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H I G H L I G H T S  

• We estimate 8 indicators indicating the impacts of urban agriculture at a city scale. 
• Urban agriculture impacts are sensitive to the type of urban garden. 
• There are trade-offs among social and environmental benefits of urban agriculture. 
• The model we introduce provides quantifiable evidence to reduce those trade-offs.  
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A B S T R A C T   

In the first decades of the 21st century, urban agriculture has gained attention for its role in enhancing food 
security, particularly in developing nations. Additionally, it is commonly assumed that urban agriculture also has 
positive implications for other aspects of urban sustainability, such as mitigating runoff and creating job op
portunities. However, the extent of these contributions has not been extensively quantified. This study aims to 
address this gap by presenting a stochastic model that quantifies the contributions of urban agriculture to urban 
sustainability, using Sant Feliu de Llobregat, a Mediterranean city, as a case study. We assessed eight indicators, 
including accessibility to green areas, food self-reliance, green surface area per capita, job creation, NO2 
sequestration, runoff mitigation, urban heat island effect, and volunteer participation. These indicators were 
estimated across twelve different simulated scenarios using 1000 Monte Carlo simulations for each scenario, to 
account for uncertainties. The findings revealed that the contributions of urban agriculture are not straightfor
ward, as they are influenced by factors such as garden typology and location. Although urban agriculture 
typically originates as a grassroots movement, it often receives administrative support. Therefore, strategic 
planning can be employed to maximize the contributions of urban agriculture to urban sustainability and 
minimize trade-offs between social and environmental benefits.   

1. Introduction 

Urban agriculture can be defined as the practice of agricultural ac
tivities in urban areas (Tornaghi, 2014). However, it encompasses a 
wide range of typologies, including community gardens, backyards, 
school gardens, rooftop gardens, and animal-related activities such as 
beehives or chicken farms (Camps-Calvet et al., 2016). In recent de
cades, urban agriculture has garnered attention in academic and urban 

planning spheres for various reasons (Yan et al., 2022). Many of these 
reasons highlight the significance of urban agriculture in the context of a 
growing urban population (Ackerman et al., 2014). Consequently, urban 
agriculture is believed to play a critical role in ensuring food security in 
future cities, just as it has done during times of crisis or conflict (Barthel 
et al., 2015). 

Urban agriculture has gained attention beyond academic circles. It is 
estimated that approximately 15–20 % of the world’s food is produced 
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in cities worldwide (Artmann & Sartison, 2018). While cities in the 
Global South, such as La Havana, have been prominent in this phe
nomenon (Säumel et al., 2019), there are also noteworthy examples in 
the Global North, like Berlin, which boasts over 80,000 community 
gardens (Ghosh et al., 2008). Another illustration is the United Kingdom, 
where in 2010, the government announced the allocation of “underused 
and uncared-for land” to local communities to meet the demand of 
100,000 people on allotment waiting lists and enable them to cultivate 
their own food (Tornaghi, 2014). 

Within this context, several studies have focused on the actual or 
potential food production of urban agriculture (Grafius et al., 2020; 
McClintock et al., 2013; Richardson & Moskal, 2016). Meanwhile, 
others have examined social issues related to urban agriculture, such as 
the concept of commons or the social mechanisms involved, often with a 
critical perspective (Ambrose et al., 2020; Barthel et al., 2015; Tornaghi, 
2014). However, other studies have embraced a broader understanding 
of urban agriculture, aligning it with the concept of Nature-Based So
lutions (NBS) and recognizing its potential to address various urban 
challenges beyond food security (Artmann & Sartison, 2018), including 
its role in post-growth climate scenarios (Hickel et al., 2021). For 
instance, urban agriculture has been shown to contribute to public 
health by enhancing psychological and physical well-being (Soga, Gas
ton, et al., 2017). Moreover, in terms of economic well-being (Ackerman 
et al., 2014), urban agriculture can foster social cohesion and public 
engagement (Säumel et al., 2019). Furthermore, urban agriculture can 
play a part in climate mitigation and adaptation by reducing the urban 
heat island effect (Clinton et al., 2018), mitigating runoff during extreme 
rain events (Gittleman et al., 2017), and promoting circularity in cities 
(Ackerman et al., 2014). Lastly, urban agriculture can also support 
urban biodiversity (Lin et al., 2015). 

Although previous studies have highlighted the various benefits 
provided by urban agriculture, the quantification of these benefits re
mains limited and lacks systematic approaches (Langemeyer et al., 
2021). In many cases, the evidence presented is qualitative and difficult 
to replicate or generalize (Tong et al., 2020). Moreover, it often relies on 
stakeholders’ perceptions and beliefs (Camps-Calvet et al., 2016). 
Nevertheless, certain studies have made efforts to quantify the benefits 
of urban agriculture beyond food production (Artmann & Sartison, 
2018). However, most of these studies focus on single case studies, 
examining one initiative and one specific benefit. This lack of quantifi
cation is a common issue across various urban challenges addressed by 
urban agriculture. For example, there is limited understanding of the 
role of urban agriculture in reducing the urban heat island effect (Lin 
et al., 2015), contributing to a greener economy (Säumel et al., 2019), or 
promoting urban biodiversity through rooftop gardens (Artmann & 
Sartison, 2018). Furthermore, previous research has emphasized the 
need to assess these benefits at the city scale rather than through indi
vidual initiatives. 

Therefore, our objective was to develop a model that estimates the 
potential of urban agriculture to contribute to multiple urban challenges 
at a city scale, serving as a proxy for urban sustainability. In pursuit of 
this objective, we adopted the urban challenges defined by the Eklipse 
project (Raymond et al., 2017), which include climate resilience, water 
management, green space management, air quality, urban regeneration, 
public participation, social justice, public health, green economy, and 
coastal resilience. This approach is consistent with most European pro
jects focused on Nature-Based Solutions (NBS) (Castellar et al., 2021). 
We selected eight indicators directly linked to one or more urban chal
lenges and estimated them within a specific city, considering twelve 
different scenarios, including a Business-as-Usual (BAU) scenario. The 
scenarios encompassed two attributes: the location of gardens (private 
gardens, vacant plots, and rooftops) and the level of commercialization 
(percentage of commercial gardens versus community gardens). The 
eight selected indicators were: urban heat island, runoff mitigation, 
accessibility to green areas, NO2 sequestration, job creation, volunteer 
involvement, green space per capita, and food self-reliance. 

