-
ulations. Nevertheless, the model simulation approach is more appli-
cable than the other two methods because of its high prediction accuracy 
(51.2% of the reviewed studies use simulation models). When quanti-
fying the energy saving potential of GBIs at a district or urban scale, it is 
usually extrapolated based on the energy savings of small-scale GBIs 
(Todeschi et al., 2020). The first step is to determine the potential area of 
GBI implementation by GIS within the study area and then to multiply 
the potential area of GBI with the energy savings value per unit area of 
small-scale GBI, to realize an estimation of the total energy savings of 
GBI by scaling up.  

(iii) Energy production potential 

GBI could contribute to urban energy production directly by 

15 https://energyplus.net/ (retrieved on 25 November 2021)  
16 https://designbuilder.co.uk/ (retrieved on 25 November 2021)  
17 Transient System Simulation Tool; http://www.trnsys.com/ (retrieved on 

25 November 2021) 

bioenergy utilization and improve energy generation efficiency through 
solar photovoltaic panels installed on green roofs. The evaluation 
methods and results of the energy production of GBI are shown in 
Table 4 and Table 5. 

(1) Bioenergy production evaluation 

The vegetation and waste of urban GBIs serve as important bioenergy 
sources. Making use of bioenergy can help meet the energy demand of 
some cities and alleviate the pressure on energy supplies, since bio-
energy would occupy an increasing share in the future energy scenario 
(IPCC, 2014). Studies have been conducted to evaluate the bioenergy 
potential of GBIs, such as constructed wetlands (Liu et al., 2019; Wang 
et al., 2011; Avellán and Gremillion, 2019), urban forests (Kraxner et al., 
2016), green spaces (Springer, 2012), green roofs (Astee and Kishnani, 
2010), urban parks (Shi et al., 2013) and street trees (Nurmatov et al., 
2016). The reviewed studies identified two approaches to quantify the 
bioenergy potential of GBI: (a) field measurement (experimental and 
observational studies (EO), experimental studies (ES), observational 
studies (OS)), and (b) statistical modelling (SM). 

To estimate the vegetation biomass of a small-scale GBI, experi-
mental measurements are often used. Researchers collected vegetation 
samples in the field, weighed the fresh weight in the laboratory, and 
dried the samples to a constant weight; then, they measured the dry 
weight and analysed the sample area as well as the sample biomass data. 
Finally, the vegetation biomass of GBI within the research scope can be 
estimated. Based on field measurements, Liu et al. (2019) assessed the 
plant biomass in a constructed wetland in Zhejiang, China. They initially 
divided a constructed wetland of 1,000 m2 into 12 plots of 2.0×2.5 m, 
cut and sorted the harvested plant by species in a single plot; then, they 
measured the biomass in plants in the laboratory and found that the 
average biomass of plants collected was 37,813 dry weight kg/ha/year. 

Note that field measurements lead to high-accuracy results, but the 
experimental processes used are typically cumbersome, and field mea-
surements are more applicable for evaluating the vegetation biomass of 
small-scale GBIs. For large-scale GBIs (such as cities), statistical 
modelling is preferred. The first step is to obtain the vegetation infor-
mation in the study area through spatial analysis, such as vegetation 
types and the proportion of vegetal species. The second step is to analyse 
the correlations between vegetation information and biomass values for 
the prediction of bioenergy potential of GBI vegetation within study 
areas. Kraxner et al. (2016) simulated the possible biomass of the Vienna 
forest through statistical modelling. They first divided the urban forest 
area through geospatial analysis, then analysed the proportion of 
different tree species in the study area, and concluded that the annual 
biomass yield within a 4,200-ha forest area in Vienna was 13,000 t by 
modelling the theoretical biomass potential of the forest based on the 
biophysical growth and yield of a single tree species.  

(2) Photovoltaic (PV) output evaluation on green roofs 

According to research from Cavadini and Cook (2021), green roofs 
increase the annual power generation of PV panels by an average of 
1.8% compared with traditional roofs. The main reason is that green 
roofs can help stablize the temperature of photovoltaic modules in a 
lower range and thus effectively increase the generation efficiency of 
photovoltaic power. In this review, we identified four approaches to 
quantify PV output: (a) field measurement (experimental and observa-
tional studies (EO), experimental studies (ES), observational studies 
(OS)), (b) statistical modelling (SM), (c) solar-power empirical formulas 
(SP), and (d) model simulation (MS). 

The power generation of PV panels can be obtained according to the 
field measurement value; that is, researchers install electronic power 
recorders (such as micro inverters) to measure the output of PV panels 
and estimate the power generation potential. It is also feasible to predict 
large-area green roof PV power generation by fitting the relationship 

http://www.trnsys.com
https://designbuilder.co.uk
https://energyplus.net
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Table 3 
Methods review of energy saving by urban GBI.  

Method Spatial scale GBI typology Energy-related Empirical value Reference 
Indicator 

Experimental and Observational Studies (EO) Building Green wall (8.22 
m2) 

Cooling energy 
saving in sunny days 

0.16 kWh/m2/day 
(18.3%) 

Pan and Chu, 2016 

(rate) 
Cooling energy 0.1 kWh/m2/day 
saving in cloudy days (14.0%) 
(rate) 
Cooling energy 0.09 kWh/m2/day 
saving in rainy days (13.6%) 
(rate) 

Building (experimental Green wall Heating energy 21%–37% Cameron et al., 2015 
room, 0.2×0.1×0.07 m) saving rate 
Building (experimental Green wall Cooling energy 34% Pérez et al., 2017 
room, 2.4×2.4×2.4 m) saving rate 

Experimental and Observational Studies & 

Building 

Building (experimental 

Green wall (38 
m2) 
Green roof & 

Heat flux reduction 
rate 
Heating energy 

49% 

0.07 kWh/m2/day 

Campos-Osorio 
et al., 2020 
Xing et al., 2019 

Temperature-Energy Empirical Formulas (EO + TE) room, 3×2.5×3 m) green wall saving in winter (18%) 

Experimental and Observational Studies & District (6.7 km2) Extensive green 
(rate) 
Cooling energy 57.6 kWh/m2 Peng and Jim, 2015 

Temperature-Energy Empirical Formulas & Model 
Simulation (EO + TE + MS: ENVI-met) 

roof (120.4 ha) 
Intensive green 

saving in summer 
(rate) 

(14%) 
80.6 kWh/m2 

roof (120.4 ha) (23%) 
Temperature-Energy Empirical Formulas & Model Block (100×200 m) Green wall Cooling energy 6%–20% Li et al., 2018 

Simulation (TE + MS: ENVI-met) saving rate 
Spatial Analysis & Observational Studies & Model 

Simulation (SA + OS + MS: EnergyPlus) 
Building Green wall 

(189.6 m2) 
Cooling energy 
saving (rate) 

0.12–0.35 kWh/ 
m2/day (3.2%– 

Peng et al., 2020 

Cooling energy 
11%) 
11–31 kWh/m2 

Spatial Analysis & Temperature-Energy Empirical 
Formulas & Statistical Modelling (SA + TE + SM) 

District Green roof 
(64,712 m2) 

saving in summer 
Heating energy 
saving 
Cooling energy 

88 kWh/m2/year 

10 kWh/m2/year 

Todeschi et al., 2020 

Spatial Analysis & Model Simulation (SA + MS: 
EnergyPlus) 

Model Simulation (MS: Design Builder, TRNSYS) 

Building 

Building (37 m2 of house) 

Green roof (1000 
m2) 
Green wall 

saving 
Cooling and heating 
energy saving (rate) 
Cooling energy 

10 kWh/m2/year 
(3%) 
2.8–13.6 kWh/m2/ 

Berardi, 2016 

Dabaieh and 
saving 
Heating energy 

year 
7.9–16 kWh/m2/ 

Serageldin, 2020 

saving year 

Table 4 
Methods review of bioenergy production by urban GBI.  

Method Spatial GBI typology Energy-related Empirical value Reference 
scale Indicator 

Experimental Studies & Statistical Modelling (ES + SM) Site 

City 

Constructed wetland 
(0.1 ha) 
Green space (3,150 ha) 

Biomass yield 

Biomass yield 

37.8 ton/ha/year 

1.2 ton/ha/year (normal 

Liu et al., 2019 

Springer, 2012 

Biomass yield 
rainfall scenario) 
2 ton/ha/year (high rainfall 
scenario) 

Spatial Analysis & Observational Studies & Statistical 
Modelling (SA + OS + SM) 

Basin Constructed wetland 
(3.29 ha) 

Biomass yield 5.1 ton/ha/year Wang et al., 
2011 

Spatial Analysis & Statistical Modelling (SA + SM) City Urban forest (4,200 ha) Biomass yield 3.1 ton/ha/year Kraxner et al., 
2016 

between PV panel temperature and measured power output (Nagengast 
et al., 2013). In addition, there are studies calculating PV power gen-
eration directly based on the solar-power empirical formula, which 
mainly considers the solar radiation, photovoltaic array area, PV module 
conversion efficiency, etc. Jahanfar et al. (2018) used the solar 
energy-electricity empirical formula PEPV=3.6×Isolar×φ×PRT to calcu-
late the power generation of PV panels in green roofs per unit area, 
where PEPV is the PV power generation, 3.6 is the conversion coefficient 
(MJ/kWh), Isolar is the solar radiation received by PV panels per unit 
area, φ is the conversion efficiency of PV modules, and PRT is the tem-
perature performance ratio of PV modules (which decreases with 

increasing temperature). In addition, model simulations, including 
EnergyPlus, PVsyst18, SAM19, etc., are often used for PV power gener-
ation simulations under scenario analysis. 

