Resources, Environment and Sustainability 21 (2025) 100254

Contents lists available at ScienceDirect

= nvironm
and Sustainability

Resources, Environment and Sustainability

journal homepage: www.elsevier.com/locate/resenv

Research article

Urban agriculture supports China’s vegetable supply without raising M)

Check for

greenhouse gas emissions s

Yuanchao Hu %", Prajal Pradhan >%**, Haoran Zhang ¢, Zhen Wang ¢, Qianyuan Huang ',
Qiqi Jia®, Xihong Lian ¢, Chao Xu?, Rui Yang ¢, Yuxi Tian ¢, Zhibang Xu ¢, Limin Jiao ¢,
Jiirgen P. Kropp ™™

2 Guangdong Basic Research Center of Excellence for Ecological Security and Green Development, Key Laboratory for City Cluster Environmental Safety and Green
Development of the Ministry of Education, School of Ecology, Environment and Resources, Guangdong University of Technology, Guangzhou 510006, China
b Urban Transformations, Potsdam Institute for Climate Impact Research — PIK, Member of Leibniz Association, Telegraphenberg A31,

Potsdam, 14473, Brandenburg, Germany

¢ School of Resource and Environmental Sciences, Wuhan University, Wuhan, China

d Integrated Research on Energy, Environment and Society (IREES), Energy and Sustainability Research Institute Groningen (ESRIG), University of
Groningen, Groningen 9747 AG, Netherlands

¢ College of Resource and Environment, Huazhong Agricultural University, Wuhan 430070, China

fSchool of Environment, Beijing Normal University, Beijing 100875, China

8 State Key Laboratory of Regional and Urban Ecology, Institute of Urban Environment, Chinese Academy of Sciences, Xiamen 361021, China

b Institute of Environmental Science and Geography, University of Potsdam, Potsdam, Germany

i Bauhaus Earth, Berlin, Germany

ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.5281/zenodo.5
168383, https://zenodo.org/records/1677990
1, http://lca.cityghg.com/, https://www.isimip
.org/

Keywords:

Urban agriculture
Productivity

GHG emissions
Environmental cost-benefit

Measuring the production potential and environmental sustainability of urban agriculture in developing
countries highlights the value of promoting it. We constructed a new dataset of urban productive spaces for
124 large Chinese cities, which includes indoor balconies, rooftops, urban open spaces, and courtyards. In
particular, if moderately exploited, approximately 18% of the 13 million rooftops could be planted, considering
factors such as building height, age, rooftop slope, occupation, and other restrictions. Applying both greenhouse
and open-air cultivation techniques in all the spaces, about 30% (7%-198% across cities) of urban vegetable
demand could be met. However, urban agriculture has little potential in greenhouse gas emission mitigation,
with the average intensity (0.30 kgCO,e/kg) being similar to traditional agriculture (0.31 kgCO,e/kg), even
if several system-wide benefits, such as reduced food miles, were considered. Despite the multiple benefits,
conducting urban agriculture requires massive water, substrate, metal, and plastic inputs. We demonstrate
that high-tech urban agriculture can have a lower GHG intensity, but it is essential to consider agroclimatic
conditions and promote more sustainable practices.

1. Introduction

Feeding urban appetite requires long-distance food freight and

In many cities, urban agriculture could fulfil 5%-10% (Clinton et al.,
2018) or even their entire vegetable and fruit demand (De Simone et al.,
2023; Edmondson et al., 2020; Nixon and Ramaswami, 2018), given

causes increased environmental footprints and food waste (Hu et al.,
2020a; Xue et al., 2021; Halpern et al., 2022), threatening local and
global climate goals (Hu et al.,, 2020b). Urban agriculture, namely
farming in and near cities aimed at serving urban residents, can provide
multiple sustainability benefits and ecosystem services (Pradhan et al.,
2023), such as mitigating urban heat, increasing biodiversity(Clinton
et al.,, 2018), reducing food miles and waste (Pradhan et al., 2020;
Lin et al., 2025), and supporting circular farming (Xing et al., 2023).

* Corresponding author.

the substantial potential space available in cities (Chen et al., 2024).
Further, it can foster many Sustainable Development Goals (Pradhan
et al., 2024), promote resilient food systems and low-carbon diets for
urban dwellers (Puigdueta et al., 2021), and relate to higher nutritional
status in developing countries (e.g., Kampala in Uganda and Negros
in the Philippines Gerster-Bentaya, 2013). Thus, urban agriculture is
a potential solution to transform the current food system, which is
deteriorating both human health and the environment.
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However, the production potential and environmental performance
of urban agriculture differ significantly across cities and contexts, leav-
ing its benefits uncertain and inconsistent for individual cities. Urban
agriculture requires suitable conditions, such as flat and firm rooftops,
non-shaded green space, and publicly accepted landscape transforma-
tion. Thus, the food-provisioning potential of urban agriculture could
vary, for example, from more than 100% vegetables in Shenzhen
(China) (Jing et al., 2022), approximately 2% in Shanghai (China)
(Shao et al., 2022), 5%-82% in Berlin (Germany) (De Simone et al.,
2023), 22% in Cleveland (U.S.) (Grewal and Grewal, 2012), to 6%-60%
in London (U.K.) (Orsini et al., 2013). This variation is primarily due
to the urban physical conditions and building environment (Appolloni
et al., 2021), and the inconsistent and insufficient mapping of produc-
tive space in different studies. More importantly, urban agriculture is
not intrinsically sustainable. While potentially beneficial (e.g., carbon
sequestration Yang et al., 2024), poorly managed urban agriculture
would cause extra resource use (McDougall et al., 2019; Specht et al.,
2014) and emit much more greenhouse gases (GHG) than conventional
agriculture (Hawes et al., 2024). For example, additional infrastructure
and substrate are necessary for open-air rooftop cultivation, green-
house agriculture might consume massive heating energy [e.g., the
United States (Boston) and Japan] (Goldstein et al., 2016; Shiina et al.,
2010). In essence, the productivity of urban agriculture and its net
environmental effects, balancing the benefits and additional demands,
remain largely unknown, precluding judicious decisions to promote
urban agriculture.

Previous studies focused on the food supply potential and associated
benefits or risks of urban agriculture in a few cities (De Simone et al.,
2023; Edmondson et al., 2020; McDougall et al., 2019; Munoz-Liesa
et al.,, 2020; Jing et al., 2022; Hu et al., 2019) or have detailed a
few cultivation techniques (Nixon and Ramaswami, 2018; Weidner
et al.,, 2022). From our systematic review of 2139 relevant studies,
about 246 studies quantitatively evaluated food provisioning potential
(Mcdougall et al., 2020), and those quantified the risks/challenges
(Weidner et al., 2022; Delden et al., 2021) or the benefits (Pradhan
et al., 2023; Qiu et al., 2024) were slightly less (see SI). For exam-
ple, quantitative studies demonstrate that urban agriculture has the
potential to recycle urban nutrients but also contributes to increased
runoff and leaching into urban water bodies (Small et al., 2023, 2024).
Many studies measured urban agriculture’s potential productivity based
on improper mapping or simple assumptions of the productive space.
More importantly, of the 62 studies that quantified the GHG emissions
of urban agriculture (Hawes et al., 2024), very few of them quan-
tified the emissions avoided by the benefits, such as reduced food
mileage (see Supplementary literature review). Without considering
urban agriculture’s additional resource costs and multiple benefits in
a consistent framework, the sustainability profile may be under- or
overestimated (Edmondson et al., 2020; Azunre et al., 2019; Kingsley
et al, 2021; Orsini et al., 2013). Thus, a quantitative assessment
of the provisioning potential and the net environmental impacts is
needed to inform policymakers of the advantages and disadvantages
of urban agriculture. Lastly, in developing countries, data on different
types of urban productive spaces, especially the building attributes that
determine the suitability of a roof for cultivation, is still limited to a few
cities.

To address these research gaps, in this study, we aim to explore
the provisioning potential and net GHG emissions of urban agriculture
by building a new dataset of productive space at building and block
scales and a lifecycle framework in 124 Chinese large cities (with
urban populations larger than one million, Table S1). Within the urban
built-up area and urban fringe (i.e., urban extent, see Methods), we
included six common crop planting techniques, namely households
indoors, rooftop open-air, rooftop greenhouse, open space open-air,
open space greenhouse, and courtyard and road verge. We identify
productive spaces according to the geospatial attributes of urban roofs
and vacant areas, as well as related technical guidelines. Specifically,
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we created a novel dataset of building attributes (e.g., heights) for
13 million buildings to identify rooftops suitable for cultivation (Fig.
1c), and land cover attributes for 22 thousand urban blocks and 20
thousand urban gardens. The production potentials of vegetables, the
most commonly cultivated crops in cities, were then estimated from
the yield of various agricultural types obtained from online surveys, the
Global Agro-Ecological Zoning (GAEZ) database, and literature reviews.
The influence on urban food-system resilience is then evaluated with
the potential areas and vegetable production. Lastly, we constructed a
detailed lifecycle inventory for urban agriculture activities, including
city-specific demands for energy, water, fertilizer, infrastructure, and
labour. The innovation lies in that we quantified the GHG emissions
during the lifecycle and those avoided by the benefits of urban agri-
culture. We contribute by providing the first estimates of the food
production potentials and net GHG emissions of urban agriculture for
all large Chinese cities.