We selected Sant Feliu de Llobregat as our case study, a medium- 
sized city with approximately 44,000 inhabitants, located in the 
Metropolitan Area of Barcelona, Spain. This city presented itself as an 
appropriate case study due to its high population density (3853 inh 
km− 2) and its active involvement in various urban agriculture networks 
and projects, such as the EdiCitNet project (www.edicitnet.com). 
Furthermore, Sant Feliu de Llobregat features an agrarian-protected 
park on the outskirts of the city. Nonetheless, our model can be 
applied to nearly any city, provided that the necessary data is available. 

To the best of our knowledge, this study is the first to introduce a 
model that simulates urban agriculture scenarios and quantitatively 
estimates their benefits using a holistic and generalizable approach that 
considers all three dimensions of sustainability—environmental, social, 
and economic. 

2. Methods 

2.1. Urban representation 

2.1.1. Data acquisition 
The urban representation of Sant Feliu de Llobregat (SFL) was con

structed by merging information from three public databases. The pri
mary source of data was the Spanish National Cadastre (www.sedecatast 
ro.gob.es), which provided details on private buildings and their main 
uses (residential, industrial, commercial, etc.), as well as gardens, vacant 
plots, and trees. Additional information was obtained from the munic
ipality’s open data portal (https://opendata.santfeliu.cat), specifically 
regarding public green areas. This allowed us to identify areas with 
lawn, mulcher, raised beds, and vegetated pergolas. To fill any 
remaining data gaps, we utilized information from the Urban Atlas 2018 
(European Environment Agency, 2020), particularly pertaining to roads, 
railways, and other grey public areas. 

Furthermore, the height and slope data of buildings and other ele
ments in the city were obtained from LIDARCAT v.2, which is a LIDAR 
dataset developed by the Catalan Institute of Cartography and Geology 
(ICGC, 2017). We processed this dataset to generate a digital surface 
model with a resolution of 1 m, utilizing the las2dem algorithm from 
LAStools (LAStools, 2021). 

2.1.2. Building the urban representation 
The initial step involved preparing the tree layer. The cadastre pro

vided a point layer indicating the location of each tree in the city. To 
estimate the tree canopy diameter, we randomly selected 200 trees and 
measured their diameters using aerial photography with a resolution of 
0.5 m. The average diameter was found to be 4.56 m, the median 
diameter was 4.4 m, and the standard deviation was 1.80 m. The 95 % 
confidence interval for the diameter ranged from 2.2 to 7.95 m. After 
analysing the relationship between tree diameter and factors such as 
distance between trees and land cover, we determined that the median 
diameter would be the appropriate measure to use. Thus, we applied a 
buffer of 4.4 m to each tree point to represent the tree canopy. To ensure 
accuracy, we removed trees that overlapped with buildings using a 
difference algorithm. 

Regarding vacant plots, the Spanish cadastre includes a specific 
category to identify these parcels, simplifying the extraction process 
along with private buildings and gardens. 

All the prepared layers were merged using a sequential difference 
algorithm to prevent overlapping areas, following this prioritization 
order: trees > vacant plots > public green areas > urban atlas. 

Furthermore, considering the slope of the terrain is crucial in 
determining suitable areas for urban gardening. In our study, we 
adopted a similar approach to a previous research conducted in Boston 
(Saha & Eckelman, 2017). However, instead of assigning a generalized 
slope value to each building based on the average slope, we quantified 
the effective flat surface by calculating the number of pixels with a slope 
of less than 5 degrees for each roof, garden, and vacant plot. 
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The resulting urban representation is a spatial dataset presented as a 
GIS vector layer, containing information about the land use categories 
(e.g., grass, paved area, tree, street, rooftop, etc.) and the corresponding 
flat area (area with a slope of less than 5 degrees) for each polygon 
within the city (Fig. 1). 

2.2. Definition of scenarios 

The urban representation served as the base scenario, and from 
there, additional scenarios were constructed by modifying two key as
pects: the elements transformed into urban agriculture and the ratio 
between community and commercial gardens. 

We identified three types of elements with potential for conversion 
into urban gardens: private gardens, vacant plots, and rooftops. These 
elements have been widely utilized in previous urban agriculture models 
(Grafius et al., 2020; Grewal & Grewal, 2012; Haberman et al., 2014; 
Hsieh et al., 2017; Saha & Eckelman, 2017; Tong et al., 2020). Consis
tent with these studies, our scenarios involved transforming private 
gardens into private edible gardens, vacant plots into soil-based com
munity or commercial gardens, and rooftops into raised bed (commu
nity) or hydroponic (commercial) gardens. However, we only 
considered elements with a flat area larger than 100 m2 for community 
and commercial gardens, and 10 m2 for private gardens, following the 
approach of Saha & Eckelman (2017). Additionally, we assumed that 
community gardens would not utilize hydroponic technologies, as soil- 
less methods are generally less prevalent in community initiatives 
(Caputo et al., 2020). 

Similarly, we considered the feasibility of different types of urban 
gardens, with private gardens being the most feasible, followed by 
community and commercial gardens in vacant plots, and gardens on 
rooftops being the least feasible. Therefore, apart from the BAU sce
nario, we defined 11 additional scenarios (S1 to S3) with varying de
grees of feasibility and proportions between community and commercial 

gardens (Fig. 2). 
In terms of determining the area dedicated to growing vegetables 

within each parcel, it is important to note that previous studies have 
reported significant variations in the percentage values (Grafius et al., 
2020; Grewal & Grewal, 2012; Hsieh et al., 2017). To address this 
variability, we established ranges for the percentage of the parcel area 
considered for urban agriculture: 2 %–30 % for private gardens, 52 %– 
75 % for vacant plots, and 60 %–62 % for rooftops. Within each scenario, 
the percentage of the edible area was randomly assigned within the 
corresponding range for each element converted to urban agriculture. 