4.3. Water-related effects 

The popular knowledge is that GBI can shape healthy water 

18 https://www.pvsyst.com/ (retrieved on 25 November 2021)  
19 https://sam.nrel.gov/ (retrieved on 25 November 2021) 

https://sam.nrel.gov
https://www.pvsyst.com
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Table 5 
Methods review of PV output by urban green roof.  

Method Spatial 
scale 

GBI typology Energy-related Indicator Empirical value Reference 

Experimental and Observational Studies & 
Model Simulation (EO + SM) 

Experimental and Observational Studies & 
Model Simulation (EO + MS: PVsyst) 

Model Simulation (MS: EnergyPlus) 

Solar-Power Empirical Formulas & 
Statistical Modelling (SP + SM) 

Observational Studies & Model Simulation 
(OS + MS: SAM) 

Building 

Building 

Building 

City 

Nationwide 

2Green roof (123 m , 
installed with 60 PV 
panels) 
Green roof (installed with 
PV panels of 10 m2) 

2Green roof (29–549 m , 
installed with PV panels) 

2Green roof (2000 m , 
installed with PV panels) 

2Green roof (525 m , 
installed with 156 PV 
panels) 

PV power generation 

Specific PV power generation 

PV power generation 

PV power generation 

Annual increased PV power generation rate 
compared with traditional photovoltaic roof 

94–213 kWh/ 
m2/year 

33.6 kWh/m2/ 
year 
81–83 kWh/ 
m2/year 
183–206 kWh/ 
m2/year 
1.8% 

Nagengast et al., 
2013 

Baumann et al., 
2019 
Zheng and 
Weng, 2020 
Jahanfar et al., 
2018 
Cavadini and 
Cook, 2021  

environments in urban areas, generally through runoff regulation, 
rainwater collection, and water purification. Here we stated these three 
corresponding quantitative methods of the water-related effects of GBI 
and listed key information in Tables 6-8. 

(i) Runoff regulation 

GBI systems have been widely implemented in urban areas to delay 
urban peak runoff and prevent waterlogging with the functions of 
detention, infiltration, and evapotranspiration (Lund et al., 2019). The 
runoff reduction capacity of GBI is closely related to the magnitude of 
storm events, including event duration and peak flow intensity. Among 
the relevant studies, green roofs, bioretention cells, and permeable 
pavements accounted for large proportions of the studied subjects. In 
particular, the stormwater control performance for single GBI facilities 
at the site scale was reflected to be limited, especially during higher 
intensity storm events (Li et al., 2018). Therefore, the past years have 
exhibited a trend towards a mixture of decentralized elements, and 
concepts such as sponge cities and low-impact development facilities 
that integrate various GBIs at various scales (i.e., community, cities and 
regions) are gaining popularity in the area of urban water management 
(Eckart et al., 2017; Chan et al., 2021). In this review, we identified three 
approaches to quantify the runoff regulation effects of GBI: (a) field 
measurement (experimental studies (ES), observational studies (OS)), 
(b) statistical modelling (SM), and (c) model simulation (MS). The 
quantitative methods and results of runoff regulation of GBI are shown 
in Table 6. 

The runoff regulation capacity of GBI can be estimated using field 
experiments, that is, by installing rainfall equipment (such as rain 
gauges, rainfall simulators, hydraulic pipes, and rainwater collection 
pipes) at existing field sites or newly-built test beds. According to the 
measured runoff data (such as cumulative rainfall, rainfall intensity, 
humidity, soil water content, rainwater retention volume, matrix vol-
ume retention rate, return period, lag time, and runoff reduction rate), 
the runoff regulation capacity of GBI can be evaluated. Bortolini et al. 
(2020) built a green roof experimental platform (composed of 36 micro 
vegetation modules) at the University of Padua, Italy, and evaluated the 
rainwater retention capacity of green roofs by recording parameters, 
such as temperature, rainfall, and outflow of the micro modules. The 
results showed that during a two-year study period, the rainwater 
retention of roof vegetation for rainfall events less than 10 mm was 
100% and those for rainfall events of 10–25 mm and higher than 25 mm 
were 48%–95% and 20%–88%, respectively. 

However, the sampling data of field measurements are limited 
because of the demanding long-term monitoring and small application 

scale. Alternatively, model simulation can be used to evaluate the runoff 
regulation effects of GBI at various scales, and the commonly used 
models are SWMM20 (Yao et al., 2020; Alihan et al., 2018), HYDRAUS21 

(Feitosa and Wilkinson, 2016), MIKE22 (Khurelbaatar et al., 2021), 
SWAT23 (Giese et al., 2019), HEC-RAS24 (Ertan and Celik, 2021), Rut-
ter25 (Gonzalez-Sosa et al., 2017), and i-Tree26 (Song et al., 2020). 
SWMM, MIKE, SWAT, HEC-RAS, and Rutter are suitable for multiscale 
assessment, while HYDRAUS and i-Tree are frequently applied to 
small-scale simulations with high accuracies, such as the prediction of 
the runoff reduction rate of permeable pavements and green roofs 
(Bouzouidja et al., 2018; Bautista and Pe˜ an, 2019). Jung et al. na-Guzm´ 
(2014) quantified the runoff regulation benefits of a constructed 
wetland in South Korea based on the HEC-RAS model. The results 
showed that the maximum flood level decreased by 0.81 m after 
completing the constructed wetland. The total inundation area fell by 
approximately 1.99 km2, reporting that the constructed wetland had 
significant runoff regulation effects.  

(ii) Rainwater collection 

The rainwater collection means of GBI are divided into container- 
based and soil-based rainwater collections in this review. Direct rain-
water collection can be realized by combining GBI with water storage 
devices, such as reservoirs and water storage tanks (e.g., setting rain-
water collection tanks on green roofs), and the collected rainwater is 
usually used as irrigation water or other nondrinking water . Such 
container-based rainwater collection capacity relates to local precipi-
tation regime (i.e., the precipitated volumes and their temporal vari-
ability), storage capacity of containers, and availability of GBI surfaces 
(Campisano and Modica, 2014). Moreover, through soil infiltration, 
runoff from the surface of the ground-based GBI can be filtered through 
the unsaturated zone of soils and then enter the groundwater. In addi-
tion to recharging groundwater, part of the rainwater can be stored in 
the natural water storage space (such as constructed wetlands). These 

20 Storm Water Management Model; https://www.epa.gov/water-research/ 
storm-water-management-model-swmm (retrieved on 25 November 2021)  
21 https://www.pc-progress.com/en/default.aspx?hydrus-3d (retrieved on 25 

November 2021)  
22 https://www.mikepoweredbydhi.com/ (retrieved on 25 November 2021)  
23 The Soil & Water Assessment Tool; https://swat.tamu.edu/ (retrieved on 25 

November 2021)  
24 Hydrologic Engineering Center’s River Analysis System; https://www.hec. 

usace.army.mil/software/hec-ras/ (retrieved on 25 November 2021)  
25 The Rutter model was constructed by Rutter et al. (1971); https://doi.org/ 

10.1016/0002-1571(71)90034-3 (retrieved on 25 November 2021)  
26 https://www.itreetools.org/tools/i-tree-eco (retrieved on 25 November 

2021) 

https://www.itreetools.org/tools/i-tree-eco
https://doi.org
https://usace.army.mil/software/hec-ras
https://www.hec
https://swat.tamu.edu
https://www.mikepoweredbydhi.com
https://www.pc-progress.com/en/default.aspx?hydrus-3d
https://www.epa.gov/water-research
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Table 6 
Methods review of runoff regulation by urban GBI.  

