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Abstract

Urban rooftop agriculture (RA) and photovoltaics (RPV) offer sustainable solutions for energy-
food system nexus in cities but compete for limited rooftop space. Here we explore the potential
benefits (productivity, economic, and environmental) and allocation strategy of RA and RPV
across 13 million buildings in 124 Chinese cities, considering urban characteristics and regional
productivity. We found that RA yields superior economic benefits, while RPV excels in
greenhouse gas emission reductions. Prioritizing either RA or RPV can only retain 0-29% of
the above benefits brought by the other. However, allocating 61% of the flat rooftop area to RA
and all the remaining to RPV would retain >50% of their potential, meeting 15% (mean, 0.5—
99% across cities) of urban vegetable needs and 5% (0.5-27% across cities) of the electricity
needs. While the productivity from RA and RPV have significant environmental and
socioeconomic benefits, they require considerable water (up to 15% of urban residential water
use) and materials (e.g., totaling 13 kt silver).
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Introduction

Providing healthy food and clean energy is one of the most challenging and prioritized tasks
among the United Nations Sustainable Development Goals. Globally, about 800 million people
currently face risks in accessing adequate food® and electricity’. Conventional measures to
address these challenges could place additional threats to climate change and land resources,
which are already under enormous pressure. Cities are centers of consumption and pioneers in
advancing sustainable food and energy systems. While ground-based agriculture and solar
photovoltaics in and around cities can foster net-zero-carbon transition®, they require a
transformation of urban open space or high-quality farmland*®. Given the rising number of
urban buildings across the world®, rooftop space could be used as a viable option for agricultural
(RA) and photovoltaic power production (RPV)"® to enhance landless and climate-neutral
urban food-energy system nexus’. Besides, the distributed nature of rooftop production can
potentially create a more resilient and sustainable urban system'®.

However, RA and RPV may vie for the limited rooftop space. City research and planning often
focus on one and neglect the other'’. In this sense, maximizing the effectiveness of rooftop
exploitation involves a balanced allocation of rooftop space for RA and RPV to obtain multiple
benefits, such as food and energy productivity, economic returns, and greenhouse gas (GHG)
emission reduction. Several factors are intertwined when determining the space allocated to RA
and RPV within a city. For instance, the benefits of RA and RPV could vary across regions and
technical treatments. From a global perspective, urban agriculture (including RA) can save
100—180 million tons of food and conserve 14—15 billion kWh of energy®?. Nations with
expansive urban regions and crop combinations adaptable to both the local climate and urban
farming have the potential to yield millions of tons of produce (especially in China and the
USA)*.  Studies proved that 80% of urban food demand could have been provided within 500
km distance in high agronomic suitability of urban areas**'*. However, the GHG reduction
potential of RA across regions is unclear due to varied material and energy inputs of fragmented
planting and the lower yield in cold and hot climates when adopting an open-air production
system’®. Contrastively, RPV has a definite GHG reduction capacity at city™®, regional'’, and
national'®* levels, especially in regions with affluent solar radiation. Yet, the economic benefits
of RPV could be limited due to the declining power price, for example, in China®®. On the
contrary, high-yield greenhouse RA performs better regarding provisioning and economic
benefits in Mediterranean climates than solar systems®. Hence, allocating urban rooftop space
for RA or RPV poses a dilemma due to their variations of distinctive advantages.

Indeed, producing food under photovoltaic panels (agrivoltaics) is one option. Such an
integrated system could supply vegetables and electricity for individual buildings and
potentially reduce GHG emissions®*2, However, covering more PV panels would largely
hamper the crop yield under the shade® even for semi-transparent photovoltaics?>?®, and
prioritizing vegetable production would lessen electricity supply?’. Research indicates that up to
84% of supplementary lighting may still be required to counteract internal shading®. Although
agrivoltaic systems could increase economic benefits with shade-tolerant crops®, it does not
apply to shade-intolerant vegetables, such as cabbage, tomato, and cucumber, common crops
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in urban agriculture. Besides, small-scale and fragmented agrivoltaics installations are less
economically feasible due to additional labor and management requirements®**°. Therefore, to
obtain balanced sustainability benefits, it is necessary to determine the appropriate share of
rooftop area and place RA and RPV independently within a city.