To account for the uncertainties in both the parameters and the in
dicators, we conducted a stochastic Monte Carlo simulation with 1,000 
iterations for each scenario. The parameters were randomized using 
random uniform distributions based on the range found in the literature. 
Subsequently, the 5 % and 95 % confidence intervals, along with the 
median, were calculated for each indicator to provide a comprehensive 
understanding of the results. 

2.3. Selection of indicators 

The Urban Challenges, primarily defined by the Eklipse project 
(Raymond et al., 2017), can be assessed using a wide range of indicators. 
To guide our selection process, we referred to the handbook of indicators 
published by the NetworkNature of the European Commission (Dumitru 
& Wendling, 2021). The handbook provides a comprehensive list of 73 
recommended indicators, along with an additional 373 indicators, 
organized into 12 urban challenges categories. From this extensive list, 
we carefully chose indicators that met the following criteria: (1) 
Measurability: The indicators can be quantitatively measured based on 
the area or location. (2) Direct Influence: Urban agriculture has a direct 
impact on the indicators, meaning that changes in urban agriculture will 
affect the indicator’s values. (3) Relevance to urban challenges: The 
indicators are directly linked to a specific urban challenge, and at least 

Fig. 1. The urban representation of Sant Feliu de Llobregat, showcasing the land uses employed by the model for the chosen case study. It is important to note that 
the model can accommodate alternative land covers, provided that the required parameters are specified. 
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indirectly connected to another urban challenge, allowing us to capture 
multiple dimensions of urban sustainability. 

By considering these criteria, we ensured that the selected indicators 
align closely with the objectives of our study and provide a holistic 
understanding of the impact of urban agriculture on urban challenges. 

2.4. Description of indicators 

All indicators were modeled using R software version 4.1 (R Core 
Team, 2022) and packaged into an R package accessible at https://gith 
ub.com/icra/ediblecity. To facilitate the analysis, we utilized several R 
packages, including tidyverse version 1.3.1 (Wickham et al., 2019) for 
data manipulation and visualization, sf version 0.9 (Pebesma, 2018) for 
spatial operations, and stars version 0.5 (Pebesma, 2021) for handling 
raster data. 

2.4.1. Urban heat island 
The urban heat island was selected as an indicator to measure the 

contributions of urban agriculture to climate change adaptation. How
ever, it has also been proven to be closely related to public health and 
well-being, with heatwaves being one of the lethal consequences of 
climate change (Langemeyer et al., 2021; Panno et al., 2017). 

This indicator calculates the temperature difference (in ◦C) between 
the urban street canyon and the rural environment. The urban heat is
land is most pronounced during the evening and night-time. The urban 
heat island equation was calculated at the cell level in a 5-meter reso
lution grid, following a model based on routine meteorological obser
vations and urban morphological properties. This model has been tested 
in 14 different cities (Theeuwes et al., 2017), as follows: 

UHI =
1
N

∑N

i=1
(2 − SVFi − Fveg i)⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Qql

Cair ⋅ Pair
⋅ΔT3

U
4

√

(1)  

where N is the number of cells in the raster, SVF is the sky view factor in 
cell i, calculated using the sky view factor algorithm of SAGA tools 
(Conrad, 2008), based on the LIDAR dataset mentioned above. Fveg is 
the percentage of vegetation in cell i, based on the attributes of the urban 
representation. Qql is daily average global radiation (=6.11 W m− 2 

hr− 1); Cair is the air heat capacity (=1007 J); Pair is the air density 
(=1.14 kg⋅m− 3); ΔT is the difference between the maximum and mini
mum daily average temperatures (=10.8 ◦C); and U is the daily average 
wind speed (=2.77 m⋅s− 1). All meteorological variables (Qql, Cair, Pair, 
ΔT and U) were measured at the closest available station (~10 km) for 

the average August values from 2011 to 2020 and are assumed as con
stant in the entire study area. 

2.4.2. Runoff mitigation 
Runoff mitigation was selected as an indicator to measure the con

tributions of urban agriculture to water management. Additionally, it 
plays a role in climate resilience as it helps mitigate the impacts of 
increased extreme rainfall events projected in all climate scenarios 
(Shukla et al., 2019). 

This indicator quantifies the average height of runoff in the city 
following a rain event, measured in millimeters (mm). The model used 
to calculate this indicator is based on the widely recognized SCS (Soil 
Conservation Service) runoff curve number method (Cronshey et al., 
1985): 

Q =

∑N
i=1

(Pi − Ii)2

(Pi − Ii)+Si
⋅ai

∑N
i=1ai

(2)  

where N is the number of plots in the city; P is rainfall (for the study area, 
we considered a 15-minute rainfall event with a return period of 5 years, 
i.e., 85 mm/h); Ii is the initial abstraction (which includes all losses 
before runoff begins) of plot i; and Si is the potential maximum soil 
moisture retention of plot i, which is a function of the curve number 
(1000/CN − 10), multiplied by 25.4 to convert inches in millimetres. S 
encompasses the effects of the land use and the hydrologic soil group. 
Furthermore, we made modifications to the model to accurately account 
for rainwater harvested. Therefore, we estimated Ii as follows: 

Ii = 0.2Si + min{Rhi, Wsi} (2b)  

where Rh is estimated using the rain harvesting surface of the plot i, 
calculated as the amount of water felt on the surface of adjacent higher 
buildings that are not used for gardening (in litres); Ws is the water 
storage capacity of the plot i, i.e., the volume of the tank (in litres), a 
random proportion of the garden surface is used between 0 (no tank) and 
45 l⋅m− 2, based on common choices for tank size (Haque et al., 2016). 
The minimum value between rainwater harvested and stored is used. 