2. Methods

This section includes three parts: (1) the quantification of poten-
tial space and the production of six urban agriculture forms, (2) the
construction of life-cycle inventory and GHG emission quantification,
and (3) the analysis of limitations. The framework of life-cycle analysis
is illustrated in Fig. S1, the data needs for potential space are listed in
Table 1 and S1 and explained below, and the data for life-cycle analysis
is listed in Table S2-S6.

2.1. Estimating the potential of urban agriculture production

Integrated methods were used to assess the food production poten-
tial, GHG emissions, and various requirements of six types of urban
agriculture. The six types include urban cultivation activities via house-
hold indoor balconies, rooftop open-air spaces, rooftop greenhouses,
urban open space open-air areas, urban open space greenhouses, and
courtyard and community road verges. This classification scheme aligns
with previous studies (De Simone et al., 2023; Goldstein et al., 2016)
and has been improved to be more comprehensive and detailed. Since
people living in densely built-up areas have little access to cropland
and are more motivated to cultivate, we focused on these physical
urban extents and fringes (Xu et al,, 2021) (Fig. S2) rather than
the entire administrative boundary of the cities. The physical urban
extent is determined by calculating the local density of impervious
surfaces, integrating multi-source data (e.g., population density and
nighttime lights) and applying spatial clustering algorithms to group
urbanized patches (including urban and suburban patches). The total
area of the urban extent of 124 cities is 8.6 x 10* km?, accounting for
0.9% of China’s national territory but including 38.3% of the national
population. We aimed to analyse all large Chinese cities with a single
concentrated urban extent (built-up area, excluding villages within the
city administrative boundary, as defined in a previous study Xu et al.,
2021) and an urban population of more than 1 million (Yidan (Chen
et al.,, 2020)). We used the local density of impervious surfaces and
pixel topology to identify rural, suburban, and urban patches, with
urban patches defined by an impervious surface density exceeding 50%.
Suburban patches require a density of 25%-50% and adjacency to ur-
ban areas, resulting in a mapping with lower fragmentation, smoother
boundaries, and more detailed urban components. Several cities with
fragmented urban extent were excluded (e.g., Changzhi and Qiqihar
cities in northern China). A few cities representative of the region are
included, although the urban population may be less than 1 million
(e.g., Lhasa in Tibet). As a result, 124 cities in mainland China were
selected as the study cases.

The potential for urban cultivation is limited by factors such as
national and regional guidelines, residential willingness, building at-
tributes, urban open space area, courtyard area, regional climate con-
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Table 1
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Scenario analysis of the yield and usage of potential spaces of urban agriculture. The total production was determined by nine scenarios with different yield and
space usage levels. They were low-yield and low-usage, low-yield and mid-usage, low-yield and high-usage, mid-yield and low-usage, mid-yield and mid-usage,
mid-yield and high-usage, high-yield and low-usage, high-yield and mid-usage, high-yield and high-usage. y, and u, are the scaling factors for yield of greenhouse

and open-air cultivation systems, respectively.

Yield (u) Low yield Mid yield High yield

(uy =2/3, 4y =0.8) =1, up=1) (uy =4/3, uy =1.2)
Household indoor cultivation 4.9 kg/m? 6.1 kg/m? 7.3 kg/m?
Open-air systems for rooftop, urban open space, 80% of the yield in GAEZ Yield in GAEZ database 120% of the yield in GAEZ
and road verge and courtyard database database
Greenhouse systems for rooftop and urban open 50 kg/m?(substrate-based, varied 75 kg/m?(hydroponic, varied 100 kg/m?(hydroponic, varied
space across regions) across regions) across regions)
Space usage (r) Low usage Mid usage High usage
Household indoor cultivation 10% households 16.8% households 37.3% households
Share of planted potential rooftops according to 25% 52% 71%
standard JGJ 155-2013
Threshold of rooftop greenhouse cultivation <15yrs since built; <15yrs since built; <15yrs since built;

>7000 m? potential area >4000 m? potential area >2000 m? potential area
Threshold of urban open space greenhouse >15,000 m? potential area >30,000 m? potential area >45,000 m? potential area
cultivation
Share of potential urban open space, and road 2% 4% 6%

verge and courtyard
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Rooftop and open-space greenhouse production represent large-scale commercial urban agricultural productions, while the rest represent small-scale household cultivation at
rooftops, homes, and courtyards. The panels show the total cultivation area at a medium usage level (52% of the potential area is planted; see Method and Table 1) for urban

agriculture (a) by types and (b) cities under medium usage of the potential productive space
the fraction of potential rooftop areas with medium usage levels. The vegetable cultivation a

. Panel (c) shows the step-by-step selection of potential rooftop areas, and (d) exhibits
rea under medium usage level totalled 1.7x 103 km?. It could range from 1.0x 10’ km?

to 3.8x10° km? depending on whether the potential space is sparsely or intensively used (Fig. S9). In panel (c), the total rooftop area in 124 cities was filtered by a few restrictions,
including pitched roofs, buildings older than 30 years and higher than 40 m, protected buildings, rooftop areas occupied by facilities such as air-conditions and chimneys, and the
0.5-metre roof fringe, rooftop area left for aisles plant blocks and agricultural facilities, social factors such as regional development of modern agriculture, regional precipitation
and water availability, regional exposure to urban air and water pollution and climate disasters (Table S7). The term 'medium usage’ in panel (c) means 52% (see Methods) of the
potentially productive spaces are developed into agricultural practice, accounting for 18% of the total rooftop area. In the last two stacked bars, the orange parts denote smaller
roofs suitable for open-air cultivation, while the green bars are larger roofs for high-yield greenhouse cultivation.

ditions, urban agricultural technology, air and water pollution, and
water resource availability. These restrictions are quantified with the
urban characters (Table 1 and S7). The vegetable yield in different agro-
climatic regions was obtained from the Global Agro-Ecological Zones
(GAEZ) database and a literature review, and then scaled according to

cultivation conditions. This data on yield was validated through field
online surveys (Table S8).

Household indoor cultivation. We conducted online surveys and
telephone interviews to determine the frequency and amount of indoor
vegetable cultivation. We sampled one city in each region of China
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(e.g., Northeast, Northwest, South China, etc.), considering the urban
population scale. Since there are many more cities in North China, two
representative cities were selected (Tianjin and Luoyang). From these
online surveys, we obtained the amount, species, material, and labour
inputs, and the likelihood of vegetable cultivation at the household
level. Data on 440 households from representative cities in seven
subnational regions were collected from the interviewees in February
2022, of which 438 were valid (Table S9). 74 households reported
cultivation activities on their balconies, representing 16.8% of the
interviewees. These households were interviewed via phone calls to
record the amount of cultivation and inputs. Another 90 households
(20.5%) intend to grow vegetables soon. Thus, indoor cultivation by
households was quantified as

Pindaor = Pop X Fpp X Yhh/hha (1)

where Pop denotes the grid-level population within the urban extents.
;18 the ratio of households that conducted indoor cultivation, ranging
from 10%, 16.8%, and 37.3% in different scenarios (based on our
survey, see Table 1). We suppose 10% of the households will participate
indoor cultivation in the low-usage scenario, while the intended house-
holds will also participate in the high-usage scenario. Y}, is the average
indoor vegetable production per household. hh, means the average
household scale, which is about 2.5-3.3 persons per household across
the cities. According to our survey, leafy vegetables, solanum, and
flavouring products like garlic and scallions were the most frequently
grown plants. As a result, the average vegetable production in each
household was 6.1 kg/year (in fresh weight, see details in Table 1,
Table S11 & S12).

Rooftop open-air and greenhouse cultivation. The vectorized build-
ing footprints of 124 cities were mainly derived from the Resource
and Environment Science and Data Center in the Chinese Academy
of Sciences (www.resdc.cn). We visually interpreted the building foot-
prints using ArcGIS Pro and Google Maps for the cities not covered
by the above datasets (Table S1). Data for building footprints and
building attributes are from 2018 to 2022. We found that the dataset
of vectorized building footprints correctly covered >95% of buildings
when compared with high-resolution maps (Fig. S3).

According to the construction guidelines and load requirements of
green roofs (equivalent to roof load capacity of approximately 5 kN/m?
Goldstein et al., 2016) in a few Chinese cities (Zhao, 2018), we choose
buildings less than 40 metres and 30 years old as the potential ones
for rooftop cultivation. As a result, the potentially productive rooftop
area in each city is selected by key building attributes, including
roof type (flat, rather than pitched), building age (<30 yr), build-
ing height (<40 m), building function (to exclude heritage, church,
temple, museum, amusement park, aquarium, and other view spots).
Furthermore, the spaces occupied by facilities (e.g., chimneys, water
tanks, air conditioning) and the roof fringe (0.5 m), as well as those
taken up by aisles between vegetable columns, should be excluded
from the potential cultivation space. Lastly, the shaded area from
adjacent buildings covers a mean of 1.4% (ranging from 0%-5%) of
the urban rooftop area, and the associated effects were evaluated in
the uncertainty analysis. We did not subtract the shaded rooftop area
since the vegetables could be planted in a non-shaded area.