Method Spatial scale GBI typology Water-related Empirical Reference 
Indicator value 

Experimental Studies & Statistical Modelling (ES 
+ SM) 

Building 

Building 

Green roof (1150 m2) 

Green roof (test bed, 3 m2) 

Runoff volume 
reduction rate 
Runoff volume 

5%–69% 

0.04%– 

Bliss et al., 2009 

Stovin et al., 2012 
reduction rate 99.95% 
Lag time (minute) 4.5–231 

Roadway (54.8 
m2) 
Campus and 
garden 

Bioretention cell 

Bioretention cell (182 m2) 

Runoff volume 
reduction rate 
Runoff volume 
reduction rate 
Peak flow reduction 

32.7%– 
84.3% 
36%–59% 

24%–96% 

Lucke and 
Nichols, 2015 
Winston et al., 
2016 

rate 
Parking lot Bioretention cell Runoff volume 

reduction rate 
63%–89% Brown and Hunt, 

2012 
Peak flow reduction 84%-95% 
rate 

Parking lot Permeable pavement (108 m2) Runoff volume 
reduction rate 

91.1%– 
100% 

Collins et al., 
2008 

Peak flow reduction 12.5%– 
rate 100% 

Parking lot Bioretention cell (35 m2) 
Lag time (minute) 
Runoff volume 

28–50 
97% DeBusk and 

Experimental Studies & Model Simulation (ES + 

Building 

Building 

Green roof (test bed, 0.2 m2) 

Green roof (37 m2) 

reduction rate 
Peak flow reduction 
rate 
Runoff volume 

91%–99% 

21.6%– 

Wynn, 2011 
Kuoppamäki 
et al., 2016 
Hilten et al., 2008 

MS: HYDRAUS) reduction rate 
Peak flow reduction 

100% 
0.4%–100% 

rate 

Experimental Studies & Model Simulation (ES + 
MS: SWMM) 

Hill town (11.75 
km2) 

Greenbelt 

Permeable pavement 

Lag time (minute) 
Runoff volume 
reduction rate (one 
year) 

264–336 
52.5%– 
57.3% 
7.3%– 
12.2% 

Luan et al., 2017 

Bioretention 12.1% 

Experimental Studies & Model Simulation (ES + 
MS: SLAMM) 

Observational Studies & Water Balance Equation 
& Model Simulation (OS + WBE + MS: 
SWMM) 

Experimental Studies & Water Balance Equation 
& Statistical Modelling (ES + WBE + SM) 

Model Simulation (MS: MIKE) 

Parking lot (881.6 
m2) 
City 

Building 

Region (28.1 km2) 

Vegetative swale 
Permeable pavement (209 m2) 

Green roof (1000 m2), bioretention cell 
(50 m2), detention basin 

Green roof (test bed, 0.36 m2) 

Bioretention cell, permeable pavement, 
green roof (with total area of 1.04 km2) 

Runoff volume 
reduction rate 
Runoff volume 
reduction rate 

Runoff volume 
reduction rate 
Runoff volume 
reduction rate 
Peak flow reduction 

3% 
80% 

54%–85% 

60% 

64.0%– 
81.5% 
0–69.1% 

Mahmoud et al., 
2020 
Kristvik et al., 
2019 

Harper et al., 
2015 
Li et al., 2018 

rate 

Model Simulation (MS: self-developed model) Community (0.55 
km2) 

Green space (50% conversion) 
Lag time (minute) 
Runoff volume 
reduction rate 
Peak flow reduction 

0–48 
13.3%– 
23.6% 
1.3%–5.6% 

Liu et al., 2014 

rate 
Permeable pavement (50% conversion) Runoff volume 42%–46.2% 

reduction rate 
Peak flow reduction 35.7%– 
rate 37.9% 

Spatial Analysis & Model Simulation (SA + MS: 
L-THIA LID) 

Building, street, 
parking lot 
Watershed 

Green roof, permeable pavement Runoff volume 
reduction rate 

23%–42% 

35%–55% 

Eaton, 2018 

two kinds of soil-based flows (groundwater recharge and natural rain-
water storage) through GBI are regarded as indirect means of rainwater 
collection. The review identified four approaches to quantifying the 
rainwater collection amount: (a) empirical formulas (EF), (b) water 
balance equations (WBE), (c) model simulation (MS), and (d) physical 
method (PM), including water table fluctuation method and soil con-
servation service curve number model (SCS-CN)27. The quantitative 

The Soil Conservation Service (SCS) Curve Number (CN) model; https:// 
www.hec.usace.army.mil/confluence/hmsdocs/hmstrm/infiltration-and-
runoff-volume/scs-curve-number-loss-model (retrieved on 25 November 2021) 

methods and results of the rainwater collection of GBI are shown in 
Table 7. 

To estimate the direct rainwater collection amount of GBI, the 
empirical formula RH=A×P×C is applicable for multiscale estimation, 
where RH is the rainwater harvesting amount, A is the catchment area, P 
is the precipitation at the research site, and C is the runoff coefficient 
(the runoff coefficient of GBI is usually 0.15–0.4 (Nou and Charoenkit, 
2020)). The calculated value is the rainwater collection potential of GBI, 
which can guide the size design of the water storage tank (dos Santos 
et al., 2019; Abdulla and Shareef, 2009). 

Due to the simplification of the rainwater collection process, the 
empirical formula method is often used for the rough estimation of 

27 

www.hec.usace.army.mil/confluence/hmsdocs/hmstrm/infiltration-and


Resources, Conservation & Recycling 188 (2023) 106658

11

F. Meng et al.                                                                                                                                                                                                                                    

Table 7 
Methods review of rainwater collection by urban GBI.  

Method Spatial scale GBI typology Water-related 
Indicator 

Empirical value Reference 

Experimental and Studies & Water Balance Equation 
(ES + WBE) 

Experimental and Studies & Empirical Formulas (ES 
+ EF) 

Water Balance Equation & Model Simulation (WBE + 
MS: SWMM) 

Building 

City (921 km2) 

Community (6,000 
people) 

Green roof (test 
bed)a 

Green roofa (6.2 
km2) 
onstructed wetlandb 

(1,002 m2) 

Rainwater collection 
Water saving rate 

Rainwater collection 

Irrigation water 
saving rate 
Total water saving 

320 m
3%–5% (for urban 
plot of 520 m2)

31,503,728 m

40% 

27.2% 

Charalambous et al., 
2019 

dos Santos et al., 
2019 
Li et al., 2017 

rate 
Model Simulation (MS: Plugristost) 

Experimental and Studies & Water Balance Equation 
& Model Simulation (ES + WBE + MS: MODFLOW) 

Physical Method & Model Simulation (PM: SCS-CN + 
MS: SLAMM) 

Building 
Neighborhood (981 
people) 
Technology park 
(1,786 people) 
Site 

Residential zone (6.18 
ha) 

Green roofa 

Green roofa (684 m2) 

Green roofa (30,750 
m2) 
Rain gardenb (30.24 
m2; 9.74 m2) 
Permeable 
pavementb 

Grass swaleb 

Rainwater collection 
Water self-sufficiency 

Rainwater collection 
Water self-sufficiency 
Groundwater level 
increase 
Groundwater level 
increase rate 

37 m
21%–24% 

12,231 m3 

43% 
0.3 m 

44% 

72.6% 

Toboso-Chavero 
et al., 2019 

Salvador et al., 2019 

Li et al., 2019 

Zhang and Peralta, 
2019 

Note: a and b refer to the GBI with container-based rainwater collection means and soil-based rainwater collection means, respectively. 

rainwater collection potential. To estimate the amount of collected 
rainwater more precisely, the water balance model is applicable, which 
is determined to the actual research boundary, mainly including pre-
cipitation, evapotranspiration, discharge runoff from GBI, irrigation 
water, soil matrix water, etc. Additionally, Toboso-Chavero et al. (2019) 
used the Plugristost model, which is also based on the water balance 
principle, to calculate the water tank size used for rainwater collection 

3on the building roof, and it was found that a water storage tank of 7 m 
installed on the rooftop was the appropriate size in their research. 

Physical method (PM) is usually used to investigate the groundwater 
recharge of GBI. The water table fluctuation method is the most widely 
used method to estimate the groundwater recharge rate, which assumes 
that groundwater is recharged in an unconfined aquifer and results in an 
increase in the groundwater level (Tu and Traver, 2019). In addition, 
according to the water balance between surface runoff and groundwater 
recharge, the SCS-CN method calculates groundwater recharge consid-
ering rainfall, surface runoff, infiltration, and evaporation (Eaton, 
2018). However, such calculated results through physical method are 
not the actual groundwater recharge, which cannot reflect the complete 
migration process of the surface water from the unsaturated soil area to 
the groundwater surface. There may be mismatches between the time 
and space scales of surface water and groundwater when simulating 
groundwater flows. Typically, model simulation is more efficient, as it 
does not require physical setups and fixed time spans. The commonly 
used models are MODFLOW28, SWAT, SWMM, HYDRAUS, etc. 
Newcomer et al. (2014) utilized HYDRAUS to estimate and compare the 
groundwater recharge rate of infiltration ditches and irrigated lawns 
under historical (from 1954 to 2012), current (from 2011 to 2012), and 
future scenarios (from 2009 to 2100). The simulation showed that the 
annual recharge rate of the infiltration ditch to groundwater (3,410 
mm/a) under the current and future scenarios was greater than that of 
the irrigated lawn (2,430 mm/a).  