The CN values used to calculate S were obtained from the HEC-HMS 
Technical Reference Manual (USACE, 2022) considering hydrological 
soil group C (Ross et al., 2018). For situations where CN was dependent 
on soil conditions, we assigned a random value within the range be
tween good and poor conditions, except for commercial gardens, where 
we assumed good soil conditions. 

Fig. 2. Scenarios defined considering the potential of elements to become urban gardens and the percentage of commercial ones that is inverse to the proportion of 
community gardens (% of community + % of commercials = 100 %). Please note that, for private gardens, the percentage of commercial ones is not applicable. The 
BAU scenario is not included in the figure. 
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2.4.3. Green areas accessibility 
This indicator measures the percentage of residences that are located 

more than 300 m away from any public green area larger than 0.5 ha, in 
accordance with the criteria set by the World Health Organization 
(WHO, 2017). In the context of urban agriculture, only community 
gardens situated in vacant plots or rooftops are considered as public 
green areas, in addition to parks and other conventional green spaces. 

2.4.4. NO2 sequestration 
This indicator quantifies the amount of nitrogen dioxide (NO2) that 

is absorbed and sequestered by urban green spaces, including urban 
agriculture, measured in micrograms per second (µg/s). Nitrogen diox
ide sequestration serves as a reliable indicator of overall air quality 
(Mayer, 1999), which is closely linked to public health, particularly 
respiratory diseases, heart diseases, and lung cancer (Kampa & Castanas, 
2008). 

NO2seq =
∑N

i=1
ai⋅NO2capi (3)  

where ai is the area in m2 of the green area i; and NO2capi is the 
sequestration capacity of the green area i in µg⋅m− 2⋅s− 1. 

The sequestration capacity values differ based on the category of 
green area. For deciduous trees, the sequestration capacity is 0.11 
µg⋅m− 2⋅s− 1, for tall herbaceous plants it is 0.09 µg⋅m− 2⋅s− 1, and for short 
grass it is 0.07 µg⋅m− 2⋅s− 1 (Yang et al., 2008). All green areas in the city 
are classified according to these values. 

However, there are uncertainties in the classification of vacant plots 
and urban agriculture. Vacant plots can be populated by both grass and 
taller plants, and in urban agriculture, plants can have different heights 
(e.g., lettuce or tomatoes). To address these uncertainties, the indicator 
randomly assigns a value between 0.07 and 0.09 to each vacant plot and 
each urban garden. Additionally, in rooftop gardens, only the area 
dedicated to growing plants is considered for calculating the seques
tration capacity. 

2.4.5. Jobs created 
This indicator estimates the number of full-time jobs created by 

urban agriculture in the city. Commercial urban agriculture, in partic
ular, offers an opportunity for the creation of “Green-collar jobs” that 
require a wide range of skills (Falxa-Raymond et al., 2013). The estab
lishment of new jobs in urban agriculture can have a significant impact, 
especially in areas with higher unemployment rates, thereby contrib
uting to social equality among neighborhoods (Säumel et al., 2019). The 
indicator quantifies the total number of full-time jobs generated as a 
function of the surface of the plots: 

jobs =
∑N

i=1
ai⋅k ∈ [0.000163, 0.022] (4)  

where a is the area in m2 dedicated to grow up plants in the commercial 
garden i; and k is a random number between 0.000163 and 0.022. The 
value of k represents the number of full-time jobs⋅m− 2 needed in a 
commercial garden. 

The range of k was derived from an empirical study based on 50 
urban gardens in Toronto, Canada (CoDyre et al., 2015). The study 
findings were consistent with data from the FoodMetres project (htt 
p://www.foodmetres-kp.eu), which estimated a constant value of 
0.0077 jobs⋅m− 2. 

2.4.6. Volunteers involved 
This indicator estimates the number of volunteers involved in com

munity gardens. It uses the same equation as the previous indicator 
(equation (4) but assumes that a volunteer dedicates 10 % of the time 
compared to a full-time worker, which corresponds to 3.5 h per week. 
This assumption is based on data from previous studies that reported 

time engagement in community gardens, with average values ranging 
from 1.53 to 4.88 h (Ambrose et al., 2020; Soga, Cox, et al., 2017). 
Another study on the health benefits of community gardens considered a 
minimum dedication of 2.5 h per week to be considered an active 
gardener (Park et al., 2009). 

Therefore, the Eq. (4) is used to estimate the number of volunteers, 
with a value of k between 0.00163 and 0.22 volunteers per square meter. 

2.4.7. Green per capita 
This indicator focuses on environmental justice in green infrastruc

ture planning, specifically addressing the distribution of public green 
spaces. Distributional justice refers to the unequal distribution of envi
ronmental qualities, such as the availability of green spaces (Kabisch & 
Haase, 2014; Rutt & Gulsrud, 2016). It is recognized that a fair and 
equitable distribution of green areas, particularly in socioeconomically 
disadvantaged neighbourhoods, can contribute significantly to urban 
regeneration and public health (de Vries et al., 2013). 

The indicator measures the green space per capita at the district level 
and calculates the ratio between the district with the least green space 
and the district with the most green space. The calculation is as follows: 

Ratio =
min

{
green⋅ inh− 1

i
}

max
{
green⋅ inh− 1

i
} ∈ (0, 1) (5)  

where green is the green surface in district i and inh the number of in
habitants of district i. 

In addition to public green areas, private gardens are also considered 
in the calculation of the district’s green surface. This is important 
because wealthier areas tend to have more private gardens (Farahani 
et al., 2018), especially in densely populated cities like our study case. 
By including private gardens, the indicator aims to avoid favouring the 
wealthiest district by underestimating their actual green areas. This 
ensures that the indicator serves as a proxy for social justice. 

Moreover, it should be noted that industrial and outskirts districts 
with fewer than 200 inhabitants were not included in the calculations. 
This decision was made to avoid disproportionately high numbers from 
these districts, which would not accurately represent the overall reality 
of the city. 