Previous studies have primarily focused on evaluating the sustainability implications of either
RA or RPVP183! with few efforts to compare and coordinate their multiple benefits. Most
studies analyzed a limited number of cities and spatial scales, thus lacking the regional
heterogeneity of productivity and sustainability implications. For example, researchers®
evaluated the potential for utilizing rooftops in Barcelona and the self-sufficiency potential of
RA and RPV, but significant environmental and economic impacts were excluded. Besides,

32,33

research on the synergistic effects of multiple benefits®>°, even when using multi-objective

optimization methods, often overlooks the food-energy nexus across cities at a continent level.

Here, we quantified the potential of food and electricity productivity (provisioning benefits),
economic returns (economic benefits), GHG reduction (environmental benefits), and associated
resource requirements of urban RA and RPV to synergize those benefits. We mapped the
potentials of about 13 million buildings within the coherent extents* (urban built-up area within
the administrative boundary, Fig S1) of 124 large Chinese cities with a metropolitan population
larger than one million, totaling 0.8% of the national territorial land and 38% of the population.
To evaluate the potential benefits, we strictly screened suitable roofs according to the building
attributes (i.e., building function, height, age, and rooftop form—pitched or flat). The building
footprints and attributes dataset is constructed with high-resolution images, data from real estate
websites, and sampling surveys (see Method). We also estimated the potential water, materials,
labor, and other requirements for these benefits. To envisage an optimized RA-RPV allocation
scheme synthesizing various benefits, we assumed three scenarios aimed at a single objective:
(1) maximizing food self-sufficiency; (2) maximizing electricity self-sufficiency as well as
GHG reduction; and (3) maximizing economic benefits. Then we integrated these three
objectives through the multi-objective optimization method and compared urban-level rooftop
allocation schemes between all objectives. Considering the geographic heterogeneity of various
benefits of RA and RPV, we provide new insights for future planning on the urban food-energy
nexus.

Results

The provisioning, economic, and environmental benefits

We estimated the potential energy or food production from suitable rooftop areas and
productivity per unit area. According to the requirements of green roof construction in Chinese
cities and our estimates, we identified a totaled 2.9x10° km? (42% of total) low-rise flat rooftop
area suitable for both rooftop agriculture (RA) and photovoltaics (RPV) productions within the
urban extents in 124 cities. An additional 680 km? (10% of totals) pitched or high-rise flat roofs
are appropriate for RPV power generations (but not suitable for RA for safety’s sake). To be
conservative, we assume half (need to keep enough space for other uses, such as a shelter for

fire escape) of the potential roofs with larger areas could be installed for either RA or RPV.
3
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Thus, about 1.45x10° km? of low-rise flat rooftop area is considered productive for both
purposes, and an additional 340 km? of rooftop area could provide potential production for
photovoltaic electricity.

Considering the daily vegetable consumption of the median value of the nationally
recommended level, i.e., 400g/capita/day, we found that cities could source 26% (i.e., self-
sufficiency, the mean value of 124 cities, varied between 3—163%) of their vegetable needs if
all assumed rooftops were used for RA production. Alternatively, cities could source 10%
(mean value, varied between 1-47% across cities) of their electricity demand if the rooftops
were used for RPV production. Urban characteristics, such as regional climate conditions,
building density, population density, and other urban morphology factors, determine RA and
RPV production potentials. The RA productivity in Lhasa (vegetable self-sufficiency is 2.6%)
and some midwest cities are lower owing to their drier and colder climates than cities in the
eastern region. Cities with high vegetable self-sufficiency are mainly distributed in North China,
like Hengshui (163%), because of their higher vegetable yield, newer buildings, and less dense
population (a, b).