We distinguished rooftop types (flat or pitched) according to rooftop
colours (grey, red, blue, or green) that are classified by a random
forest classification model. It is rational since pitched roofs are usually
constructed with tiles in various colours (e.g., blue, green, red, etc.) in
China, which are different from flat roofs (usually in grey). The colour
values (in RGB colour model) of each building were obtained from
high-resolution Google Map images using ArcMap v10.7. We manually
marked the roof type and the corresponding colour values for over 10
thousand roofs in seven cities from stratified random sampling (based
on population, see examples in Fig. S4). Among these, 80% of the roofs
were used as training data, while the remaining 20% were used as test
data. According to the RGB values, the trained model was tested to
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correctly predict more than 87% of the rooftop types. Consequently,
the flat roofs were selected for cultivation activities in both open-air
and greenhouse systems.

The age and height of each building were determined using large
datasets obtained from real estate websites (fang.com and sofang.com)
and map websites (amap.com) that included detailed information on
both new and second-hand residential and commercial buildings. The
geographical coordination systems of real estate websites and Baidu
adopted China’s National Bureau of Surveying and Mapping (GCJ 02)
and were transformed into the commonly used WGS 84 system to match
the building footprints. The resulting data for building height aligned
well with that recorded in the Resource and Environment Science and
Data Center.

The specialized and historical buildings are not suitable for ur-
ban agriculture, as additional facilities are usually prohibited. These
buildings were identified from Baidu Inc.’s Area of Interest. Baidu’s
geographical coordination systems were encrypted and need to be
transformed into the commonly used WGS 84 system. These buildings
include churches, temples, museums, theatres, and historic buildings.
The buildings within these areas of interest were excluded.

The occupied rooftop space should be excluded from potential urban
agriculture. The proportion of occupied rooftop space was estimated by
measuring the area of various facilities (e.g., water tanks, air condition-
ers, chimneys, etc.) on rooftop samples. A total of 268 facilities on 137
buildings from the sampled cities were outlined using ArcMap 10.7 (see
examples in Fig. S11). As a result, about 12% of the flat rooftop area
was occupied and could not be planted. The spaces taken up by aisles
between ridges accounted for about 25% of the potential cultivation
area, according to previous studies (Parada et al., 2021; Pena et al.,
2022). Thus, the potential area takes up about 75% (1%-25%) of
the suitable cultivation area. The potential area of rooftop agriculture
could be estimated by excluding the buildings and spaces unsuitable
for cultivation.

Two types of rooftop agriculture, namely open-air and greenhouse
cultivation, were considered in this research. Rooftops with large areas
can be used for commercial agricultural production when the value
of the vegetable produce exceeds the various investments (e.g., green-
houses, labour costs, etc.). Successful commercial cases of rooftop
agriculture in China have a much larger scale, ranging from 1000 to
25,000 m? (e.g., http://www.realfoodfarm.cn).

In this study, we chose new buildings less than 15 years old and
the rooftop area larger than 2000 m2, 4000 m?2, and 7000 m?, in
different scenarios according to the scales of most cases (e.g., the
Hague in Netherlands and Chicago in the U.S.) (Zeeuw et al., 2017),
as the threshold to conduct high-tech greenhouse cultivation. By con-
trast, cultivation activities on smaller roofs were assumed to be in
an open-air system. Roofs with an available area of less than 5 m?
were excluded due to their limited potential for exploitation. The
yield of mixed vegetable cultivation from rooftop greenhouse agricul-
ture varied around 40-145 kg/m?, according to different technologies
applied in previous studies on global cases and reviews (Goldstein
et al.,, 2016; Dorr et al.,, 2021; Sanyé-Mengual et al., 2015; Proksch
and Ianchenko, 2023) (Table S11). The hydroponic production in a
building-integrated conditioned greenhouse could be more productive,
ranging from 75-145 kg/m?2. Here, we set the yield of rooftop green-
house cultivation as 50, 75, and 100 kg/m? under different scenarios.
The vegetable yield of open-air roof agriculture varied across vegetable
species and climatic conditions. We determined the yield of open-air
vegetable cultivation in each building based on the average pixel-level
output of the GAEZ (Fischer et al., 2021). We assumed an equal yield of
rooftop open-air cultivation and field production in the agroecological
zone, since yield data from GAEZ and our field survey are quite similar.
A few common vegetable species, namely cabbage, tomato, carrot, and
onion, were chosen to estimate the average yield of mixed vegetable
production.
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Consequently, the total produce of rooftop vegetable cultivation

(P, ) is calculated as

00ftop
Proof = (RfToml = Rfpitchea — Rf>30yrs = Rfsa0m— Rfoccupicd - Rfailcs)
Xr X Y007 ()

usage

Where Rf means the area of rooftops and the associated subscripts
denote criteria of potential rooftop selection. r,,,, is the ratio of
potential roof area used in various scenarios (25%, 50%, and 100% in
low, medium, and high usage scenarios). Y,,,, is the yield of open-air
and greenhouse cultivation systems, as shown below.

— My X Ygreenhouse
Yroof { Hy XYGAEZ [T fresh 3)
Here y, and u, are the scaling factors for yield of greenhouse and open-
air cultivation systems, respectively, to determine the low, medium,
and high yield scenarios (see Table 1). In addition, the building height
negatively affects the yield of rooftop open-air productions, and we
scaled the yield of leafy and fruit-based vegetables according to esti-
mates from previous studies (see details in Table S5). The unit for yield
is in the GAEZ database is kg dry matter/ha, and should be converted
to fresh matter using the dry/fresh ratio (rf,,). Fresh vegetables
were usually harvested with a 5%-8% dry matter. We adopted the
dry/fresh ratio of 7% for leafy vegetables, 10% for roots such as carrots
and onions, and 6% for fruit such as tomatoes (Champa et al., 2007;
Acharya et al., 2017).

Urban open space open-air and greenhouse cultivation. Urban open
space has multiple functions in shaping the urban environment. It
takes up 11% of the urban extent area on average (varied between
2%-21% in 124 cities Xu et al., 2021). Large-scale urban forests (>1500
km?, according to samples in this study) are usually mountainous and
unsuitable for vegetable cultivation. Only a small proportion of the
urban green spaces could be converted to agricultural land from their
original landscape and function. For example, an urban park named
Longping Park in Guangzhou (Lingnan, 2020) planned to make use of
286 mu (a Chinese unit measuring the area, totalled about 0.2 km?)
out of 6662 mu (i.e., about 4.4 km 2) as cropland, accounting for 4.3%
of its area (excluding rice paddy). In 2021, Beijing established over
80,000 mu (about 53.3 km?) of croplands in gardens, accounting for
about 1.5% of the total open space area. Another garden in Wenzhou
converted 0.3% of its area to non-irrigated cropland. In developed
countries, such as Sheffield in the UK (Edmondson et al., 2020), soil-
based horticulture could be potentially practised on 11.3% of the urban
open space, mainly on green infrastructure and barren land. This study
assumed that 4% of urban open space could be converted to productive
land in the medium scenario (Table 1). This ratio would vary between
2% and 6% for the sensitivity analysis. Like rooftop cultivation, single
patches of urban open space with ample potential productive space
could be developed as greenhouse systems. For example, the urban
greenhouses developed by Gotham Greens company in New York City
are around 15,800-46,000 m? (Proksch and Ianchenko, 2023). More-
over, the peri-urban greenhouse cultivation in many Chinese cases
is larger than 48,000 m? (ref. Zhen et al., 2020). In this study, we
selected land patches with a potential area larger than 30,000 m? for
the development of commercial greenhouses in urban open space. This
threshold could vary from 15,000 m? to 45,000 m? in the low and high
usage scenarios (Table 1). Land patches smaller than the threshold are
assumed to be used for open-air cultivation.

Road verge and courtyard cultivation. Road verge and courtyard,
defined as the area between the road kerb and property boundary
(e.g., a community or an institution), is often overlooked as valuable
urban green space. Road verge contributes to more than one-third of
public open areas (Marshall et al., 2019). It could potentially serve as an
integration of food plants and flowering plants. Productive road verge
and courtyard denote the small patches of grassland, greenbelt, and
barren land around buildings not shaded or occupied by infrastructures
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and tree canopy. Currently, existing high-resolution land use datasets
at the national scale are at 30 m. They are not fine enough to show the
small patches of grassland and barren land around buildings. We, there-
fore, estimated the area of these patches at the block scale according
to the density of buildings, road and others (Table S12). We vectorized
the distribution of buildings, roads, tree canopy, building shade, barren
land, and grassland by the eCognition software in 75 blocks of the seven
representative cities (see examples in Fig. $6). This allowed the areas
of these land use and land cover to be quantified in each block. The
barren land and grassland could be potentially developed for open-air
vegetable cultivation. We determined these potential areas at the block
level for all 124 cities by identifying the relationships with other land-
use types from a stepwise regression (Table S12). The results show that
the density of road verge and courtyard areas (ratio of barren land and
grassland in the total block area, dg;) for potential urban agriculture
could be estimated as

In(dgp) = —0.99 In(dp1ging) — 0-481n(dyyee) = 0.2710(dp00) — 509 (4)

Where d means the density of various land use or cover types. Since the
areas and density for tree canopy and building shade are unavailable
from the existing dataset, we estimated the potential areas at block
scale according to building area, which is the primary determinant.
From the data of 75 sampled blocks, the area of barren land and
grassland (RL) could be estimated by block area (Block) and building
density (dpiiging):

RL = Block x (0.135 1907 4bitaing ) (5)

We applied this relation to all blocks across 124 cities to estimate
the productive road verge and courtyard area. Thus, the corresponding
vegetable produce (Pg;) at the block level could be quantified.