2.4.8. Food self-reliance 
This indicator quantifies the proportion of fresh food provided by 

urban agriculture, which has a direct impact on food security as well as 
on diet changes making people consume healthier food, thus positively 
affecting public health (Leake et al., 2009). 

The equation for calculating food self-reliance is as follows: 

Food security =
∑N

i=1Yield(Type(areai)
inh⋅consumption

∈ (0, 1) (6)  

where Yield is the production of a specific Type of urban garden (in 
kg⋅year− 1), defined below; area is the area dedicated to growing up 
plants of garden i (in m2), which belongs to a specific Type; inh are the 
inhabitants in the city; and consumption is the amount of fresh food 
consumed per inhabitant (in kg⋅year− 1). 

Yield values for each type of urban garden were obtained from four 
studies that reported yields in soil-based gardens (CoDyre et al., 2015; 
Duchemin et al., 2009; Glavan et al., 2018; McClintock et al., 2013) and 
from two studies reporting yields on hydroponics (Asaduzzaman et al., 
2015; Palencia et al., 2016). For soil-based gardens, minimum yields 
from selected studies were used to estimate a range for community 
gardens, while maximum yields were used to estimate a range for 
commercial gardens. This assumption is based on the idea that com
mercial gardens prioritize maximum production, while community 
gardens may have other priorities beyond production (Säumel et al., 
2019). The yield range for private gardens was based on the under
standing that it strongly depends on the motivations of the individuals or 
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families managing them (Ghosh et al., 2008). 
For hydroponic gardens, the yield estimation considered factors such 

as substrates, cultivars, irrigation methods, and environmental condi
tions. The range of yields for hydroponic rooftops was established by 
incorporating experimental values for the most commonly cultivated 
crops (tomato, lettuce, and cucumber) and the factors that can affect 
yields in this system. 

In summary, the estimated yield ranges (in kg⋅m− 2⋅year− 1) for each 
type of urban garden are as follows. Private gardens: 0.2–6.6; commu
nity gardens (on ground or rooftop): 0.2-2-2; commercial gardens on 
ground: 4.0–6.6; hydroponic rooftops: 9–19. 

The consumption of fresh food used in the calculation is based on the 
daily intake of fruits and vegetables recommended by the Food and 
Agriculture Organization (FAO) and the World Health Organization 
(WHO) in their joint report (FAO & WHO, 2004). The recommended 
daily intake is 200 g per day, which translates to 73 kg per year (Clark & 
Nicholas, 2013). 

3. Results 

3.1. Indicators to measure contributions to urban sustainability 

We began with the ten urban challenges identified by the Eklipse 
project (Raymond et al., 2017). However, we excluded coastal resilience 
since it is not applicable to many cities that are not located by the sea. 
Additionally, we included food security as an urban challenge due to its 
significance in the urban agriculture literature. 

Based on the criteria outlined in the methods section, we established 
a list of eight indicators (Fig. 3). Two urban challenges, urban regen
eration and public health, lacked direct indicators that met the specified 
requirements. Nonetheless, several indicators indirectly addressed these 
challenges. This aspect is further discussed in the discussion section. 

3.2. Potential contributions of urban agriculture in the case study 

The first outcome of the scenario simulation is the conversion of 
private gardens, vacant plots, and rooftops into various forms of urban 
agriculture, such as edible private gardens, community gardens, 

commercial gardens, rooftop gardens, or hydroponic rooftops. The dis
tribution of available spaces for urban agriculture is depicted in the 
maps (Fig. 4), where areas coloured in grey represent the baseline 
(BAU). It is observed that the majority of available spaces for urban 
agriculture are located in the peripheral areas of the urban zone. Due to 
the higher density of the downtown area, there are limited spaces large 
enough to accommodate urban agriculture initiatives. This is particu
larly evident in the case of vacant plots. Furthermore, the concentration 
of rooftops suitable for urban agriculture is predominantly found in the 
industrial northwest part of the city, as there are warehouses with flat 
rooftops in this area. As a result, rooftops are the most abundant spaces 
for urban agriculture, whereas vacant plots are the least abundant (see 
Table 1). 

Most of the scenarios demonstrated a potential contribution to most 
indicators compared to the baseline (BAU) scenario. However, the 
magnitude of these contributions varies depending on the specific in
dicator. When examining the range of medians across scenarios, the 
indicator with the least variability was green area accessibility. The best 
scenario (S3.0) resulted in only a 0.1 % decrease (from 97.5 % to 87.3 %) 
in the proportion of houses located further than 300 m from any public 
green area larger than 0.5 ha. In contrast, the indicator for NO2 
sequestration exhibited an 18.5 % increase between the extreme values, 
ranging from 125 µg/s in the baseline scenario to 148 µg/s in the best 
scenario (S3). Considering the car emissions limitation imposed by the 
Euro 6 standard, this range is approximately equivalent to neutralizing 
emissions from 148 to 178 cars through urban green. 

On the other hand, the green per capita indicator showed a 205 % 
improvement between the best and worst scenarios. However, the ab
solute values of the indicator did not change significantly between the 
greenest (S3.0) and greyest (BAU) scenarios, ranging from 0.0014 to 
0.0043. Similarly, the urban heat island indicator also exhibited 
considerable variability in terms of percentual increment (25.4 %). 
However, the improvement in cooling between the worst and best sce
narios was only 0.256 ◦C, ranging from a urban heat island value of 
1.26 ◦C when rooftops were not included to a value of 1.01 ◦C when 
rooftops were considered. 

Runoff mitigation presented a high percentual ratio of variability 
(45.5 %), and the range of absolute values was also significant, ranging 
from 45.76 mm in scenario S3.0 to 66.57 mm in scenario S3.100. The 
number of volunteers involved, jobs created, and food self-reliance were 
zero in the BAU scenario, making it impossible to calculate a percentual 
increment. However, all three indicators exhibited high variability. The 
highest number of volunteers involved was 34,635 (in scenario S3.0), 
representing 76 % of the population. The highest number of jobs created 
was 3,457 (in scenario S3.100), which is a significant contribution 
considering the city had 1,688 unemployed individuals in December 
2022. The indicator for food self-reliance reached 52.67 % (also in 
scenario S3.100). Table 1 provides information on the number of parcels 
converted into specific urban agriculture elements in each scenario. 