(iii) Water purification 

Through leaf adsorption and soil infiltration, GBI can effectively 
reduce the concentration of pollutants in rainwater, and the pollution 

removal performance of GBI is significantly impacted by the rainfall 
characteristics and the inflow and outflow limits of GBI (Dhakal et al., 
2017; Gong et al., 2019). However, GBI may introduce a new source of 
water pollution. Due to the nutrients within the manufactured media of 
GBI and fertilizers added during the production process, the concen-
tration of the nutrient load was observed to be high in the effluent from 
GBI and has been a concern for water quality downstream, threatening 
the eutrophication risk for lakes and rivers (Kuoppamäki et al., 2016). 
Such effects on water quality from this implementation must be 
considered when generalizing the performance of GBI practices (Harper 
et al., 2015). From this review, we identified three main approaches 
used to evaluate the water quality from GBI: (a) field measurement 
(experimental studies (ES), observational studies (OS)), (b) statistical 
modelling (SM), and (c) model simulation (MS). The quantitative 
methods and results of the rainwater quality from GBI are shown in 
Table 8. 

Field measurements refer to taking water samples from small GBI test 
devices or existing GBI sites and evaluating the water quality based on 
the pollutant concentrations measured in experiments. Leading water 
quality indicators include chemical oxygen demand (COD), nutrients 
(total nitrogen, total phosphorus, nitrate, nitrite, phosphate), sulfates, 
pH, suspended solids, chloride ions, fluorine ions, bromine ions, and 
metals (such as Ca, Mg, Na, K, Cu, Fe, Mn, Pb) (Vijayaraghavan et al., 
2012; Wei et al., 2020; Roth et al., 2021; Denman et al., 2016). Gong 
et al. (2019) established a green roof test site on a building roof in 
Beijing, China, and simulated the real rainfall scenario to evaluate the 
runoff quality from green roofs. Their experimental results showed that 
extensive green roofs could significantly remove SS concentrations and 
reduce pollutant loads. However, the concentrations of COD, N, and P in 
the runoff discharged from the green roof were higher than those in the 
ordinary roof runoff. Likewise, according to Kuoppamäki et al. (2016), 
the nutrient concentrations in the runoff from green roofs were observed 
to be 5–10 times higher than those in the precipitation. 

Field measurements are often carried out in laboratories or at the 
pilot scale but show limitations on a large scale (such as watersheds, 
cities, and regions). Due to the complex water flows of nonpoint source 
pollution, the deviation would happen between the evaluation results 
and actual situations of large-scale GBI if based on the small-scale results 
of GBI. Therefore, model simulation is typically used to evaluate the 

https://www.usgs.gov/mission-areas/water-resources/science/modflow-
and-related-programs (retrieved on 25 November 2021) 

28 

https://www.usgs.gov/mission-areas/water-resources/science/modflow
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Table 8 
Methods review of water quality from urban GBI.  

Method Spatial scale GBI typology Water-related Indicator Empirical value Reference 

Experimental Studies & Statistical Building Green roof (test bed, 0.2 m2) Pollutant removal rate 24% (TN); 27% (TP) (Biochar A) Kuoppamäki 
Modelling (ES + SM) 

Roadway 
(54.8 m2) 

Bioretention cell Pollutant removal rate 
Pollutant increase rate 

17.46% (TP) 
196% (TN); 317% (TSS) 

et al., 2016 
Lucke and 
Nichols, 2015 

Parking lot Bioretention cell Pollutant removal rate 48%–62% (TKN); 42%–56% (Organic 
N); 78%–87% (TAN); 32%–35%(TN); 

Brown and 
Hunt, 2012 

Experimental Studies & Water 
Balance Equation & Statistical 
Modelling (ES + WBE + SM) 

Observational Studies & Water 
Balance Equation & Model 
Simulation (OS + WBE + MS: 

Parking lot 

Parking lot 
(881.6 m2) 

City 

Bioretention cell (35 m2) 

Permeable pavement (209 m2) 

Green roof (1000 m2), 
bioretention cell (50 m2), 
detention basin 

Pollutant increase rate 
Pollutant removal rate 

Pollutant removal rate 

Pollutant removal rate 

12%–19% (TP); 79%–89% (TSS) 
25%–103% (NOx) 
>99% (Sediment; TN; TP) 

12%–76% (TSS; BOD5; Escherichia 
coli) 

63%–88% 

DeBusk and 
Wynn, 2011 
Mahmoud et al., 
2020 

Kristvik et al., 
2019 

RECARGA) 
Model Simulation (MS: MIKE) 

Model Simulation (MS: HEC-RAS and 

Region (28.1 
km2) 

Basin 

Bioretention cell, permeable 
pavement, green roof (with 
total area of 1.04 km2) 
Constructed wetland 

Increased pollutant 
removal rate compared 
with the basic scenario 
Pollutant removal rate 

19.2%–68.7% (TSS); 19.2%–67.8% 
(COD); 18.7%–60.9% (TN); 19.9%– 
68.8% (TP) 
13.6%–25.6% (TN); 50.0%–50.9% 

Li et al., 2018 

Xiao et al., 2020 
QUAL2K) 

Spatial Analysis & Experimental Basin Constructed wetland Pollutant removal rate 
(TP) 
65%–86% (TSS) Yang et al., 

Studies & Statistical Modelling (SA 
+ ES + SM) 

2014 

water purification effect of GBI on a large scale. Commonly used models 
are InVEST29, HEC-RAS, QUAL2K30, i-Tree, RECARGA31, etc., of which 
i-Tree and RECARGA bring high accuracy and are more suitable for 
simulating the water purification effect of local-scale GBI. Kristvik et al. 
(2019) used the RECARGA model to examine the rainwater purification 
performance of biological detention tanks. The long-term simulation 
results showed that the biological detention tank could reduce rainwater 
runoff by 54%–85% and filter 63%–88% of rainwater pollutants. 
InVEST, HEC-RAS, and QUAL2K are more often used to simulate the 
water purification effect of GBI in the subregional and regional scales. 
Xiao et al. (2020) used HEC-RAS and QUAL2K to predict and evaluate 
the nutrient removal rate of the Edmonton wetland in Canada. The 
research showed that the removal efficiency of wetlands for total ni-
trogen (TN) was 25.6% and 13.6%, respectively, by these two models, 
and the removal efficiency of wetlands for total phosphorus (TP) was 
50.0% and 50.9%, respectively. 

5. Life cycle assessment to quantify the trade-offs of GBI 

This section aims to outline the relevant studies to capture GBI’s 
trade-offs based on the life cycle thinking, given that a silo lens of FWE- 
related benefits of GBI cannot reflect the comprehensive implications of 
GBI on FWE nexus. Regarding previous trade-offs studies, two streams 
are shown, that is, the trade-offs between life cycle environmental im-
pacts and operational benefits of GBI, and the food-water-energy-carbon 
nexus trade-offs of GBI in the upstream production and supply chains. 
The corresponding studies and findings are summarized in the following 
contents and Tables 9–10. 

5.1. Trade-offs between life cycle environmental impacts and operational 
benefits 

Urban GBI positively affects the FWE systems through local food 
provision, energy supply and savings, rainwater harvesting and 

29 https://naturalcapitalproject.stanford.edu/software/invest (retrieved on 25 
November 2021)  
30 https://www.qual2k.com/
31 https://dnr.wisconsin.gov/topic/Stormwater/standards/recarga.html 

purification, among others. Yet the FWE-related benefits are presented 
with GBIs’ expansion at the cost of elevated greenhouse gas emissions, 
resource and energy consumption, and other adverse environmental 
impacts throughout the entire lifespan. A life cycle perspective is hence 
imperative to achieve the holistic design, implementation, and man-
agement of GBIs, and life cycle assessment (LCA) has been increasingly 
applied to evaluate the cradle-to-grave performance of various GBI 
technologies associated with materials, construction, maintenance, 
decommission, and disposal (Spatari et al., 2011; Shafique et al., 2020). 

The LCA studies exploring GBIs’ environmental performance 
currently show two streams. One is the specific focus on the environ-
mental impacts of GBI (Andrew and Vesely, 2008; Manso et al., 2018; 
Pushkar, 2019), and the other is the detailed consideration of the life 
cycle impacts and operational benefits (De Sousa et al., 2012; Wang 
et al., 2013; Moore and Hunt, 2013; Xu et al., 2021). The former tends to 
apply the LCA method to evaluate the environmental performance of 
GBIs, considering all life cycles including the stages of material pro-
duction, transportation, construction, operation, and end of life. Such 
studies generally aim to identify which materials and processes of the 
green and blue systems have greater environmental burdens and to 
determine how these impacts can be minimized (Manso et al., 2018). 
These LCA studies are helpful for architects, ecologists, and engineers to 
find new solutions to alleviate the life cycle burdens of urban GBIs by 
applying more environmentally friendly materials and technologies 
(Pushkar, 2019). 