In contrast, for RPV, since the generating capacity has close relationships with available roof
area and solar radiation, electricity self-sufficiency is relatively high in some southeastern cities
like Foshan (47%) and Shantou (33%). Generally, higher urbanized and historic cities usually
have higher population densities, with more high-rise and older buildings unsuitable for
exploitation, thus showing lower production potentials. For example, the self-sufficiency from
RA and RPV in Hong Kong is only 2.9% and 1.2%, respectively. Guangzhou and Chongqing
are examples of cases where high production potential is accompanied by low self-sufficiency
rates. These examples underscore the significance of accounting for urbanization mismatches
between population and land in assessing RA/RPV production potentials. The urban characters
explain the variation of production potential across cities.

We found that agricultural production in most cities yields better economic benefits than power
generation per unit area, primarily owing to the significantly higher price of vegetables. The
net economic benefit is determined by the balance between the investment and potential returns
from rooftop production, measured as net present value (NPV) considering future RA and RPV
productivities and discount rate of future economic returns (c, d). Cities with a higher
proportion of rooftops for potential greenhouse planting tend to have higher NPV of RA, such
as Shanggiu (135 CNY/m?), although greenhouse installation requires substantial initial
investment. For RPV, the mean NPV is 20 CNY/m? ranging from 2.6-39 CNY/m? among cities,
showing a generally increasing trend from north to south primarily because of the gradually
elevated power-grid purchase price and solar radiation abundance (Fig S2-3). Generally, the
economic benefit potential of RA is more than three times that of RPV.

We estimated the cradle-to-grave GHG emissions of RA and RPV productions by inventorying
the material and energy inputs and associated emission factors. The GHG mitigation benefits
are the lessened emissions of rooftop production compared to traditional agriculture or
electricity production (e, f). Applying RA, nearly 80% of cities show low or even negative
values of GHG mitigation (the mean value is -1.1 kg COse/m?, varied from -3.2 to 4.2 kg

COse/m?). This is predominantly attributable to the lower yield and substantial infrastructure
4



158  investment of open-air RA production compared to traditional agriculture. A few cities in
159  middle or northeastern China have higher GHG mitigation potential (e.g., Changchun, 4.2 kg
160  COze /m?) since the emission factor of conventional agriculture in these cities is much higher
161  than that of urban agriculture. For RPV, annual GHG mitigation intensity (the mean value is
162 179 kg COse/m?, varied from 138 to 260 kg CO,e /m?) shows a decreasing trend from north to
163  south. Cities in higher latitudes, such as Urumgi (138 kg CO,e/m?), require higher tilt angles of
164 PV panels to adapt to the lower solar zenith angle, thus having higher costs of PV materials and
165  GHG emission intensities. Further, the RPV mitigation potential remains higher in East China,
166  where the emission factors of the electricity grid stay at the lowest level in China®*. We
167  demonstrate that RPV has nearly two orders of magnitude more considerable GHG mitigation
168  potential than RA.

169  Optimal allocation of rooftop food-energy production

170  Rooftop photovoltaics (RPV) outperforms rooftop agriculture (RA) in GHG mitigation
171  potential but not in economic benefit. Therefore, coordination of rooftop space is a prerequisite
172 to balancing the benefits and enhancing urban sustainability. Using the non-dominated sorting
173 genetic algorithm (NSGA-II, see Method), we set up a Pareto optimization method to synergize
174  RA and RPV productions and each city's associated economic and GHG mitigation benefits.
175  The NSGA-II method effectively searches for a cluster of optimal solutions to allocate the
176  limited suitable rooftop area to RA and RPV without setting initial weight for these objectives.
177  We show that the optimal options are to allocate 61-62% of total flat roofs to vegetable
178  production and the rest to RPV power production. These solutions substantially differ from a
179  simple assumption of having the rooftop space for RA and RPV production equally. As a result,
180  exploiting urban rooftops could satisfy 15.2—15.5% of vegetable demand and 4.9-5.1% of total

181  electricity demand across different optimized solutions (
182  Fig.2 a).