Pri = RL X ty XYGapz /T fresh ©

The city blocks were divided by the main road network from Open
Street Map. Consequently, a total of 22,066 blocks were obtained. Road
verge and courtyard density range from 1% to 21% across the 124
cities.

Potential improvement of urban food system resilience. Food sys-
tem resilience means the capacity to provide sufficient, appropriate
and accessible food when facing various disturbances or shocks. Food
system resilience is typically measured across multiple dimensions,
pillars, indicators, or actors. For example, the Resilience Index Measure-
ment and Analysis-II (RIMA-II) developed by the Food and Agriculture
Organization of the United Nations contains four dimensions and 15
indicators of the food system, such as ownership of agricultural assets,
distance to market, etc. Furthermore, the Global Food Security Index
(GFSI) (Izraelov and Silber, 2019) and other actor-based measure-
ments (Toth et al., 2016) also listed more than ten indicators, such
as sensitivity to food import dependency, growers costs of inputs, and
more. Other scholars suggest that food system resilience includes the
functioning and outcomes of the food system from food provisioning,
environmental, and socioeconomic perspectives (Srinivasan and Yadav,
2023) and considers resilience from external and internal shocks (Zurek
et al., 2022). The indicator system includes food consumers, producers,
processing and distribution, and market resilience (Toth et al., 2016).
Due to the multiple benefits and functions of urban agriculture, it
is inevitable and necessary to include several indicators to measure
its impacts on advancing urban food system resilience. We further
integrated the previous insights to measure food system resilience from
its robustness, recovery, and reorientation (three Rs) (Zurek et al.,
2022; Tendall et al., 2015; Cao et al., 2021; Liang et al., 2020). As a
result, ten indicators (Table S13) were selected to reflect the relative
changes in urban food system resilience attributed to the benefits of
urban agriculture, with the overall resilience improvement calculated
as the equally weighted average of these indicators. Due to the lack
of relevant data and the complexity of the indicator system, we did
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not evaluate the socioeconomic dimensions (e.g., labour feasibility,
land ownership) of food system resilience. We note that the indicators
overlooked the side effects of urban agriculture on the urban system,
such as the material and resource requirements of urban agriculture
that pose additional challenges to the city.

2.2. Life-cycle effects of urban agriculture

A city-specific life-cycle inventory for potential urban agriculture in

China was developed in this study. The city-specific data on fertilizer,
energy, water, and other material inputs were collected from provincial
statistics, scaled by local climate factors, or estimated from existing
models or studies with quality control (see Tables S10-S13). Due to
data limitations, we did not specify the types of fertilizer and energy
in this study. These inputs were treated as general chemical fertilizer
and electricity from the regional grid, respectively. The greenhouse
infrastructures (substrate, frames) across cities are similar since there
is a clear stipulation in the national standard for rooftop greening
(JGJ 155-2013) and ground green space design (CJJ/T 294-2019). The
environmental impacts from both inside and outside (transboundary)
of the city include the production of infrastructure/facilities, while
the in-boundary impacts include installation of agricultural operations
and inputs, product delivery, and end-of-life disposal of infrastructure
(landfill) (Fig. S1). Each stage may consist of various material flows
and GHG emissions. For example, the emission sources during the agri-
cultural operation stage include energy used in land preparation, water
pumping, greenhouse heating and lighting, and fertilizer application. In
this sense, we evaluated the materials used, GHG emissions, and labour
requirements of various types of urban vegetable cultivation with the
activity data and emission parameters. The reduction in fertilizer and
land use compared to traditional agriculture (Hu et al., 2023; Lin et al.,
2015) was also quantified.
Material and labour requirements. The requirements for urban cul-
tivation of metals, plastics, other non-metallic minerals, energy, water,
and mixed fertilizers were compiled from various data sources. These
materials are required in multiple structural and mechanical facilities,
such as greenhouse structures, green roof components, heating, venti-
lating, and air conditioning, electrical systems, irrigation facilities, and
agricultural operations. We included the emissions of substrate mate-
rials for low-yield greenhouse cultivations and specialized facilities for
hydroponic greenhouse systems.

We estimated the metal, plastic, and non-metallic minerals for
these facilities according to previous studies reporting the facility and
material requirement per kg of vegetable (Goldstein et al., 2016; Sanyé-
Mengual et al., 2015). In essence, the infrastructure investments per
unit area could be constant across regions, given the technical provi-
sions in the national standards on rooftop greening (JGJ 155-2013)
and ground green space design (CJJ/T 294-2019). Thus, these data
were transformed into material used per unit area (mup, kg/m?, see
Table S14-S17) according to the yield reported and applied to the 124
Chinese cities. The total material use (TMU) is quantified as

TMU,, =mup, , X A;, @

Here, the subscript i means one of the six urban agriculture types,
p denotes the material or facility types. A means the area of urban
cultivation. Note that the area of aisles is also included for green-
house cultivation since these areas are also covered with facilities and
structures.

Energy is widely used in all life-cycle stages, especially the oper-
ational stage. The energy used for inboundary vegetable distribution
and water pumping was quantified following parameters reported in
previous studies (Goldstein et al., 2016; Sanyé-Mengual et al., 2015).
Heating and lighting energy for the greenhouse is related to the heating
degree days (HDD) of the city (Table S6). We used the energy demand
from a few cases as the baseline and scale the demand to other cities
according to HDD variations. For example, the energy demand in urban
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greenhouse cultivations in Urumqi city is 23 kwh/m?2/yr, with the HDD
being 3467 (ref. Zhilan and Xinyan, 2019). The lighting energy demand
is about 1.46 kwh/mz/yr for Boston in U.S. (Goldstein et al., 2016). We
scaled this value to different Chinese cities according to solar irradiance
(represented by HDD). The HDD of a city is calculated from the daily
record of the lowest (T'd;) and the highest (Tdy) temperature and
averaged over the latest ten years (2012-2021).

365 365
Td; +Tdy
HDD =Y hdd; = Y (155 - —=—2) s.1.(hdd, > 0) 8)

The urban- and site-level daily temperature was obtained from the
Resource and Environment Science and Data Center in the Chinese
Academy of Sciences (www.resdc.cn). Only the days with positive
values are included in the sum. Moreover, we assumed that cities with
HDDs larger than 1400 (such as Zhengzhou in Henan province) require
extra heating and lighting, as many vegetables, including Chinese
cabbage and spinach, can grow at temperatures below 5 °C.

Water use for greenhouse cultivation systems varied slightly by
region and was estimated using parameters reported in previous studies
(Goldstein et al., 2016; Parada et al., 2021; Sanyé-Mengual et al.,
2015). For example, the water requirement for urban greenhouse veg-
etable production (e.g., lettuce, potato) was about 13-72 L/kg (Gold-
stein et al., 2016; Parada et al., 2021) (equivalent to 906-968 L/m?).
By contrast, water used for open-air cultivation systems depends on the
precipitation in the city, which is reflected in the variation of the blue
water footprint. More arid cities need more irrigation, and vice versa.
Regional statistics usually do not record irrigation for a specific crop,
but water withdrawals for all agricultural activities could be obtained.
We collected agricultural water withdrawals from the provincial Wa-
ter Resources Bulletin and divided them into various product groups
(e.g., rice and vegetables) in proportion to the blue water footprint
quantified according to the parameters in ref. Hoekstra and Mekonnen
(2012). The provincial water use intensities of open-air vegetables
could be calculated by dividing the water withdrawal by the vegetable
production amount. Consequently, the water use intensities of open-air
vegetable cultivation in 124 cities were represented by the provinces to
which they belong (Table S6). Energy used for water pumping is highly
related to the building height; pumping one m® of water to one metre
height requires 0.0034 kWh (ranging from 0.003-0.004 kWh/(m3*m))
(Cheung et al., 2013). The net height of water pumping was assumed to
be the building height plus the average height of the breakwater tank
and roof water tank (6.5 m, ranging from 5.6-7.5 m). The associated
GHG emissions vary across buildings and cities due to differences in
building heights, water use intensity, and grid emission factors.

Fertilizer use for greenhouse systems was estimated from a few in
situ surveys reported in the literature. Many studies reported fertilizer
use around 0.08-0.11 kgN/m? and 0.02-0.09 kg P,0O5/m? for ground
greenhouse cultivation (Goldstein et al., 2016; Hu et al., 2019; Zhen
et al., 2020; He et al.,, 2016; Liang et al.,, 2019). By contrast, fer-
tilizer inputs were around 0.42-0.98 kgN/m? and 0.06 kg P,05/m?
for rooftop greenhouse (Goldstein et al., 2016; Sanyé-Mengual et al.,
2015). These scales align with those reported in a review of 75 studies
(Qasim et al., 2021). Data on fertilizers used in open-air cultivation
were taken from the average values of 2019-2021 in the National Cost—
benefit Compilation of Agricultural Products (NDRC, 2021), which records
fertilizer used open field vegetable production at the provincial level.
We then projected the provincial fertilizer use to 124 cities according
to their affiliations (Table S6).