To date, the above evaluation of specific life cycle impacts of GBI 
draws the main attention. However, it was revealed that such a single 
focus on environmental impacts would risk underestimating the intan-
gible benefits within the stage of operation and maintenance (Chàfer 
et al., 2021). For the system-wide assessment of urban GBI strategy, 
attempts have been made to analyse the trade-offs of GBI. These studies 
have considered the environmental impacts in the whole life cycle and 
the FWE-related benefits in the operation stage, helping designers and 
technology developers to understand the potential as well as the envi-
ronmental concerns associated with GBI and to evaluate the long-term 
environmental sustainability of this system (Pan and Chu, 2016). As 
shown in Table 9, these LCA research on the trade-offs evaluation of GBI 
can be summarized as the following categories: (a) individual applica-
tion of GBI, (b) comparison of multiple GBIs, (c) comparison of GBIs 
with grey infrastructure systems, and (d) integration of GBIs into the 

https://dnr.wisconsin.gov/topic/Stormwater/standards/recarga.html
https://www.qual2k.com
https://naturalcapitalproject.stanford.edu/software/invest
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Table 9 
Trade-offs analysis of urban GBI based on the LCA method.  

Research GBI typology Boundary Scale Environmental impacts Benefits provided by Findings Reference 
category GBI 

a Vertical greenery 
system 

Materials, 
transportation, use 
and end of life 

Building Global warming, 
acidification, 
eutrophication, ozone 
layer depletion, abiotic 
depletion elements, 

Energy saving due to 
the cooling effect of 
vegetation 

The initial energy 
investment of vertical 
greenery could be paid 
back within 40 years, and 
the carbon emission 

Pan and 
Chu, 2016 

abiotic depletion fossil, 
freshwater aquatic 
ecotoxicity, human 
toxicity, marine aquatic 
ecotoxicity, 
photochemistry ozone 
creation, terrestrial, and 

reductions from energy 
generation were able to 
offset the costs of global 
warming over the 50- 
year life span 

ecotoxicity 
a Vertical greenery 

system 
Manufacturing, 
construction, 
operation, 

Cubicles 
experimental 
set-up site 

Human health, ecosystem 
quality, resource scarcity, 
and global warming 

Energy saving The energy saving for 
heating and cooling can 
reduce environmental 

Chàfer et al., 
2021 

maintenance and 
end of life 

burdens by 1% annually, 
and the reduction in 
summer can be up to 
almost 50% 

a Green roof Materials, 1,115m2 roof Human health, ecosystem Energy saving, The environmental Kosareo and 
transportation, 
construction, 
maintenance, 
disposal and end of 
the life 

on a retail 
store 

quality, climate change, 
and resources 

runoff control impacts can be reduced 
by the benefits of energy 
saving and runoff 
reduction 

Ries, 2007 

a Green roof Extraction and 
refinement of raw 

Building Carbon dioxide emission Carbon 
sequestration, 

The life cycle carbon 
emissions could be offset 

Kuronuma 
et al., 2018 

materials and 
consumption of 
natural resources 

carbon emission 
reduction by energy 
saving 

by carbon sequestration 
and carbon reduction by 
energy saving in 5.8 to 
15.9 years 

a Green roof Material production, 
transportation, 
building operation 
and building 
maintenance 

Building Global warming, 
acidification, 
eutrophication, ozone 
layer depletion, abiotic 
depletion, freshwater 
aquatic ecotoxicity, 
human toxicity, marine 

Energy saving, water 
saving 

The life cycle 
environmental impacts 
can be reduced by 1%- 
5.3% due to energy 
saving, and the water 
saving benefit could 
further reduce the life 

Saiz et al., 
2006 

City 

aquatic ecotoxicity, 
photochemistry 
oxidation, and terrestrial 
ecotoxicity 

cycle impacts by 0.2%– 
2.0% 
The life cycle 
environmental impacts 
would be reduced by 
even five times more 

a PV-green roof Material 
manufacturing, 
transportation, use/ 
maintenance, and 
disposal 

Building Noncarcinogens, 
respiratory inorganics, 
global warming and non-
renewable energy, 
carcinogens, ionizing 
radiation, ozone layer 
depletion, respiratory 
organics, aquatic 

Energy generation The significant energy 
generation potential of 
PV-green roofs in the use 
phase could compensate 
for their additional 
environmental impacts 

Lamnatou 
and 
Chemisana, 
2014 

ecotoxicity, terrestrial 
ecotoxicity, terrestrial 
acidification/ 
nutrification, land 
occupation, aquatic 
acidification, aquatic 
eutrophication, and 
mineral extraction 

a Bio-infiltration rain 
garden 

Implementation, 
operation, and 
decommissioning 

Site Global warming 
potential, acidification, 
cancer, non-cancer, 
respiratory effects, 
eutrophication, ozone 
depletion, and 

Carbon 
sequestration, air 
pollutant removal, 
runoff control, 
rainwater pollutant 
removal, and energy 

The positive operation 
effects could avoid more 
than 11 times the adverse 
construction impacts on 
global warming 
potential, eutrophication 

Flynn and 
Traver, 2013 

ecotoxicity savings due to 
reduced volume at a 

potential, and eco-
toxicity 

wastewater 
treatment plant 

(continued on next page) 
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Table 9 (continued ) 

Research GBI typology Boundary Scale Environmental impacts Benefits provided by Findings Reference 
category GBI 

b Green roof, rain 
garden, bioretention 

Material production, 
construction, 

Building/ 
site 

Carbon emission Carbon 
sequestration 

Due to the highest carbon 
sequestration potential, 

Kavehei 
et al., 2018 

basin, vegetated 
swale, and 
stormwater pond 

operation, 
maintenance and 
end of life 

rain garden could offset 
total carbon footprint in 
its life cycle and had the 
lowest net carbon 
footprint. Whereas 
stormwater pond had the 
maximum life cycle 
carbon footprint with 
lowest carbon 

b Green roof, 
greenway, and grove 

Extraction, 
transportation, 
construction, use, 
maintenance, and 
end of life 

Neighborhood Global warming, 
acidification, 
eutrophication, 
respiratory inorganics, 
water use, abiotic 
depletion, and Chinese 

Energy saving 
sequestration potential 
Groves showed the best 
overall environmental 
performance than 
greenways and green 
roofs within system 
boundary, due to the 

Wang et al., 
2020 

resource depletion 
potential 

significant energy saving 
potential of groves than 
those two 

b Green roof, Materials, Site Carbon emission Carbon Constructed wetland Moore and 
permeable pave, 
bioretention, 
constructed wetland, 

transportation, 
construction and 
maintenance 

sequestration were predicted to offset 
the life cycle carbon 
emissions, with the 

Hunt, 2013 

Level spreader- 
vegetated filter strip, 
pond, rainwater 
harvesting system 

lowest net carbon 
footprint over a 30-year 
period, followed by 
bioretention, level 
spreader-vegetated filter 
strip, pond, permeable 
pave, green roof, and 
rainwater harvesting 
system 

b Green façade and 
living wall systems 

Materials, 
transportation and 
waste 

Building Global warming, 
acidification, 
eutrophication, ozone 
layer depletion, abiotic 
depletion, freshwater 
aquatic ecotoxicity, 
human toxicity, marine 
aquatic ecotoxicity, 
photochemistry 
oxidation, and terrestrial 

Energy saving Vertical greenery shows 
positive improvement of 
environmental 
performance with lower 
impacts, due to a 
reduction of energy 
savings during the life 
span of a greened 
building 

Ottelé et al., 
2011 

ecotoxicity 
b, c, d Green alternatives 

(bioretention basin, 
green roof, and 
permeable 
pavement); Existing 
combined sewer 
system, and separate 
sewer system; 
Integration 
alternatives that 

Material extraction 
and production, 
material and waste 
transportation, 
installation, and 
maintenance. 