183  The merit of these optimized allocations lies in keeping all benefits to the maximum. Compared
184  to the scenario where all rooftops are exclusively allocated to either RA or RPV, these balanced
185  allocation solutions maintain 50—-83% of the self-sufficiency of vegetables and electricity,
186  economic returns, and GHG reduction potentials (Table S3). However, if cities maximize one
187  of the specific benefits, namely vegetable self-sufficiency, electricity self-sufficiency, GHG
188  mitigation (highly correlated with electricity self-sufficiency), or economic returns, only 0-29%
189  of other benefits would be maintained (Table S3, Fig S4). These allocations help to retain
190  universal access to all profits of rooftop production.

191  We choose the optimal solution with the highest synergy among all benefits from the solutions.
192 A synergistic solution can balance the potential of various benefits and minimize their disparity.
193  For example, if one allocation solution could maintain 50% of the largest economic return
194 potential and 80% of the largest GHG reduction potential when they are prioritized, the synergy
195  index equals 1-abs (50%-80%), i.e., 0.7. The higher the synergy, the greater the balance among
196  all benefits or objectives. Here, the optimal solution (synergy index = 0.69) is adopted to
197  allocate 61% (mean value, ranging from 15-99% across cities) of the total flat rooftop area to

198  RA. In doing so, cities could supply 15% (mean value, ranging from 0.8-99% across cities) of
5



199  their vegetable needs and 5% (0.2-31% across cities) of their electricity needs through RA and
200  RPV productions (

201  Fig. 2 b). This allocation ratio varies across cities along with their food or energy productivity
202  (Table S4). In most cities, the optimized allocation strategy suggests the deployment of more
203  RA (exceeds 50% in 74 cities). This is mainly due to the relatively higher self-sufficiency of
204  vegetable potential than that of electricity (16% higher overall, a, b). For example, in Shangqiu,
205  only 48% of rooftops allocated to RA could provide 71% of the vegetable demand. Increasing
206  roofs utilized for RA is very helpful in retaining higher RA potential and lower loss of RPV
207  potential, which contributes to improved comprehensive benefits. In a few southern cities with
208  lower vegetable productivity, more RPV production is allocated to achieve higher GHG
209  reduction benefits. For instance, the RPV-dominated production of Hongkong (63% flat rooftop
210  for RPV) is primarily attributed to its high mitigation potential of RPV (238 kg/m?). This
211  implies that the allocation ratio is correlated with the efficiency of benefits achieved through
212 RA and production. In general, cities need to allocate more rooftop areas to leverage their
213  strengths (e.g., high RA productivity or GHG mitigation of RPV) and to balance all benefits.

214  The optimal co-production of RA and RPV (

215  Fig.2 b) could potentially bring considerable GHG mitigation and economic benefits. As Table
216 1 shows, the total potential economic returns for all cities would amount to 2080 billion CNY
217  (0.6-303 billion CNY across cities, Fig S6b), and the possible GHG reduction is 161 Mt COse
218  (0.1-17 Mt COze across cities, Fig S6a). These benefits account for 1.7% of the national GDP
219  (0.3%-28.3% of city-level GDP across cities) and 1.6% of national GHG emissions (0.04%-38%
220  of city-level emissions across cities). While RA production in most cities is net-emitting,
221  applying RPV to the remaining rooftops could reduce GHG emissions. This approach can
222  significantly reduce emissions in urban food-energy co-production systems. Besides, this
223 optimal rooftop allocation could potentially conserve 2.6x10° km?* of cropland and 88 Mt of
224 standard coal (Table 1) if the vegetables and electricity produced on rooftops are produced
225  conventionally. This equals 0.2% of the total national cropland and 2.9% of total national coal
226  consumption in 2022. These benefits are especially advantageous in large city clusters (Fig S6).
227  We find that a sufficient exploitation of rooftop space could provide full-scale benefits.