Despite the numbers provided in the previous paragraph, the in
dicators exhibited varying degrees of uncertainty, which were assessed 
through 1,000 stochastic Monte Carlo simulations for each scenario 
(Table 2). Some indicators showed minimal uncertainty, such as the case 
for urban heat island, green areas accessibility, and green per capita. 
Other indicators had low uncertainty, such as the most uncertain sce
nario for runoff mitigation, which had a range of uncertainty of 0.20 
standard deviations (SD). Similarly, the uncertainty for NO2 sequestra
tion was 0.1 SD, indicating relatively low uncertainty. The food self- 
reliance indicator exhibited moderate uncertainty, reaching 1.32 SD. 
On the other hand, the number of volunteers involved and jobs created 
demonstrated the highest uncertainty ranges, with values of 6.14 SD and 
4.54 SD, respectively. 

As mentioned earlier, most scenarios contributed to the improve
ment of most indicators (Fig. 5). However, there was one exception. In 
the case of runoff mitigation, most scenarios performed worse than the 
BAU scenario, except for scenarios S3.0, S3.25, S3.50, and S3.75. This 

Fig. 3. Set of selected indicators and their relationship with urban challenges. 
Orange arrows indicate indirect measures of urban challenges. 
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occurred because vacant plots and private gardens were assigned lower 
infiltration curve numbers compared to urban agriculture. Additionally, 
the presence of community rooftops designed as raised beds contributed 
to runoff mitigation, while commercial rooftops converted into hydro
ponic farming did not have the same effect. 

In some scenarios, there were notable peaks observed in certain 

indicators. Specifically, the green areas’ accessibility and green per 
capita indicators exhibited peaks in scenarios S2.0 and S3.0. These peaks 
were primarily attributed to the commercial factor, as these scenarios 
involved the simulation of only community gardens. Similarly, the 
number of volunteers involved and jobs created were influenced by the 
presence of community gardens and commercial gardens, respectively. 

Fig. 4. Parcels converted to different urban agriculture elements in each scenario.  

Table 1 
Quantity and surface (in ha) of urban agriculture elements considered in each scenario.   

BAU S1 S2.0 S2.25 S2.50 S2.75 S2.100 S3.0 S3.25 S3.50 S3.75 S3.100 

Parcels (no.)             
Edible private garden 0 182 182 182 182 182 182 182 182 182 182 182 
Community garden 0 0 57 42 28 14 0 57 42 28 14 0 
Commercial garden 0 0 0 15 29 43 57 0 15 29 43 57 
Rooftop garden 0 0 0 0 0 0 0 339 254 169 84 0 
Hydroponic rooftop 0 0 0 0 0 0 0 0 85 170 255 339  

Surface (ha)             
Edible private garden 0 8,1 8,1 8,1 8,1 8,1 8,1 8,1 8,1 8,1 8,1 8,1 
Community garden 0 0 20,1 7,5 4,1 1,3 0,00 20,1 7,5 4,1 1,3 0,00 
Commercial garden 0 0 0 12,6 16 18,8 20,1 0,00 12,6 16 18,8 20,1 
Rooftop garden 0 0 0 0 0 0 0 52,3 22,1 10,8 5,2 0,00 
Hydroponic rooftop 0 0 0 0 0 0 0 0 30,3 41,5 47,1 52,3  
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Community gardens contributed to volunteering, while commercial 
gardens contributed to job creation. 

It is important to highlight the indicators of NO2 sequestration and 
urban heat island. Transforming vacant plots into urban gardens did not 
significantly impact these two indicators since vacant plots also play a 
crucial role in NO2 sequestration and urban heat island mitigation. 
Notably, both indicators exhibited a significant increase only in 

scenarios involving the greening of rooftops (specifically, scenarios S3). 

4. Discussion 

4.1. The potential of urban agriculture to contribute to urban challenges 

This study differs from recent analyses in the U.S. that mainly focus 

Table 2 
Estimated median indicator values. For some, a degree of uncertainty is also presented as the 95% confidence interval (within parenthesis).  

Scenario Green areas 
accessibility (%) 

Food self-reliance 
(%) 

Green per 
capita (ratio) 

Jobs created NO2 sequestration 
(µg/s) 

Runoff mitigation 
(mm) 

Urban heat 
island (◦C) 

Volunteers 
involved 

BAU  97.55 0  0.0043 0 125.39 
(124.8–125.94) 

65.32 
(64.53–66.22)  

1.26 0 

S1  97.55 0.27 
(0.04–0.52)  

0.003 0 126.2 
(125.61–126.7) 

65.67 
(64.83–66.46)  

1.26 0 

S2.0  93.26 2.34 
(0.78–3.93)  

0.0027 0 126.22 
(125.6–126.78) 

66.31 
(65.64–66.91)  

1.26 12,414 
(1,405–23,444) 

S2.25  97.55 7.87 
(6.16–9.7)  

0.003 971 
(110–1,840) 

126.21 
(125.61–126.79) 

65.98 
(65.38–66.56)  

1.26 2,649 
(301–5,017) 

S2.50  97.55 8.71 
(6.82–10.72)  

0.003 1,114 
(127–2,114) 

126.16 
(125.55–126.81) 

65.96 
(65.31–66.62)  

1.26 1,220 
(139–2,304) 

S2.75  97.55 9.2 
(7.18–11.34)  

0.003 1,201 
(137–2,276) 

126.18 
(125.6–126.79) 

65.86 
(65.31–66.52)  

1.26 376 
(43–711) 

S2.100  97.55 9.38 
(7.31–11.57)  

0.003 1,236 
(140–2,336) 