Labour inputs were estimated from the labour intensity and pro-
duction scale. The direct labour input for rooftop greenhouse is about
2.8 h/m?2, from one case study (Pena et al., 2022). Another case
study estimated that open-air cultivation needs 2.5 staff to manage an
8000 m? garden, while 7 staff for 8000 m? greenhouse (De Simone
et al., 2023). Labour cost in Beijing is about 0.939-3.25 USD/m? (ref.
Zhen et al., 2020), and the hourly wages for urban farmers are generally
around 30-40 Chines Yuan.
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Greenhouse gas emissions of urban agriculture. Previous studies
rarely compare the GHG emissions of different urban agriculture types
in different regions. Here, we quantified the GHG emissions by in-
cluding the material and energy consumption throughout the lifecy-
cle of urban cultivation, from infrastructure production to end-of-life
disposal. We quantified GHG emissions primarily from localized ma-
terial and facility inventories and their associated emission factors
(Table S14-S18). The lifecycle emission intensity was measured by
1 kg of mixed fresh vegetables (functional unit). The GHG-emitting
processes include various materials used in the five life-cycle stages: in-
frastructure investment, installation, agricultural operation, vegetable
distribution, and end-of-life disposal of infrastructure (after 30 years
of lifespan). According to our field survey, crop wastes were fully
recycled on the farm or used as feed, thus no GHG emissions were
assumed during crop waste treatment. Data were taken from extensive
literature for some of the material use that are not recorded in China or
specific cities. The previous section elaborated on the life-cycle material
used for the six agriculture types. We did not account for the carbon
sequestration of urban agriculture since those in vegetables will be
emitted after consumption, and the soil organic carbon sequestration in
urban agriculture generally aligns with that in conventional agriculture.

The GHG factors, namely the cradle-to-gate emissions per unit mass
or energy, were obtained from the China Products Carbon Footprint
Factors Database (CPCD) (CCG, 2022) (http://lca.cityghg.com/). This
database was built by more than 100 experts who extensively reviewed
the carbon footprinting studies or reports of more than 3000 products.
The emissions include the products’ production, use, and disposal,
following the principle of ISO 14067. According to the sixth report
from Intergovernmental Panel on Climate Change, the emissions of
different greenhouse gases were summed up to CO, equivalents (CO,e).
For example, the emission factors for the electricity grid in 2020 is
0.53 kg CO,e/kWh, ranged from 0.47 kg CO,e/kWh in Southern China
to 1.0 kg CO,e/kWh in Northern China. Consequently, the emissions
for each agricultural type (GHG;) from the stages of infrastructure in-
vestment, installation, agricultural operation, in-boundary distribution,
and end-of-life disposal of infrastructure were accounted by

GHG, =Y TMU,,xc, )
p

Here c, means the cradle-to-gate GHG emission factors of material type
p used in each stage. The system boundaries for data on material used
and emission factors are the same.

Mitigation benefits compared to conventional agriculture. The
system-wide benefits of urban agriculture mainly include (1) reducing
food miles, (2) reducing energy use for host buildings, and (3) reducing
food loss during transboundary delivery, compared to traditional agri-
culture. To narrow down the research question, we only quantified the
GHG emission effects of those benefits. In addition, this study did not
quantify many other benefits, such as rainwater collection, since their
mitigation effects depend on sophisticated design and investment in
urban agricultural systems. The GHG emissions of traditional vegetable
cultivation can be obtained from a few life-cycle assessment studies
on regional farming activities (Lin et al., 2015; Hu et al., 2023) and
the CPCD database (CCG, 2022). However, we quantified the city-level
GHG emissions of agriculture to reflect the at-scale emission intensity
of vegetables.

First, we utilized city-level economic input-output data to estimate
food transportation emissions in each city. The GHG emissions from
inter-city distribution (GHG[) for the vegetable demand of each city
was quantified by the input-output-based life-cycle method:

GHGp =e[Bpp(npYp) + By (npYy)] s (10)

where the subscripts F and N refer to food-mile sectors (storage,
transportation, wholesale and retail sectors) and non-food-mile sectors
(all others), respectively. The entire food supply chain requires support
from both food-mile sectors (Brr) and non-food-mile sectors (Bpy).
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B is the total requirement matrix from the input-output table. 5, is
the proportion of food mile related consumption in the total sectoral
consumptions. e is the sectoral GHG per unit of total input. s is the share
of vegetables provided by local urban agriculture (self-sufficiency). The
resulting city-level vegetable supply chain is shown in Fig. S7.

Second, the reduced emissions from the building symbiosis between
green roofs and host buildings varied across the cities’ climates. The
green roof could insulate the host building from the external environ-
ment, thus reducing energy and emissions from heating and cooling
(Sm,). The region-specific heating and cooling energy demand of the
host building is scaled from the levels of the representative cities
according to their HDD (Goldstein et al., 2016) (H DD,,,). We assumed
that about 3% of heating and 5% of cooling energy could be saved (Xu
et al., 2021). This is verified since other studies also reported a similar
(4%) amount of energy savings for host buildings (Munoz-Liesa et al.,
2020). Thus, the reduced GHG emissions (G HG}p) could be quantified
as:

2 2
HDD
GHGp =) Y Rf,———25m,
" HDD

e=1t=

(1)

Here, the subscript e represents the energy used in heating or cooling,
and t denotes open-air or greenhouse-planted roof type.

Third, local production and supply could avoid 17.8% of vegetable
loss during long-distance storage and transportation, as reported in
extensive field surveys (Xue et al., 2021). We assumed that the local
supply has little benefit in reducing food loss and waste at the produc-
tion and consumption stages. Consequently, the reduced emissions from
avoided food loss (GHGf ) were estimated according to this food loss
rate and the amount of vegetable transportation.

GHGFL =sX Dvege X RFL X Ciraditional (12)

Here D,,,, means the vegetable demand within the city extent, Rp
is the food loss rate, and ¢;,,qirionas 1S the GHG factor of traditional
vegetable production (Lin et al., 2015; Hu et al., 2023).

These emission mitigations of the system-wide benefits should be
subtracted to measure the net emission of urban vegetable production.
We allocated the emission mitigations of each type of urban agriculture
according to its share of vegetable production or cultivation area.

In addition to accounting for system-wide benefits, we also esti-
mated the benefits of counterintuitive strategies, including adopting
clean energy in the operation stage, using compost or digestate instead
of synthetic fertilizer, and reforesting the saved cropland. The mean
emission intensity of polycrystalline and monocrystalline silicon pho-
tovoltaics is 0.15 kgCO,e/kWh and 0.0873 kgCO,e/kWh, respectively
(CPCD database), much lower than the current grid emissions. The GHG
emission intensities of compost (4.6 kgCO,e/kgN) and digestate (1.7
kgCO,e/kgN) were taken from a systematic review (Walling and Va-
neeckhaute, 2020), reducing 25% and 82% of the emissions compared
to synthetic fertilizer. In addition, the saved cropland by increasing
urban vegetable cultivation could reduce the loss of regional species
by 4.49 x 10~12/m? annually (Chaudhary et al., 2015), and sequestrate
112 gC/m? annually (Hong et al., 2023).

2.3. Methodological limitations

The study’s limitations include uncertainties of various data inputs
and the unenumerated sustainability benefits of urban agriculture. Data
inputs in this study include cultivation areas and multiple require-
ments for agricultural cultivation. The cultivation area of each form
of urban agriculture was determined in different ways. For example,
we estimated the potential rooftop area by screening out unsuitable
areas, such as those with pitched roofs. We set up a few scenarios
according to national and regional standards with different usage levels
(e.g., using 25%, 52%, and 71% of the potential rooftop areas in low,
medium, and high usage levels by prioritizing the largest roofs) to
show the sensitivity of our results (Table 1). We also evaluated the
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sensitivity and uncertainty of vegetable production and GHG emissions
in relation to variations in infrastructure, inputs, area, and yield. There
are uncertainties in estimating the energy use in urban agriculture,
due to limited survey and monitoring data available. We found that
vegetable production is most sensitive to greenhouse yield, and GHG
emissions are most sensitive to infrastructure input (Table S19 & S20).
The overall uncertainty (measured as the ratio of standard deviation
to mean) of vegetable production and GHG emissions from this study
is 3.2% (2.5-5.2% across cities) and 7.8% (5.2-9.7% across cities),
respectively (Fig. S8). Furthermore, our estimates of the material re-
quirements of urban agriculture were based on only a few case studies.
Even so, the GHG factors of various agricultural inputs were sourced
from a database that included extensive studies on local cases, and
the data reliability was ensured through peer-reviewed articles and
firsthand data from enterprises. Future research could conduct a more
systematic literature review or field survey to determine the local
public acceptance, governmental will, agricultural yield, and other key
data to complement the current datasets.

Only three intrinsic benefits for emission reduction and resource
savings in urban agriculture were quantified in this study: reducing
food miles, enabling building symbiosis, and reducing food loss in
the supply chain. The potentials of many other minor benefits need
to be further explored and identified, such as rainwater collection,
nutrient recovery, and improved agricultural facilities. However, ad-
ditional investments are required to enable these functions, such as
compost bins to collect organic waste, pipes to allow water reuse, and
in-depth building symbiosis or more transmissive greenhouse cover
materials (CCG, 2022). The resource requirements and emissions of
these investments, which would offset the benefits, should be taken into
consideration.