228  The water and other resource requirements for these rooftop productions are substantial (Table
229  1). From our estimates of the optimal rooftop allocation, RA production necessitates 136 million
230  tons of water for irrigation yearly®, while RPV requires 0.6 million tons of water for cleaning
231  throughout its life cycle®”. These water requirements collectively constitute 1.6% of those cities'
232 annual urban residential water use. However, in cities in Northern China with annual
233 precipitation levels below 800 mm, this ratio could range from 5.7% to 14.7%, potentially
234 exacerbating water scarcity issues in these urban areas. Besides, RA and RPV production entails
235  significant quantities of metal, including copper, aluminum, and steel (Table 1), to produce the
236  infrastructures®. Although rooftop productions are beneficial, the substantial requirements on
237  water, metals, and other resources should be considered during urban planning.
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Discussion

Our study reveals the necessity, potential benefits, and requirements of a balanced allocation of
productive rooftop areas for vegetable and electricity production. We built a dataset of building
footprints and attributes in 124 Chinese cities and set up selection criteria for productive
rooftops. We find that rooftop agriculture (RA) and photovoltaics (RPV) exhibit distinct
capabilities to augment economic returns and reduce GHG emissions. The synergistic co-
production of food and energy through optimized rooftop distribution (61% flat rooftops
allocated to RA and the rest to RPV) not only meets 15% of urban vegetable needs and 5% of
the electricity needs but also contributes significantly to environmental and socioeconomic
improvement (up to 3% of national totals). Our estimated self-sufficiency potentials show a
notable variation between cities, mainly due to regional differences in natural and social
attributes, rooftop agricultural yield, and solar radiation across Chinese regions. Our results are
approximate to other studies (Tianjin® and Shenzhen?’), in which provisioning potentials fall within
the range of our research findings. We highlight that the required water and other resources (e.g.,
metal and fertile soil substrate) to facilitate these potential productions could pose a challenge
for cities with scarce resource supply. Our findings contribute to advancing discussions on
competitive rooftop utilization to improve urban sustainability and enhance energy-food system
resilience.

We find that urban rooftop production, through its multiple benefits, could alleviate the grand
challenge of the urban environment and the global climate crisis. Urban rooftops could serve
as vital supplementary sources for food and energy production, generate revenue, and reduce
GHG emissions simultaneously. We highlight that prioritizing either RA or RPV in limited
rooftop space could be suboptimal. However, a balanced allocation of rooftop space for RA and
RPV can retain the benefits from both sides and advance holistic sustainability. This could
promote sustainable food and energy production in urban areas by reducing cropland depletion
and coal combustion. Meanwhile, we recognize the regional preference towards either RA or
RPV in urban planning decisions. Cities with high vegetable yields typically prioritize space
for RA to leverage self-sufficiency. Conversely, cities with great GHG mitigation potential tend
to allocate more space for the production of RPV. However, the allocation of RA and RPV
generally depends on the urban morphology (such as building density) and climatic conditions
that jointly determine vegetable and power productivity. Thus, cities around the globe could
optimize rooftop utilization by assessing urban morphology and enhancing local RA and RPV
advantages, thereby obtaining comprehensive sustainability benefits. For example, cities with
high vegetable yields should consider using cleaner energy in RA to lower the carbon burden.
Cities struggling to attain self-sufficiency in food production should contemplate strategies to

bolster agricultural productivity and explore alternative urban production spaces®*“°.