126.18 
(125.63–126.71) 

65.86 
(65.25–66.56)  

1.26 0 

S3.0  87.26 6.05 
(2.69–9.42)  

0.0014 0 148.54 
(147.93–149.09) 

45.76 
(45.19–46.37)  

1.01 34,636 
(3,956–65,352) 

S3.25  97.55 39.98 
(29.85–50.11)  

0.0028 2,564 
(291–4,853) 

148.5 
(147.92–149.1) 

60.14 
(59.6–60.70)  

1.01 8,942 
(1,030–16,893) 

S3.50  97.55 46.55 
(34.46–58.65)  

0.0029 3,034 
(346–5,732) 

148.47 
(147.92–149.11) 

63.47 
(62.81–63.95)  

1.01 4,257 
(483–8,041) 

S3.75  97.55 50.19 
(37.01–63.43)  

0.0029 3,306 
(375–6,231) 

148.54 
(147.98–149.14) 

65.24 
(64.65–65.84)  

1.01 1,643 
(186–3,099) 

S3.100  97.55 52.67 
(38.67–66.63)  

0.003 3,457 
(392–6,528) 

148.47 
(147.92–149.06) 

66.57 
(65.99–67.18)  

1.01 0  

Fig. 5. Comparison of indicators among scenarios. The figure demonstrates the impact of urban agriculture on sustainability, highlighting the influence of the 
location and level of commercialization of urban gardens. The values have been standardized for comparison purposes, with a mean of 0 and a standard deviation of 
1. The orange line represents the median value of all simulations within each scenario, while the grey ribbon represents the 95% confidence interval. 
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on political and social aspects of urban agriculture (e.g., Goldstein et al., 
2017; Uludere Aragon et al., 2019; Newel et al., 2022). Instead, we 
concentrate on the European concept of urban challenges supported by 
the European Commission. Our research emphasizes modelling various 
quantitative indicators to address all aspects of urban challenges for 
sustainability. 

Our case study modelling results align with previous studies, 
providing further support for their findings. We found that rooftops are 
the most abundant surface for urban agriculture, with 339 available 
rooftops compared to 57 empty plots and 182 private gardens. This 
finding is consistent with Ackerman et al. (2014), who emphasized the 
prevalence of rooftops as suitable spaces for scaling up urban agricul
ture. This observation holds particularly true in dense Mediterranean 
cities and similar urban typologies characterized by flat rooftops (Duarte 
et al., 2020). 

Regarding food production, the most well-studied contribution of 
urban agriculture, our findings echo previous research that indicates 
cities in developed countries are far from achieving self-sufficiency in 
food production (Grafius et al., 2020). In our best scenario, we estimated 
food self-reliance ranging from 39 % to 68 %. Furthermore, a global 
assessment of urban agriculture benefits concluded that its contributions 
were modest in terms of NO2 sequestration but substantial in terms of 
runoff prevention (Clinton et al., 2018). Our results align with this 
evidence. 

However, our findings demonstrate that the contributions of urban 
agriculture to urban sustainability are not as straightforward as sug
gested by some studies (Artmann & Sartison, 2018; Säumel et al., 2019). 
The comparison among scenarios revealed potential trade-offs between 
different benefits. The most apparent trade-off was observed between 
creating jobs and involving volunteers. Additionally, trade-offs were 
identified between food production and social benefits such as green 
justice or green accessibility, as indicated by previous studies (Dennis & 
James, 2017; Taylor et al., 2017). 

In summary, the contributions of urban agriculture to urban sus
tainability are not guaranteed (Tong et al., 2020). They are influenced 
by the location of parcels and the primary objectives of urban agricul
ture initiatives. For instance, rooftop initiatives are well-suited to pro
vide environmental benefits such as reducing the urban heat island 
effect or preventing runoff because they utilize existing grey infra
structure. However, if these rooftop gardens employ hydroponic tech
nologies, their contribution to runoff mitigation is significantly reduced. 
Nonetheless, hydroponic systems are ideal for optimizing production 
and conserving water, which can be a significant limitation for urban 
agriculture in Mediterranean cities in the near future (Tong et al., 2020). 
On the other hand, hydroponic gardens may not be suitable if the goal is 
to actively involve citizens in urban agriculture, as people tend to prefer 
soil-based cultivation methods (Caputo et al., 2020). 

Therefore, an intriguing debate regarding governance has emerged 
in the context of urban agriculture. While urban agriculture is primarily 
a grassroots phenomenon (Tornaghi, 2012), maximizing its contribu
tions to urban sustainability requires strategic planning that is closely 
linked to a political agenda. This strategic planning is crucial for 
prioritizing which benefits to emphasize and for minimizing potential 
trade-offs. Some authors argue that a common form of governance for 
urban gardens is a bottom-up approach supported by political or 
administrative entities (Fox-Kämper et al., 2018). Such administrative 
support can facilitate the development of a comprehensive perspective 
on urban agriculture at the city scale, providing the broader picture of 
the benefits and trade-offs of all urban gardens in a city, and not just at 
the level of an individual garden, thus enabling the necessary strategic 
vision. Undoubtedly, the integration of these contrasting approaches is a 
critical topic that needs to be addressed in the urban agendas of most 
cities in the Global North countries. However, exploring this topic in 
depth goes beyond the scope of this paper. 

4.2. A model to estimate the contributions of urban agriculture to 
sustainability has the potential to enhance its effectiveness 

As demonstrated in the case study, strategic planning is crucial for 
maximizing the benefits of urban agriculture in urban sustainability. 
However, decision-makers often lack the time, expertise, and informa
tion required for effective planning (Gómez-Villarino & Ruiz-Garcia, 
2021). The model presented in this paper offers a solution to this chal
lenge. The spatial data needed for the model is readily available to urban 
planners in municipalities, and the remaining model parameters are 
included by default or can be adjusted if more precise city-specific data 
is available, such as the number of jobs or typical size of water tanks. 