Watershed Climate change, 
freshwater 
eutrophication, marine 
eutrophication, 
freshwater ecotoxicity, 
and fossil fuel depletion 

Rainwater pollutant 
removal 

Bioretention basin results 
in the least climate 
change and economic 
costs in the construction 
phase for water pollutant 
removal, and separate 
sewer system consumes 
the least energy for 
removing pollutants 

Wang et al., 
2013 

combine one green 
alternative with the 
separate sewer 
system 

c Combination of 
porous pavement, 

Construction, 
operation, and 

Watershed Greenhouse gas 
emissions 

Carbon 
sequestration, 

Compared with gray 
infrastructure, the 

De Sousa 
et al., 2012 

street-end maintenance carbon emission combination of 
bioretention bump- 
out facility, curbside 
infiltration planter, 
backyard rain 
garden, and subgrade 
cistern; Grey 

reduction due to the 
building energy 
saving by shading 
and wind blocking of 
vegetation 

decentralized GBI had 
superior environmental 
performance, with 75%– 
95% lower GHG 
emissions than gray 
infrastructure scheme 

combined sewer 
overflows 

(continued on next page) 
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Table 9 (continued ) 

Research 
category 

GBI typology Boundary Scale Environmental impacts Benefits provided by 
GBI 

Findings Reference 

c Rain garden; Existing 
combined sewer and 
wastewater 
treatment systems  

Construction, 
operation, and 
decommissioning 

Watershed Acidification, 
ecotoxicity, 
eutrophication, global 
warming, ozone 
depletion, photochemical 
oxidation, carcinogenics, 
noncarcinogenics, and 
respiratory effects 

Carbon 
sequestration, water 
storage and 
treatment 

Rain gardens were 
revealed to be a favorable 
option by decreasing 42% 
of the financial cost and 
62–98% of the life cycle 
impacts, compared to the 
grey infrastructure 
alternative. Rain gardens 
had dramatic decreased 

Vineyard 
et al., 2015 

impacts in eutrophication 
and global warming by 
intercepting nutrient 
pollution before it can 
reach the wastewater and 
by reducing the use of 
electricity for wastewater 
treatment 

b, c Best management 
practices (BMPs: 
vegetated swale, rain 
garden, porous 
pavement); 
Traditional 
structures (porous 
detention basin, sand 
filter detention basin) 

Construction, 
operation and 
maintenance 

City Climate change, 
terrestrial acidification, 
freshwater 
eutrophication, marine 
eutrophication, and 
terrestrial ecotoxicity  

Runoff control The implementation of 
green BMPs did 
effectively reduce LCA 
impacts compared with 
traditional management 
strategies, in which 
porous pavements 
generally resulted in 
slightly higher impacts 
compared with rain 
gardens and vegetated 
swales 

Hengen 
et al., 2016 

b, c bioswale, grass 
swale, detention 
basin, retention 
basin, culvert, storm 
sewer, and pipe 
underdrain 

Construction, 
maintenance, and 
end-of-life 

Roadway Ozone depletion, climate 
change, smog, 
acidification, 
eutrophication, 
carcinogens, 
noncarcinogens, 
respiratory effects, 
ecotoxicity, fossil fuel 
depletion, and 
cumulative energy 
demand 

Rainwater pollutant 
removal 

The local aquatic benefits 
of grass swales and 
bioswales offset global 
environmental impacts 
for eutrophication, 
carcinogenics, 
noncarcinogenics, and 
ecotoxicity 

Byrne et al., 
2017 

b, c, d Hybrid system that 
combines low impact 
development (LID: 
bioretention areas, 
rooftop rainwater 
harvesting, and 
xeriscaping) 
technologies with 
conventional 
centralized water 

Construction and 
maintenance 

Apartment 
zone 

Global warming, ozone 
depletion, smog 
formation, acidification, 
eutrophication, 
carcinogens, 
noncarcinogens, 
respiratory effects, 
ecotoxicity, and fossil 
fuel depletion 

Rainwater 
harvesting 

Incorporating LID in 
residential zones can help 
collect rainwater and 
reduce potable water use 
with an average of 25%– 
50% by treating 
rainwater to potable 
quality 

Jeong et al., 
2016 

c, d 
systems. 
Hybrid system that 
combines green 
infrastructure system 
(bioretention, 
permeable pavement, 
green roof, detention 
cell, adjusted 
pipeline) and gray 
system (original 
pipeline) 

Materials, 
transportation, 
construction, and 
operation 

Catchment 
area 

Global warming, ozone 
formation, 
noncarcinogens, 
carcinogens, ionizing 
radiation, ozone layer 
depletion, particulates 
formation, terrestrial 
acidification, aquatic 
eutrophication, 
freshwater ecotoxicity, 
marine eutrophication, 
land occupation, water 
depletion, metal 
depletion, and fossil 
depletion 

Runoff control and 
rainwater pollutant 
removal 

Hybrid system generated 
higher environmental 
impacts and economic 
costs than grey system in 
the construction stage. 
However, the economic 
benefits of coupled 
system are shown in 
comprehensive water 
benefits during the 
operational stage, which 
can make the payback 
time of total economic 
cost within 4 years 

Xu et al., 
2021 

Note: * a individual application of GBI; b comparison of multiple GBIs; c comparison of GBIs with grey infrastructure systems; d integration of GBIs into the existing 
grey infrastructure systems. 

existing grey infrastructure systems. Among these studies, most simply of rainwater collection, runoff reduction, removal of rainwater pollut-
considered certain types of GBI, while coupled “grey and green‒blue” ants, energy savings for wastewater treatment, carbon sequestration, 
infrastructure systems take the least focus. building energy savings due to the influence of vegetation by shading 

The evaluation of trade-offs of GBI frequently focuses on the benefits and wind blocking, carbon emission reduction by energy savings, and 
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Table 10 
Food-water-energy-carbon nexus quantification of urban GBI.  

GBI-FWE Nexus GBI typology Method Findings Reference 

GBI- Food- Urban agriculture MFA If the Seoul metropolis implemented urban agriculture in a 51.15 km2 area, it would be possible to Lee et al., 2015 
Food Carbon 

Rooftop farm MFA 
reduce CO2 emissions by 11.67 million kg annually 
If 121,599 ton of vegetables are produced annually in HDB estates in green roofs in Singapore, there will Astee and Kishnani, 

Rooftop farm LCA 
be a reduction of 9,052 ton of CO2 emissions per year 
The avoided CO2 emissions of rooftop tomato cultivation for each inhabitant per year is 18.1 kg 

2010 
Toboso-Chavero et al., 
2019 

Rooftop farm LCA 150,000 kg of tomatoes in 1 ha rooftop gardens in Barcelona could represent a saving of 66.1 tons CO2 Sanyé-Mengual et al., 
2013 

Rooftop farm LCA 2,000 ton of tomatoes per year produced in rooftop gardens in the Zona Franca Park could avoid 
approximately 850 ton of CO2 

Sanyé-Mengual et al., 
2015 

Rooftop farm 

Community farm 

LCA 

LCA 

29 ton of CO2 per year could be avoided if lettuce and tomato are cultivated almost 14,000 kg/year in 
the rooftop garden in Rio de Janeiro, Brazil 
Converting 26 ha of vacant land to community farming would reduce GHG emissions by 881 ton per 

Salvador et al., 2019 

Kulak et al., 2013 

Food-
Energy 

Rooftop farm LCA 
year 
150,000 kg of tomatoes in 1 ha rooftop gardens in Barcelona could represent a saving of 2,070 MJ of 
energy consumed 

Sanyé-Mengual et al., 
2013 

Rooftop farm LCA 2,000 ton of tomatoes per year produced in rooftop gardens in the Zona Franca Park could avoid 
approximately 23.1 TJ of energy 

Sanyé-Mengual et al., 
2015 

Food-
Water 

Urban agriculture LCA Local lettuce cultivation could reduce 50% of water footprint Yang and Campbell, 
2017 

GBI-
Energy 

Energy-
Carbon 

Urban agriculture 

Rooftop garden 

Green roof 

Green roof 

Green wall 

LCA 

LCA 

MFA 

MFA 

MFA 

Shifting 1 ha of cropping land from vegetables to cereals could reduce local blue water consumption by 
37,216 m per year 

Almost 767 ton of CO2 per year can be avoided by 3,009,000 kWh/year of PV energy generation in the 
rooftop garden 
The avoided upstream CO2 emissions due to energy saving were estimated to be 7.4×104 ton and 
1.3×105 ton for extensive green roofs and intensive green roofs, respectively 
In the Turin context, using insulated green roofs, there was an annual reduction of GHG emissions of 193 
ton and 14 ton of CO2 per MWh for energy of heating up and cooling 
697 kg of CO₂ can be avoided due to approximately 985.6 kWh of electricity saving 

Huang et al., 2014 

Salvador et al., 2019 

Peng and Jim, 2015 

Todeschi et al., 2020 

Campos-Osorio et al., 
2020 

Green wall MFA The double-skin green façade has the potential to reduce 2.2 ×109 kg of carbon dioxide emission in a Wong and Baldwin, 

Green wall MFA 
year 
The intensity of carbon emission reduction in winter is 2.2–4.2 kg per week 

2016 
Cameron et al., 2015 

GBI-
Water 

Water-
Carbon 

Rooftop farm 
Rooftop farm 

LCA 
LCA 

Nearly 9 ton of CO2 can be avoided per year by harvesting rainwater in the rooftop gardens 
The application of rainwater harvesting in rooftop gardens could potentially avoid 0.45 kg CO2 per year 
for each inhabitant 