Although local food and energy production can benefit urban sustainability by reducing
stormwater, regulating climate, enhancing resilience and biodiversity, and lowering food
wastage*’, nuanced management to reduce adverse impacts on urban food and energy
transformation is indispensable****. Smart urban solutions could involve planning districts for
agriculture based on food demands and other districts for photovoltaic for convenient power
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transmission or demand, thus minimizing production fragmentation. From a geographical
perspective, high solar power abandonment rates are observed in China’s western provinces
(Table S9), underscoring the imperative to harness local green energy consumption potential
and expedite the development of outward transmission infrastructure, specifically ultra-high
voltage lines, for nationwide distribution optimization. Additionally, it is necessary to explore
multi-channel energy storage paths, such as pumped water storage and green electricity for
hydrogen production. Integrated agrivoltaic systems also have the potential to reduce energy
storage demands. More importantly, substantial resources are needed to promote and sustain
green roof production. For example, crop irrigation and PV panel cleaning can exacerbate urban
water shortage, collecting productive soil for RA requires cultivated soil from cropland (~220
km?) equivalent to the area of Boston city, and decommissioned infrastructure can stress the
waste treatment system. This indicates that, especially in arid northern cities, recirculating water
and nutrients may play a significant role in the future sustainable development of urban
agriculture*’. Given these debates on rooftop production, publicizing successful business
models is of utmost importance, e.g., Gotham Greens in Chicago city®, emerging rooftop farms
built on shopping malls in Chinese cities, and grid-connected urban RPV in Ningbo and Tianjin
city®®.

The interplay among stakeholders like government, enterprises, and individuals would promote
sustainable and effective rooftop exploitation through food and energy production. In alignment
with recently issued Chinese directives for new construction since 2022, solar power systems
with a minimum lifespan of 25 years are now mandated. Jinan city?’ in north China and
Dongguan city*® in south China have also recently encouraged plantation on newly constructed
public buildings. However, future policies on green roofs should integrate the development of
both RA and RPV within the city. During rooftop exploitation, the top priority is to address
financing challenges to provide incentives and support for high-quality projects and avoid
inefficient production. Although governmental subsidies might serve as start-up capital,
investors need to be convinced of the benefits that outweigh the potential risks. Encouragingly,
urban agriculture combined with involving residents in harvesting activities and tourism is
emerging, and urban adaptation financing mechanisms have been implemented in many cities
around the world®. For example, Hamburg in Germany planned to provide financial incentives
to those who voluntarily install green roofs.

In conclusion, our building-scale analysis provides a scientific basis for the decision-making of
roof utilization in specific cities following the unique advantages of rooftop agriculture and
photovoltaic production. Our foundational framework could be applied to decision-making in
other global cities to facilitate optimal rooftop utilization if combined with detailed architectural
morphology. However, the framework could be further refined to support block-scale design
by considering public acceptance, urban landscape, demand for heating or cooling, ecosystem
services, equity™’, and other dimensions. We find optimal rooftop utilization yields conspicuous
national-scale benefits in climate mitigation, economic growth, and food and energy
provisioning. Scaling up rooftop production globally with caution of resource demand would
have substantial benefits. An optimized allocation of rooftop areas to agriculture and solar
power could comprehensively retain all benefits while advancing urban sustainability and

resilience. The feasible proportion of RA and RPV offers a design strategy for using roofs
8
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efficiently and comprehensively in a city. We argue that incorporating RA and RPV processes
into the multi-factor nexus analytical paradigm is critical to identifying the hidden trade-offs.

Methods

Rooftop dataset preprocessing and screening

In this study, we identified the more than 13 million building outlines within the urban extents
of 124 large cities in China (highly compacted with buildings and residents). Since the precision
of digital surface model in accurately simulating small areas cannot be guaranteed, we obtained
several building attributes from commercial map corporates such as Google and Baidu Map
and real estate websites, which included building height, age, rooftop type, and building
function. Necessarily, we identified the roof type (flat or pitched) for each building through
machine learning by identifying its color (grey, red, green, or blue), since grey roofs are usually
made of cement and are flat in Chinese cities. We randomly sampled over 10,000 roofs,
recording their color (RGB values) and rooftop type. We then trained a random forest
classification model to establish the correlation between rooftop type and color. This model,
whose classification accuracy has been validated through the receiver operating characteristic
(ROC) curve (Fig S7), was then utilized to identify the rooftop types for all based on their color
values. After this, we apply a series of criteria through following steps to select rooftops suitable
for rooftop agriculture (RA) and photovoltaics (RPV) according to green roof construction

guidelines® *® in a few Chinese cities.