Several studies have provided insights to assist decision-makers in 
planning urban agriculture at the city scale. For example, Gómez-Vil
larino and Ruiz-Garcia (2021) developed a framework to integrate 
urban agriculture into sustainable development based on an ecosystem 
service approach. Other models have focused on specific aspects such as 
the design of urban agriculture spaces using building integrated models 
(BIM) to assist architects or rainwater harvesting models (Gittleman 
et al., 2017; Lupia et al., 2017; Lupia & Pulighe, 2015). Additionally, 
numerous studies have modelled the food production potential of cities 
(Grafius et al., 2020; Grewal & Grewal, 2012; Hsieh et al., 2017; MacRae 
et al., 2010). However, none of these models aim to comprehensively 
maximize the contributions of urban agriculture across multiple di
mensions of urban sustainability. Instead, they often focus on specific 
aspects such as food production or water. Therefore, our primary 
contribution is providing a multicriteria decision tool that urban plan
ners can use to determine the optimal number, location, and type of 
urban gardens in their city to maximize urban sustainability, encom
passing physical aspects like urban heat islands and social aspects like 
green justice. Moreover, the model can also be used to calculate indi
vidual indicators separately if decision-makers prefer to focus on specific 
indicators rather than the entire set. 

4.3. Limitations of the methodology 

Like any study based on scenario simulations and modelling, the 
proposed methodology has limitations due to the necessary simplifica
tion of reality. One limitation is that the relationships between urban 
challenges and the estimated indicators are not always straightforward. 
For example, public health cannot be directly measured with our in
dicators. Our indicators only capture certain factors that may influence 
public health in a city, but they do not directly measure it. Public health 
depends on various factors, including socioeconomic variables that 
impact people’s ability to participate in urban agriculture and, conse
quently, who benefits from urban agriculture implementations (Ango 
et al., 2011). This limitation also applies to other urban challenges that 
are influenced by multiple factors, such as public participation or urban 
regeneration. 

Furthermore, the study made several assumptions that may not al
ways be accurate. For instance, we assumed that commercial rooftop 
gardens used hydroponic technology while community rooftop gardens 
used raised beds, but this may not always be the case in practice. 
Similarly, we made assumptions about other parameters of the models 
used to calculate each indicator. For example, we had to use data from 
generic urban green spaces such as grass, shrubs, and trees to estimate 
the capacity of urban gardens to remove NO2, as specific data for urban 
gardens was not available. We justified these assumptions in the 
methods section and used the best available data we could find. In some 
cases, the data and models were well-adjusted, while in others, the data 
was inconsistent, leading to high uncertainties. To address this, we ran 
1,000 Monte Carlo simulations for each scenario, which required sig
nificant computational resources (12 h of computation in an Intel Core 
i7-8650 CPU with 16 GB RAM, using seven cores in parallel). The models 
developed in this study have the potential to reduce uncertainty as new 
data on urban agriculture is collected and published. The R package 
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created to run the simulations was specifically designed to be easily 
updated with new data if needed. This flexibility allows for the incor
poration of the most recent information, improving the accuracy and 
applicability of the model over time. 

Another limitation is that the model does not incorporate constraints 
to ensure realistic outcomes. For example, the upper limit of volunteers 
in scenario S3.0 exceeds the city’s population, and the median value for 
the number of jobs created in scenario S3.100 is higher than the number 
of unemployed inhabitants. We chose not to impose constraints on the 
results to avoid limiting the estimation of unrealistic scenarios, which 
may be useful for long-term policies or educational purposes. 

Lastly, it is important to acknowledge that we took a simplified 
approach to urban agriculture by only considering its benefits and not 
accounting for drawbacks. However, urban gardening practices that are 
poorly managed can not only diminish its benefits but also generate 
negative impacts. Several studies have highlighted issues such as the 
presence of heavy metals in grown plants (Graefe et al., 2019) or the 
misuse of pesticides and fertilizers (Perrin et al., 2015), which pose risks 
to the environment and human health. Similarly, other studies have 
shown that while rooftop gardens effectively reduce runoff, they can 
also increase nutrient runoff, particularly when compared to extensive 
green roofs, thereby impacting the quality of runoff water (Whittinghill 
et al., 2016). Besides causing potential environmental and human health 
problems, urban agriculture can also have negative social impacts, such 
as green gentrification (Hawes et al., 2022; Sbicca, 2019). 

5. Conclusions 

In recent years, there were many attempts to evaluate the contri
butions of urban agriculture, mostly addressing food supply. On the 
other hand, the presented study focuses on evaluating the benefits of 
urban agriculture from several different perspectives, including food 
production, environmental impacts, and economic opportunities. To this 
end, a stochastic model is proposed, which is transferable to any city in 
the world if appropriate input data is provided, and flexible enough to 
accommodate other climates and other urban archetypes. The model 
performance was tested in the city of Sant Feliu de Llobregat (Spain). 

Despite the limited availability of scientific literature on the quan
tification of urban agriculture’s benefits, our model has demonstrated 
that urban agriculture does indeed make measurable contributions to 
urban sustainability. While there are some uncertainties in the results, 
the indicators clearly indicate that the type of urban garden plays a 
significant role in determining these contributions. Certain trade-offs, 
such as the balance between involving volunteers in community gar
dens and creating jobs in commercial gardens, are evident and should be 
considered. By using a model, these trade-offs can be explicitly identi
fied and taken into account. For example, if a city aims to mitigate 
runoff, it should avoid hydroponic technologies, but if the goal is food 
self-reliance, hydroponics may be encouraged. Recognizing and under
standing these differences is crucial because they give rise to trade-offs, 
particularly between social and environmental benefits. Therefore, a 
model like the one we have presented is indispensable for assisting 
decision-makers in maximizing the benefits of urban agriculture initia
tives and minimizing trade-offs. 

Further work will focus on testing the proposed model in different 
cities and regions across the world, and on including additional in
dicators or parameters, that are missing in the current version of the 
model (e.g., indicators for public health or parameters to account for 
socioeconomic diversity within a city). 
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