3. Results
3.1. Potential area for vegetable cultivation

The potential areas for various urban agriculture types were
screened according to national and urban roof greening guidelines
and existing studies and practices. Under medium exploitation, fol-
lowing many existing studies and practices at green spaces and the
national guideline for green roofs (see Table 1 and Methods), the
total potentially productive area in 124 cities could reach 1.7 x 103
km? (Fig. 1a), equivalent to 0.2% of the total national cropland. The
potentially productive areas of urban agriculture across the 124 cities
vary substantially, given the different city sizes and compactness level
of buildings. Specifically, the median of total potential area varies is
8.0 km? (1.7-35.8 km? for the 5th-95th percentile of cities), ranging
from 147.6 km? in Suzhou city to 1.3 km? in Dazhou city (Fig.
1b, Table S14). These potential areas for farming take about 4% of
the urban extent area (1%-5% for the 5th-95th percentile of cities).
Considering the requirements of urban agricultural production and
varied urban morphology, climate, pollution, and social conditions
across cities, about 4%-24% of the rooftop area and 2%-6% of open
space, courtyard, and road verges could be cultivated'®3! (mediumly
exploited, see Methods). The results show the substantial potential of
urban crop planting areas.

The potential rooftop takes the largest share (71%) among all po-
tential spaces, with 4.6 million buildings totalling 1.2 x 103 km?2. These
productive roofs are estimated from 13 million buildings by applying
several conditions according to guidelines for green roof construction
in China (see Fig. 1c and Methods). We found that about 18% of
the total urban rooftop area (13%-23% for the 5th-95th percentile of
cities) could potentially be planted, with megacities having a lower
ratio than other cities. For example, in cities with more than 10 million
residents, such as Beijing, Shanghai, Guangzhou, Shenzhen, Chengdu,
and Wuhan, only 14%-17% of their rooftop areas are identified as
potentially productive. This is because most buildings in those cities
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are too tall or too old to support agricultural facilities. By contrast,
more than 20% of the buildings in less populated and newly developed
cities could be used for cultivation. In addition, the small courtyard
and road verges in residential quarters that are not shaded by the tree
canopy and buildings could be used as allotment gardens for open-air
vegetable cultivation, taking up 1 to 21% of the total urban extent
across cities (about 11% for most cities). This ratio also varies con-
siderably in different blocks within each city. For example, productive
road verges in Beijing occupy 1%-25% of the city blocks. It shows the
spatial variance of vegetable production potential within and across
cities.

3.2. Potential vegetable output of urban agriculture

The productive urban space could produce 25 million tonnes (mt)
of mixed fresh vegetables per year and supply an average of 126
g/capita/day of vegetables to residents living within the 124 urban
extents, if all potential spaces were mediumly exploited with a medium
yield (see Table 1, Table S15 and S16). These outputs are equivalent
to about 30% (self-sufficiency, 7%-112% for the 5th-95th percentile of
cities, Fig. 2b) of the daily vegetable consumption of the median value
of the nationally recommended level, i.e., 400 g/capita/day (grams
of fresh matter, excluding food waste). The potential production is
equivalent to 18% of the vegetable consumption for the entire Chinese
population in 2019. The uncertainty of vegetable output for cities is
around 2.5-5.2% (mean value 3.2%, measured by relative standard
deviation), showing the robustness of our estimation. By contrast,
assuming the combination of low, medium, and high levels of space
usage and vegetable yield, the mean potential vegetable self-sufficiency
can vary from 7% to 86%, which covers the range of many other
global cities (Fig. 2a, Fig. S10 and Table S15). The potential local
vegetable production could improve the urban food system resilience
by shifting the robustness, recovery ability, and reorientation (see
Methods and Table S13). We show that ten indicators (Fig. 2e) of
food-system resilience would increase by 0.1%-192% across indicators
(e.g., disaster resilience in Beijing will increase by 100%) through ur-
ban vegetable production, with mean resilience increased by 14%. For
example, the disaster resilience of food production could be increased
by 60% on average if more vegetable was cultivated in productive
urban spaces. These results show the substantial potential of urban
agriculture.

Greenhouse systems from rooftops and open spaces are the major
contributors to the potential production. Urban agriculture production
from these two systems with hydroponic techniques could supply 40%
and 32% of the total potential vegetables, respectively, with only
6% and 5% of the entire area. The medium yield from greenhouse
hydroponic systems is about 75 kg/m?. In contrast, rooftop open-air
production could grow 25% of the potential vegetable production,
using 67% of the cultivation area. Courtyard and road verge cultivation
could provide 5% of urban vegetable production. The mean vegetable
yield from open-air production in 124 cities would be 4.4 kg/m?
(varied from 0.6-8.9 kg/m? across cities). These low-yield cultivations
in communities and institutions (e.g., malls, schools, and hospitals),
namely open-air or low-tech substrate-based greenhouse productions,
could be further transformed into high-yield greenhouse systems. In
total, rooftops and urban open areas could contribute about 95% of
the potential urban vegetable production, denoting their importance for
implementation.

Substantial discrepancies existed in urban vegetable self-sufficiency
across cities. Using stepwise regression analysis, we find that urban veg-
etable self-sufficiency positively correlates with building density and
negatively with population density (R*> = 0.7 for stepwise correlation
model, Table S18, Fig. 2c & 2d). Specifically, megacities with more
than 10 million population also could only provide a small proportion
(12%-27%) of their vegetable demands (Fig. 2b). In contrast, cities
with more shorter buildings and less-dense population might support
their entire vegetable needs (e.g., 210% for Hengshui city). We show
the unequal potential productivity and benefits across cities.
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Fig. 2. Potential urban agriculture productivity.

The sub-figures show urban vegetable production’s provisioning potential in different scenarios (a) and cities (b), its influential factors (c and d), and resilience benefits (e). Fig. 2a
illustrates the ratio of urban vegetables supplied by potential urban agriculture, specifically self-sufficiency, under various yield and cultivation space usage scenarios (the medium
scenario is highlighted in green). The pie chart shows the share of vegetable production from the six urban agriculture types under the medium-use scenario. Fig. 2b shows the
self-sufficiency (represented by bubble size) of cities under the medium scenario. Fig. 2c and 2d denote that self-sufficiency is not significantly correlated with building density,
but is negatively correlated with population density. The red dotted lines in (c) and (d) show the best fit of the correlation. Fig. 2e shows the potential increase in resilience
of the urban food system with urban agriculture compared to that without. Three dimensions of resilience were evaluated, namely robustness (R1 to R7), recovery (R8), and

Reorientation (R9 to R10).

3.3. Greenhouse gas emissions of urban agriculture

We evaluated the GHG emissions of the potential urban vegetable
production using life cycle thinking method (CCG, 2022) (Fig. 3,
Table 2), including emissions throughout the five life cycle stages.
Specifically, we quantified emissions from energy and materials used
in infrastructure/facility production, installation, agricultural operation
and inputs, vegetable delivery, and waste recycling and disposal (see
Methods). In the medium scenario, the apparent GHG intensity of
vegetable production in all cities was 0.44 kg CO,e/kg (mean value,
ranging from 0.29-0.82 kg CO,e/kg for the 5th-95th percentile of
cities. Fig. 3a, see details in Table S20), with a mean uncertainty of

7.8%. The average emission intensities of urban agriculture are substan-
tially higher than traditional vegetable production (0.31 kg CO,e/kg,
ref. CCG (2022), Lin et al. (2015)) due to additional investment in
infrastructure and energy, which echoes the results from some previous
comparisons (McDougall et al., 2019; Goldstein et al., 2016; Hu et al.,
2019). Especially, the GHG intensity of the low-yield scenario is around
1.5 CO,e/kg (Fig. 3b and Fig. S11), five times that of traditional
agriculture (ranging from 4-8, Table S21), similar to a recent study
(Hawes et al., 2024). This is because open-air systems require more
inputs but yield less than greenhouse cultivations. The difference in
emission intensities of various technologies mainly comes from the
agricultural facilities and inputs, as lower-yield production costs the
same investment as high-yield production (Table S22).
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Yearly life-cycle resources required for or saved by urban agriculture in 124 cities. Values are shown in both total amount (kt mass, km® water, TJ
energy) and intensity (kg-mass/kg, L-water/kg, MJ-energy/kg of vegetable) in the medium scenario. The data supporting these LCA analyses is listed in

Supplementary Table S14-S18.