Salvador et al., 2019 
Toboso-Chavero et al., 
2019 

Urban agriculture MFA and 
DAYCENT model 

A 33% reduction in life cycle system-wide GHG emissions can be achieved by wastewater treatment and 
reuse 

Miller-Robbie et al., 
2017 

Green roof, bioretention basin, permeable pavement, MFA GHG emissions via urban drainage systems and water supply systems can be reduced by 10,677.3 and Liu et al., 2020 
rain garden, and vegetated swale 6,837.1 ton per year respectively in the study area 

Water-
Energy 

Permeable pavement 
Green roof 

MFA 
MFA 

4.1% of annual energy cost for water treatment can be saved 
3.46 US$/m3 of annual energy cost for rainwater management can be saved in Berlin 

Lee and Kim, 2016 
Zhang et al., 2015 

Note: MFA is short for Material Flow Analysis. 
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removal of atmospheric pollutants. The considered environmental im-
pacts of GBI over the entire life history include common impact cate-
gories, such as global warming, resource and energy consumption, 
eutrophication potential, ecotoxicity, and land occupation. In addition, 
the carbon footprint, based on the definition by Wiedmann and Minx 
(2008), is also presented as a single indicator of global warming po-
tential or climate change impact. 

The estimates of life cycle impacts released by GBI vary significantly 
and depends on the type and lifespan of GBI as well as the study area 
characteristics. Some of the studies struggle to investigate the external 
impacts related to the stage of construction, maintenance, and decom-
missioning of GBI practices, excluding their upstream impacts associ-
ated with raw material extraction and production (De Sousa et al., 2012; 
Vineyard et al., 2015; Hengen et al., 2016; Jeong et al., 2016; Byrne 
et al., 2017). However, during the whole life cycle of the urban GBI, 
most of the environmental impacts of GBI are incurred in the 
manufacturing phase and the construction phase because of a large 
amount of material and resource consumption (Pushkar, 2019; Oquen-
do-Di Cosola et al., 2020). As a result, a broader scope of research is 
necessary to promote the assessment effectiveness of GBI. It is also 
pointed out that transport emissions are a major contributor to the 
carbon footprints of GBI, since the materials for GBI manufacturing need 
to be transported to specfic sites from other places. Thus, the localization 
of material resources should be encouraged to decrease these effects 
(Kavehei et al., 2018). Regarding studies that calculated the carbon 
footprints of GBI, some of them were limited to CO2 emissions (Moore 
and Hunt, 2013; Kuronuma et al., 2018). However, GBIs are likely to 
emit other greenhouse gases (i.e., nitrous oxide and methane), and 
further work needs to expand these estimates to global warming po-
tential to avoid the one-sided impact evaluation on climate change. 

Although life cycle assessment is an established technique for the 
analysis of the environmental impacts of programs, and practitioners 
along with academics have paid increasing attention in recent years to 
the trade-offs of GBI with respect to their so-called operational benefits 
and life cycle environmental impacts, current studies are part of at-
tempts to develop and test an LCA methodology specific to GBI practices, 
which are in their infancy. To be concrete, the particular focus on carbon 
sequestration, stormwater runoff quantity and quality, and energy sav-
ings comprise the main proportions of the trade-offs studies of GBI (Liu 
et al., 2016; O’Sullivan et al., 2015; Spatari et al., 2011; Vineyard et al., 
2015). Benefits beyond the aforementioned include biodiversity, recre-
ation opportunities, community aesthetics, human health, and 
employment opportunities, which are deemed outside the scope of 
current studies but need to be explored. Large upfront investments and 
social impacts (such as noise pollution towards dwellers during con-
struction) should also be considered in future cases (Flynn and Traver, 
2013). 

In addition, there are still controversies regarding the different re-
sults within various temporal and spatial scales, and the assessments 
were mainly conducted at the site scale. Thus, the tendency needs to be 
targeted at the upscaling research (i.e., cities and regions) and appli-
cability investigation of the impact scaling techniques through GBI case 
studies in different sizes and scales. More frequently, the environmental 
trade-offs varying among different types of GBIs were not clear, and the 
analysis is limited by the availability of requisite datasets. A toolbox for 
embracing data-sharing mechanisms and quantitative models would 
break such obstacles and promote the sustainability assessment of GBIs 
in relation to their environmental benefits and costs. 

5.2. Food-water-energy-carbon nexus trade-offs 

The relation between climate change and FWE in cities has become 
increasingly relevant in the literature (Benites-Lazaro et al., 2022). GBI 
can provide FWE-related benefits and reduce the demand for FWE 
supply in cities. Seen from the complex production systems and trade 
supply chains, the direct effects of GBI on FWE within urban boundaries 

could further avoid the trans-boundary environmental footprints 
embodied in upstream supply chains, such as energy consumption, 
water consumption, and carbon emissions (Ramaswami et al., 2017). 
Based on these trans-boundary interactions, the 
food-water-energy-carbon (FWEC) nexus associated with GBI is clarified 
as the GBI-FWEC linkage. Among the quantitative research (Table 10), 
the food sector is the most studied since the localization of food pro-
duction is advocated as a climate-resilient pathway (Toboso-Chavero 
et al., 2019; Yang and Campbell, 2017; Sanyé-Mengual et al., 2015), and 
carbon emissions are the most widely concerning issue in the context of 
increasing global warming (Salvador et al., 2019; Miller-Robbie et al., 
2017). 

Notably, local food production and its consequently decreasing car-
bon emissions have received most of the attention. The main reason is 
that urban food production from GBI can reduce food import demand 
and food mileage, thereby avoiding carbon emissions embodied in the 
upstream food supply chain, which is expected to yield positive effects in 
relation to climate change (Bellezoni et al., 2021). However, it is noted 
that despite the indirect benefits beyond city boundaries, there may be 
contradictory effects within cities. If more local food production is not 
based on rainwater harvesting/reuse, the demand for water could in-
crease, causing negative impacts on this system. Likewise, it could have 
indirect negative effects on energy use and carbon emissions. In addi-
tion, to the best of our knowledge, comprehensive energy studies have 
focused on carbon emissions, which are avoided by energy saving and 
energy generation induced by GBI. Green roofs are a particularly pop-
ular adaptation by which the mitigation of carbon emissions can be 
assessed because they can reduce building temperatures and thus reduce 
the energy consumed by air conditioning and heating (Liu et al., 2020). 
Regarding water, the avoided carbon emissions due to the rainwater 
management benefits of GBI receive primary focus, in the aspects of 
decreasing water supply through rainwater collection, and decreasing 
wastewater drainage and treatment through runoff control and pollutant 
removal. 

It was revealed that the existing studies tended to quantify one of 
these linkages in isolation (i.e., food-carbon, food-energy, food-water, 
energy-carbon, water-carbon, water-energy), while few studies shed 
lights on the trans-boundary or cross-sectoral effects of GBI on energy, 
water, and carbon footprints from a nexus lens. Two representatives of 
the research between FWE sectors and carbon emissions are from 
Toboso-Chavero et al. (2019) and Salvador et al. (2019). Based on 
different combinations of food and energy production and rainwater 
harvesting implementations on rooftops at the neighborhood scale in 
Barcelona, Toboso-Chavero et al. estimated the degree of self-sufficiency 
of food, water, and energy and the equivalent amount of avoided carbon 
dioxide emissions and evaluated the corresponding environmental im-
plications of different rooftop strategies. Salvador et al. established a 
procedure to determine the self-sufficiency potential of rooftop gardens 
in a Brazilian technology park through food production, renewable en-
ergy generation, and rainwater harvesting. Further, they developed the 
Nexus Emission Index indicator to estimate the avoided CO2 emissions 
by not using conventional systems (i.e., imported food and energy and 
water networks). 

Despite some progress, given that the internal multi-linkages be-
tween GBI and the FWEC nexus remain unknown partially but as critical 
issues (e.g., embodied water consumption during energy generation, 
among others), we see a need for a systemic quantification of the link-
ages between GBI and FWEC nexus to track their dynamic flows over 
space and time. A nexus approach would function for this by examining 
the interactions among sectors and uncovering the trade-offs across 
scales (Liu et al., 2018). For instance, regarding the issue of food secu-
rity, the silo lens shapes our top priority in thinking of the hindrance 
during food production or supply. Conversely, the nexus approach with 
cross-sectoral and trans-boundary perspectives leads to our deep 
consideration of possible increased carbon tax pressure for producers, 
water shortages for fresh food preservation, and energy risks for food 
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logistics outside cities. With the aim of SDGs and their interconnections, 
the nexus approach emerges as a potential strategy to manage urban 
nexus challenges and guide pathways to achieve these goals (Ringler 
et al., 2013; Rasul and Sharma, 2016), including SDG2 (zero hunger), 
SDG6 (clean water), SDG7 (sustainable energy), and SDG13 (on climate 
action). In this review, we highlight the critical role of the FWEC nexus 
approach and a nexus framework for clarifying complex relationships 
between GBI and FWEC across sectors and city boundaries and provide a 
foundation for further analysis. We believe the FWEC nexus approach 
would be helpful for stakeholders and administrators in planning and 
governing the urban resilience of FWE systems and sustainability in the 
face of future uncertainties at the scale of metropolitan regions and 
cities, such as production and supply risks (de Oliveira et al., 2022). 