Indoor Rooftop open-air Rooftop Open space Open space Courtyard Total/average
greenhouse open-air greenhouse and Road
verge
Metal, kt 28.4 1049.8 130.1 2.2 180.5 3.6 1394.5
kg/kg-vege 0.15 0.20 0.02 0.00 0.02 0.00 0.06
Plastic, kt 5.0 185.7 185.5 1.9 239.4 31 620.5
kg/kg-vege 0.03 0.03 0.03 0.00 0.03 0.00 0.03
Other non-metallic, kt 145.4 5370.5 66.2 0.0 3.6 0.0 5585.7
kg/kg-vege 0.79 1.01 0.01 8.5E-06 4.6E-04 8.6E-06 0.25
Water, km? 0.002 0.087 0.114 0.009 0.097 0.016 0.304
L/kg-vege 11.3 16.3 15.6 11.6 12.6 12.8 13.5
Energy, TJ 4.5 189.3 1760.3 18.6 1406.1 18.7 3397.5
MJ/kg-vege 0.02 0.04 0.24 0.03 0.18 0.02 0.15
Labour, 10° persons 23.7 875.3 172.1 59.2 136.6 98.4 1365.3
Hour/kg-vege 0.3 0.3 0.0 0.2 0.0 0.2 0.1
Saved cropland®, km? 55 1346 2607 165 2143 271 6587
m?/kg-vege 0.3 0.3 0.4 0.2 0.3 0.2 0.3
Saved N fertilizer?, kt N 0.0 0.0 46.1 0.0 61.0 0.0 107.0
gN/kg-vege 0.0 0.0 6.3 0.0 7.9 0.0 4.7
Saved P fertilizer?, kt P 0.0 0.0 18.9 0.0 13.1 0.0 321
gP/kg-vege 0.0 0.0 2.6 0.0 1.7 0.0 1.4

a This is calculated based on an average level of cropland and fertilizer use for conventional vegetable production in China. ‘Vege’ means vegetable

produced by various types of urban agriculture.
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Fig. 3. Greenhouse gas emission intensity of urban agriculture of 124 cities by scenario (a), cultivation form (b), and potential intrinsic benefit (c).
Subfigure (a) shows emission intensities for all scenarios, while (b) and (c) show details of the medium scenario. ,

The GHG intensity for various cities and cultivation systems shows
distinct disparities (Fig. 3b). The emission intensity of rooftop open-
air cultivation is 0.86 kg CO,e/kg (ranging from 0.58-10.2 CO,e/kg),
much higher than the other cultivation systems. This is mainly due to
the lower yield, the intensive infrastructure inputs, such as plastic and
steel used in fencing and structural buttressing to immobilize crops, and
the use of substrate in the green roof component (Fig. S12). Rooftop
and ground-based greenhouse cultivation have much lower emission
intensities, with average values of 0.26 and 0.27 kgCO,e/kg, respec-
tively. The infrastructure investments in greenhouse systems are similar
in all cities, accounting for about 55%-60% of the total emissions
(35%-60% for the 5th-95th percentile of cities). The main difference in
emissions of greenhouse cultivation lies in the energy input for lighting
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and heating in cities with distinct climate features. For example, in cold
climates, such as Harbin in northeastern China, more than 50% of the
emissions of greenhouse cultivation come from heating and lighting.
Therefore, the GHG emissions and economic profit of urban cultiva-
tion in these cities during winter should be evaluated in particular.
Generally, promoting higher yield could reduce the GHG and capital
intensity and partly relieve the trade-offs between population density
and self-sufficiency.

Cities dominated by potential rooftop open-air cultivation tend to
have higher average emission intensities with lower vegetable self-
sufficiency (yellow bubbles in Fig. 4). In total, 47 cities supposed to be
dominated by rooftop open-air cultivation show a higher GHG intensity
but a lower self-sufficiency rate than the average level (bubbles in the
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Fig. 4. Determinant of net GHG intensity and self-efficiency of urban agriculture under the medium scenario.

Each bubble represents one city considered in this study. Colour signs denote the share of rooftop open-air emissions in the total urban agriculture emissions. The size of the solid
spots and circles represent building density and population density, respectively. The vertical and horizontal black lines show average emission intensity and self-sufficiency levels,
respectively. The horizontal red line shows the average emission intensity of traditional agriculture.

top-left phase in Fig. 4). For example, in Tianshui city in northwestern
China, rooftop open-air cultivation accounted for 64% of the total
urban agriculture production, resulting in an average GHG intensity of
1.1 kg CO,e/kg. This is due to a much lower yield of open-air vegetable
cultivation in Tianshui (2.9 kg/m?) compared to the national average
level (4.7 kg/m?), which further leads to lower self-sufficiency (12%).
In contrast, the cities less dominated by rooftop open-air cultivation
usually have higher self-sufficiency and lower GHG intensity (blue bub-
bles in Fig. 4, e.g., Nantong). Thus, increasing greenhouse production
will improve overall production efficiency and self-sufficiency and re-
duce emission intensity. Moreover, cities with warmer and more humid
climates, or in Middle and East China, show larger self-sufficiency but
lower GHG intensity than other cities (Fig. S13). The results high-
light the significance of configuring urban agricultural technologies in
different regions.

Given the intrinsic environmental benefits that could offset its ap-
parent emissions (Pradhan et al., 2023; Specht et al., 2014), the net
GHG intensity of urban agriculture is similar or smaller to that of
conventional agriculture (Fig. 3c). Here, we quantified the intrinsic
or system-wide GHG mitigation benefits, considering urban agricul-
ture would reduce heating and cooling needs for host buildings, food
mileages, and food losses during transport (Hu et al., 2020a; Xue et al.,
2021; Goldstein et al., 2016). From our modelling, these three main
system-wide benefits will cut the GHG intensity of urban agriculture
by 32% (Fig. 3c). Thus, the net emission intensity of urban vegetable
production averages about 0.30 kg CO,e/kg on average (0.20-0.52 kg
CO,e/kg for the 5th-95th percentile of cities), comparable to tra-
ditional vegetable production (0.31 kg CO,e/kg). Urban greenhouse
cultivation in most cities (102 out of 124) presents a lower GHG
intensity than conventional agriculture. Although 59 cities still have
higher values than conventional agriculture after accounting for the
benefits, the resource and environmental impacts of conducting urban
agriculture in these cities could be further reduced if other sustainable
practices were applied. Our estimates show that the GHG emissions
could be reduced by 5.5-6.5% if photovoltaic power is used in the
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operation stage, while using compost or digestate instead of synthetic
fertilizer could reduce emissions by 3.6-10.4% (Methods and Fig. S14).
Furthermore, the carbon sequestration could reach 0.74 Tg/yr if the
saved cropland were counterintuitively used for afforestation, account-
ing for 3% of the mean annual carbon sequestration of the Three-North
Shelterbelt Development Program (Hong et al., 2023).

3.4. Material and human resource requirements of urban agriculture

Urban agriculture requires massive resource inputs. The materi-
als used for infrastructure were equally allocated to the investments’
lifespan (30 years) (Goldstein et al., 2016). For example, the total
metal requirement for all cities would be 1394.5 kt. It is equivalent
to the total metal stock of residential buildings in a small-medium
city in China (e.g., Tianshui, or Chaoyang in 2020) (Li et al., 2023)
(Table 2). Rooftop open-air cultivation requires much more metal and
non-metallic materials in total amount and intensity than other culti-
vation systems. In contrast, greenhouse cultivations from the rooftop
and open space need much fewer materials and fertilizer to produce
1 kg of vegetables than open-air cultivation because of their smaller
area and higher yield. However, they have 5-12 times higher energy
intensity than other urban agricultural types, because northern cities
require more energy to heat and light the greenhouse. Water resource
requirements for all types of urban agriculture are similar (those for
greenhouse systems are slightly lower), ranging from 11.3 to 18.7
L/kg. The resource requirement could be further reduced by reusing/re-
cycling building materials and promoting circular agriculture. These
results show that each form of urban agriculture could efficiently use
some resources and that no single agriculture form could be the best in
all types of resource use.

We estimate that 1.4 million full-time jobs are needed to run all
types of urban agriculture. It is equivalent to the urban population of
a medium-sized city in China, such as Yichang city in central China.
Open-air cultivations on rooftops and open spaces are often small-scale
and require intensive labour inputs with lower productivity (0.2-0.4
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hours/kg vegetables). However, greenhouse cultivation is usually com-
mercialized with recruitment and could produce 1 kg of vegetables with
only 0.04 h of labour input. About 0.3 million jobs could be provided
by greenhouse cultivation on rooftops and open spaces, creating new
opportunities for higher salaries and access to urban facilities for urban
farmers. However, these occupations require adequate training and
proper transitions before one can become qualified.

Nevertheless, the effective use of urban productive spaces for veg-
etable production could spare 6.6 x 103 km? of cropland, equivalent to
2% of the cropland in North China Plain (one of China’s bread baskets).
Further, urban greenhouse cultivation’s high fertilizer use efficiency
could save 107.0 kt N and 32.1 kt P fertilizer use compared to tradi-
tional field cultivation, although the fertilizer input could vary across
farms and regions. It is equivalent to the total amount of fertilizers
used in a medium-scale province, such as Hainan Province in China.
Therefore, urban agriculture can relieve cropland scarcity and nutrient
pollution in China.

4. Discussion and conclusion

We constructed a novel dataset on potential space for urban cultiva-
tion at the balconies, rooftops, urban open spaces, and courtyard and
road verges, and initiated a framework to quantify the GHG reduced
by system-wide benefits. Our study uniquely contributes by revealing
that urban agriculture has a more conservative provisioning potential
and environmental performance than previously reported studies (Jing
et al., 2022). Urban agriculture in Chinese cities could provide about
30% (varying 7%-198% across 124 cities) of their daily vegetable
needs with comparable GHG intensities to traditional agriculture. Al-
though both greenhouse and open-air cultivations in many cities have
lower GHG emissions, the overall emission mitigation benefits of urban
agriculture were mainly slashed by the emissions associated with in-
frastructure inputs. Thus, it is more important to focus on the potential
benefits of urban agriculture, such as enhancing resilience and urban
ecosystem services, rather than reducing GHG emissions. Nevertheless,
it is essential for cities with higher GHG intensity but lower vegetable
yield to improve cultivation techniques with higher efficiency. Cities
with potential spaces enabling more greenhouse systems usually relate
to less GHG emissions and water use. Further measures, such as waste
reusing and smart distribution, should be taken to strengthen the GHG
mitigation benefits of urban agriculture. Therefore, this study clarifies
why urban agriculture is worthwhile by examining the balance between
provisioning and climate benefits in various cities and technologies.
Our building- and block-level results on productivity and sustainability
performance could facilitate sub-city planning of pilot projects apply-
ing frontier technology, thus advancing the first step in realizing the
multi-functionality of urban agriculture.

We demonstrate the imperative to transform urban agriculture prac-
tices in cities with lower potential to improve productivity and GHG-
mitigating benefits. Previously, urban agriculture was deemed to be
an essential strategy to improve food-system sustainability (Hu et al.,
2020b). However, we show that urban agriculture requires massive
resource inputs and has limited potential to reduce GHG emissions, it
should be promoted appropriately with more sustainable practices. Cul-
tivating food in cities during cold seasons or adopting low-tech methods
(e.g., rooftop open-air) could raise significant trade-offs between energy
savings and food production. For example, the intensive capital inputs
of rooftop open-air systems in low-yield cities lead to much higher GHG
emissions than conventional agriculture. In addition, urban agriculture
could exacerbate the water and energy scarcity in northern cities. For
example, an additional 25% of domestic water is needed in arid and
semi-arid cities in northern China. These regions also require more
energy to sustain vegetable production. Consequently, this results in
elevated emissions and costs. Meanwhile, it is essential to avoid im-
proper chemical inputs in urban cultivation and to promote the use of
clean energy to reduce the environmental and health impacts (Specht
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et al., 2014; Zhu et al., 2023). However, the benefits are promising.
Local food production could reduce energy use for the host buildings
through thermal symbiosis and reduce GHG emissions, food loss, and
waste during long-distance transport. The overall GHG intensity of
urban agriculture could be 19% lower than conventional agriculture
if clean energy and recycled nutrients are fully used in the operation
stage. In addition, the saved cropland could sequestrate 0.74 Tg/yr
carbon and reduce 0.03 species loss annually at the regional level (see
methods from Hong et al.,, 2023; Chaudhary et al., 2015). Reusing
municipal solid waste and extending the life span of infrastructure
investments are favourable options to reduce the associated emissions.
We reveal the dual-sided environmental effects of urban agriculture and
its sustainable pathways in large Chinese cities.

The social and technical challenges of promoting urban agriculture
are prevalent globally. First, challenges in practice. The widespread
adoption of urban agriculture signifies a transformation of traditional
urban vegetable supply chains, which may affects established local
grocery habits. Due to high costs, marketing is another challenge since
successful commercial cases are rare (Zhu et al.,, 2023). Municipal
governmental management could be connected with investors and
ensure that urban produce is harmonised with traditional food markets.
However, while encouraging the benefits of high-tech agriculture, we
need to balance its financial and environmental costs. A Public—private
partnership (PPP) could be one promising way to promote more tech-
nically advanced, attractive, and effective urban agriculture activities
(Bhattarai and Adhikari, 2023). Small-scale and fragmented vegetable
production in urban spaces can lead to complex and inefficient logistics,
which are often overlooked. Second, competitions for urban space.
Productive urban spaces can also be utilised for photovoltaic power
(Zhang et al., 2023; Joshi et al., 2021; Yang et al., 2024), carbon-
capturing green solutions, surfaces optimised for albedo reflection, or
other purposes, thereby prompting coordination with urban agriculture
to maximise multiple objectives. Rooftop access rights and local land-
use regulations are additional challenges. Third, policy risks. Rational
investment is required, as business failures in urban agriculture may
result in the waste of substantial infrastructure investments, including
metals and other agricultural facilities. Policymakers should further
pay attention to the property rights to residential rooftops and green
space (Best et al., 2019) and the public acceptance of urban agricul-
ture (e.g., examine and control the varied air and water pollution,
antibiotics, and heavy metal concentration (Xie et al., 2019; Kohrman
and Chamberlain, 2014) of the produce to ensure the freshness and
healthiness). Farming activities on road verges should be conducted
with caution to ensure they do not compromise highway visibility. In
general, urban agriculture practices are emerging in both developed
and developing countries. For example, sack agriculture in Africa and
large-scale rooftop greenhouses in the U.S. and Europe (Zeeuw et al.,
2017). While urban agriculture could only provide a proportion of
vegetables or fruits; it could be a supplement to marine blue food
production (Crona et al., 2023), Gobi agriculture (Xie et al., 2018), and
foraging. Thus, prudent policy-making, frontier technology innovation,
well-trained producers, and inclusive markets are essential for scaling
up urban agriculture in a sustainable manner (Weidner et al., 2019).

Our study has a few limitations. We only estimate food production
potential within urban extents, as they have little access to cropland
and contain nearly 70% of the total population in the 124 cities.
Suburban agriculture can produce significantly more food than urban
agriculture with low transport GHG emissions, utilizing large-scale
cropland and a wide variety of livestock and poultry (Kriewald et al.,
2019). Furthermore, due to the limited real cases of urban cultivation,
the results on productivity are sensitive to assumptions. We noted that
the emissions of urban agriculture were assessed using parameters from
previous studies, more field observations are needed. The emission mit-
igation benefits of urban agriculture are numerous but have not been
systematically modelled. For instance, the use of distributed compost
could reduce the need for organic waste treatment while enhancing
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circularity within cities. Future research could focus on characterising
the performance of real cases of urban agriculture, the trade-offs among
various benefits, and the planning pathways of widespread practices.
Particularly amid growing pressures from urban extreme climate events
and resource scarcity, exploring the interactions and integration of
urban agriculture’s multifunctionality becomes essential.

We conclude that urban agriculture should be promoted in both
developed and developing cities by considering the socioeconomic and
engineering factors, given the notable, although varied, productivity
and benefits. We contribute by building a national-level dataset on
productive rooftops and potential spaces for other urban agriculture
forms, and a comprehensive lifecycle analysis framework considering
avoided environmental impacts due to the system-wide benefits of ur-
ban agriculture. The datasets and framework could be applied to many
more research questions, such as water circulation, cooling effects, and
urban pollution. While the greenhouse gas emissions from low-tech
urban vegetable production are significantly higher than those from
conventional agriculture, the overall emissions from various cultiva-
tion techniques can be comparable or even lower when considering
system-wide benefits. Although the benefits of urban agriculture are
acknowledged, there is substantial variation in climate effects, and
optimised strategies are necessary to enhance city-level performance.
Future studies should aim to evaluate and enhance the multiple benefits
of urban agriculture, including reducing urban heat islands and cli-
mate extremes, improving psychological well-being, enhancing nutrient
circulation, and other dimensions of urban resilience and sustainability.

Code availability

The vectorized and other spatial data, the building- and block-level
of vegetable production potential, environmental and social perfor-
mance were processed or quantified with Python v3.7 interpreted
by ArcGIS Pro. The integrated city-level analyses were conducted by
MATLAB v2020b. The figures were produced with MATLAB v2020b
and ArcMap v10.7. All code is available upon request.

CRediT authorship contribution statement

Yuanchao Hu: Writing - original draft, Funding acquisition, Formal
analysis, Data curation, Conceptualization. Prajal Pradhan: Writing
- review & editing, Writing — original draft, Supervision, Project ad-
ministration, Funding acquisition, Conceptualization. Haoran Zhang:
Writing — review & editing, Software, Resources, Methodology, Data
curation. Zhen Wang: Writing — review & editing, Supervision, Formal
analysis. Qianyuan Huang: Software, Methodology, Data curation.
Qiqi Jia: Software, Methodology, Data curation. Xihong Lian: Soft-
ware, Methodology, Data curation. Chao Xu: Software, Methodology,
Data curation. Rui Yang: Software, Methodology, Data curation. Yuxi
Tian: Software, Methodology, Data curation. Zhibang Xu: Software,
Methodology, Data curation. Limin Jiao: Writing — review & editing,
Supervision, Formal analysis. Jiirgen P. Kropp: Writing — review &
editing, Supervision, Formal analysis.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

The authors, Y.H. and P.P., are Editorial Board Members for this
journal and were not involved in the editorial review or the decision
to publish this article.

13

Resources, Environment and Sustainability 21 (2025) 100254
Acknowledgement

This study was financially supported by National Natural Science
Foundation of China (52125902, 52100214 and 52470213), Shuguang
Program from Wuhan Science and Technology Innovation Bureau
(2023020201020254), LIESMARS Special Research Funding and the
Start-up Funding of Wuhan University awarded to Y.H. P.P. acknowl-
edges funding by the European Research Council (ERC) for the Be-
yondSDG project (101077492).

Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.resenv.2025.100254.

Data availability

The vectorized urban extent and urban open space are available at
https://doi.org/10.5281/zenodo.5168383. The building-level rooftop
attributes data for 124 urban extents in China’s large cities is available
at https://zenodo.org/records/16779901. The GHG emission intensity
used in this study is publicly available at http://Ica.cityghg.com/. The
crop yield changes under future climate and disaster scenarios were
taken from the ISIMIP framework (https://www.isimip.org/). Data for
daily temperature and water resource use are available from open-
sourced Chinese statistics. Other data supporting the findings of this
study could be found in the text or supplementary information.
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