6. Conclusions and Discussion 

Urban GBI has gained increasing popularity for urban resilience and 
sustainability through adaptive and flexible implementations in the 
context of current unsustainable paths of urbanization. In particular, 
research efforts have been made to evaluate the fundamentality of GBI in 
improving FWE issues since the FWE security nexus topic was released at 
the conference. This study identifies the detailed connections between 
urban GBI and FWE nexus and provides a method review for the linkages 
between GBI and FWE nexus, including FWE-related benefits and trade- 
offs of environmental benefits and costs together with FWEC nexus, 
which helps to improve our understanding of their intrinsic dynamics. 

The review of past research shows that most of the studies focus on 
the FWE-related benefits or (and) life cycle impacts of GBI from a silo 
perspective, while less attention has been given to the avoided trans-
boundary environmental footprints by GBI’s benefits. In myriad 
studies on the benefit measurement of different types of GBI, it was 
found that the outcomes are not reported consistently across these 
studies. This can be attributed to the differences in quantified methods 
(e.g., agricultural logbooks, statistical data, experimental and observa-
tional studies, model simulation, statistical modelling, empirical for-
mulas, water balance equations), GBI adopted (e.g., green roofs, green 
walls, community gardens, constructed wetlands, street trees, green 
space, urban forest), and research scope (e.g., site, building, neighbor-
hood, district, city, country, world). Regarding the trade-offs evaluation 
of GBI, LCA research takes a mature whole-of-system approach from 
“cradle-to-grave” to allow quantification, involving a wide range of 
environmental impacts and operational benefits. However, as for the 
cross-sectoral and trans-boundary linkages between GBI and FWE nexus, 
the indirect energy-water-carbon footprints related to GBI are not 
typically accounted for in full. Existing studies show the tendency to the 
embodied impacts singly (e.g., food-carbon, food-energy, food-water, 
energy-carbon, water-carbon, water-energy) rather than revealing the 
underlying complex interactions between food-water-energy-carbon in 
urban GBI systems. 

Current quantitative methods have paved the way to better under-
stand the interlinkages between GBI and FWE nexus as well as quantify 
the trade-offs of GBI based on life cycle thinking and the FWE nexus 
perspective. However, these methods are relatively scattered and lack 
integrated quantitative guidance. The main knowledge gaps are related 
to the systematic accounting on FWE-related impacts, as well as un-
derstanding the LCA-based environmental effects and both the resultant 
trans-boundary and cross-sectoral FWE nexus impacts from urban GBI. 
The lack of sufficient data also contributed to those gaps. For instance, 
the food-related monitoring data in the operational stage are probably 
more readily available than most other energy- and water-related im-
pacts. The conventionally agreed factors of life cycle performance of GBI 
are frequently applied instead of the localized parameters, and re-
searchers may fail to visualize the trans-boundary interactions from 
local to region and globe, which are both limited by the data availability. 
Therefore, establishing a credible local data system is an important basis 
for exploring the interlinkages between GBI and FWE nexus. 

Furthermore, the static LCA limits researchers from undertaking dy-
namic simulations of energy-water-carbon flows associated with GBI. In 
view of the diversity and multifunctionality of urban GBI typologies and 
the multielement, multisectoral characteristics of urban FWE nexus, 
quantification research on the linkages between GBI and FWE nexus 
should be carried out dynamically (Shannak et al., 2018). For instance, 
Bixler et al. (2019) integrated a system dynamic model (validated 
through historical data) into an LCA framework to allow the future 
predictions of trade-offs of GBI under different geographical locations, 
land uses, sizes, and climate change scenarios, which is proven as a 
pioneering effort. 

Consequently, we call for a holistic methodological framework that 
dynamically simulates the interlinkages between urban GBI and FWE 
nexus. We also suggest that future research explore the possible methods 
of downscaling and upscaling to apply the research findings to more 
widely specific scales and facilitate the systematic understanding of 
urban GBI and FWE nexus. The expertise in embracing the assessment 
practices of GBI on FWE nexus at the city scale makes it promising to 
guide policy-makers with insights into FWE-oriented urban sustainable 
planning and governance starting from GBI. 
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Ganade, G., Chazdon, R.L., 2021. Adding forests to the water–energy–food nexus. 
Nature. Sustain. 4 (2), 85–92. https://doi.org/10.1038/s41893-020-00608-z. 

Meng, F., Liu, G., Chang, Y., Su, M., Hu, Y., Yang, Z., 2019a. Quantification of urban 
water-carbon nexus using disaggregated input-output model: a case study in Beijing 
(China). Energy 171, 403–418. https://doi.org/10.1016/j.energy.2019.01.013. 

Meng, F., Liu, G., Liang, S., Su, M., Yang, Z., 2019b. Critical review of the energy-water- 
carbon nexus in cities. Energy 171, 1017–1032. https://doi.org/10.1016/j.
energy.2019.01.048. 

Meng, F., Wang, D., Meng, X., Li, H., Liu, G., Yuan, Q., Hu, Y., Zhang, Y., 2022. Mapping 
urban energy–water–land nexus within a multiscale economy: A case study of four 
megacities in China. Energy 239 (122038). https://doi.org/10.1016/j.
energy.2021.122038. 

Miller-Robbie, L., Ramaswami, A., Amerasinghe, P., 2017. Wastewater treatment and 
reuse in urban agriculture: exploring the food, energy, water, and health nexus in 
Hyderabad. India. Environ. Res. Lett. 12 (7), 075005 https://doi.org/10.1088/1748-
9326/aa6bfe. 

Monteiro, M.V., Doick, K.J., Handley, P., Peace, A., 2016. The impact of greenspace size 
on the extent of local nocturnal air temperature cooling in London. Urban For. Urban 
Greening 16, 160–169. https://doi.org/10.1016/j.ufug.2016.02.008. 

Moody, S.S., Sailor, D.J., 2013. Development and application of a building energy 
performance metric for green roof systems. Energy Build. 60, 262–269. https://doi.
org/10.1016/j.enbuild.2013.02.002. 

Moore, T.L., Hunt, W.F., 2013. Predicting the carbon footprint of urban stormwater 
infrastructure. Ecol. Eng. 58, 44–51. https://doi.org/10.1016/j.
ecoleng.2013.06.021. 

Moreno, R.A.R., 2011. Vivienda y consumo de energía eléctrica en zonas áridas: el caso 
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Ottelé, M., Perini, K., Fraaij, A.L.A., Haas, E.M., Raiteri, R., 2011. Comparative life cycle 
analysis for green façades and living wall systems. Energy Build. 43 (12), 
3419–3429. https://doi.org/10.1016/j.enbuild.2011.09.010. 

Ouldboukhitine, S.E., Belarbi, R., Sailor, D.J., 2014. Experimental and numerical 
investigation of urban street canyons to evaluate the impact of green roof inside and 
outside buildings. Appl. Energy 114, 273–282. https://doi.org/10.1016/j.
apenergy.2013.09.073. 

Pan, L., Chu, L.M., 2016. Energy saving potential and life cycle environmental impacts of 
a vertical greenery system in Hong Kong: a case study. Build. Environ. 96, 293–300. 
https://doi.org/10.1016/j.buildenv.2015.06.033. 

Park, J., Kim, J.H., Lee, D.K., Park, C.Y., Jeong, S.G., 2017. The influence of small green 
space type and structure at the street level on urban heat island mitigation. Urban 
For. Urban Greening 21, 203–212. https://doi.org/10.1016/j.ufug.2016.12.005. 

Peng, L.L., Jiang, Z., Yang, X., Wang, Q., He, Y., Chen, S.S., 2020. Energy savings of 
block-scale façade greening for different urban forms. Appl. Energy 279, 115844. 
https://doi.org/10.1016/j.apenergy.2020.115844. 

Peng, L.L., Jim, C.Y., 2013. Green-roof effects on neighborhood microclimate and human 
thermal sensation. Energies 6 (2), 598–618. https://doi.org/10.3390/en6020598. 

Peng, L.L., Jim, C.Y., 2015. Economic evaluation of green-roof environmental benefits in 
the context of climate change: The case of Hong Kong. Urban For. Urban Greening 14 
(3), 554–561. https://doi.org/10.1016/j.ufug.2015.05.006. 
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