(1) Firstly, for all available flat roofs: building age should be less than 30 years; excluding
protected buildings and view spots, space occupations (such as chimney, air conditions),
aisles between columns of agricultural production or photovoltaic panels, and roof fringe
(0.5 m).

(2) Secondly, the selected flat roofs were categorized into low-rise and high-rise (>40m). The
former is suitable for RA installation, while the latter is ideal for RPV installation.

(3) Lastly, for RPV, it’s necessary to select about 39% of the total pitched roofs for better solar
energy acceptance'®, which includes rooftops facing south (including south, southwest, and
southeast).

Notably, the potentially productive rooftop area of RPV is larger than RA in each city for the
latter’s more stringent screening, which means areas suitable for RA are necessarily suitable for
RPV. More information can be referred to Fig S8.

Productivity of RA and RPV

We mainly considered two forms of RA, including open-air and greenhouse planting.
According to extensive literature reviews, roof areas larger than 4000 m?* were applied for high-
tech greenhouse planting, and others larger than 5 m” for open-air systems. The vegetable yield
(Y) of rooftop greenhouse production was obtained from previous studies'****, and the yield
for open-air production was taken from the Global Agro-Ecological Zoning database. The

9
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annual vegetable production (kg) in city & is measured with the equation below:

Fk = Yopen * Sk—open/rfresh + Kgreenhouse * Sk—greenhouse (1)

Since the vegetable yield from Global Agro-Ecological Zoning database is measured with dry
matter, and should be transferred into fresh weight using dry/fresh ratio (7fpesp ). Fresh
vegetables are usually harvested with a 5-8% dry matter. S, denotes the available roof area in
city k (m?). A few common vegetable species, namely cabbage, tomato, carrot, and onion, were
chosen to estimate the average yield of mixed vegetable production.

In following sections, the productivity of RPV is calculated. Referring to the method introduced
by Masters® and Qiu et al®’, the theoretical generating capacity is limited mainly by solar
radiation, operating temperature, and shadow effects. Through the comparison of multiple data
sources”® and literatures®® ®2, we used the surface incoming shortwave flux (SWGDN) hourly
data from M2T1NXRAD®® with a spatial resolution of 0.5° x 0.625°, and 2 m hourly temperature
data from ERAS5-Land>, which possess low relative error. Based on the above data, the

calculation of potential electricity generation was performed according to Eq. (2) below:

n m
1
E = Z (Z RF}Vk'h * TCFyp * SCFyp * Py * S * PFy * PRy) ”
0
y:]_ h=1

where E} represents the potential electricity generation of each city (kWh); k means the city
(a total number of 124) we calculate; m denotes the total number of hours in the calculated
year; n denotes the 30-year lifetime of the durable monocrystalline silicon modules; I,
denotes the solar radiation in the standard state (1 kW/m?). Notably within this section,
approximately a 10% enhancement in rear-side electricity production was observed in bi-facial
module configurations®. Therefore, the computations of E, will be conducted utilizing 110%
of the available flat roofs.

Irpy,, indicates the solar radiation intercepted per unit area of the RPV module in city k and
hour h (kWh/m?) according to Eq.(3) below:

IRPVk,h = &direct * Idirect + gdiffuse * Idiffuse + Ereflect * [ (3)

where Egirects  Eaiffuse and Ereprecy indicate the direct coefficient (related to k and h),
diffuse coefficient (related to k), and reflect coefficient (related to k); I, Igirece and lgirfyse
indicate the SWGDN hourly data from downwards, direct, and diffuse.

TCFy, j, represents the temperature correction factor in city k and hour h according to Eq. (4)
below:
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Teen = Tg + Igpy, ), * ( 08

where ¢ is the temperature coefficient (-0.41%/°C); T..;; and Ty represent the temperature

of the cell and 2 m temperature respectively; NOCT is the normal operating cell temperature of
44°C.

SCFy, j, represents the shading factor in city k and hour h according to Eq.(5) below:

&)

i sin )}, Sin Bmyp
SCF,p=1- ( t - )

Kk.h sin )}, cot 8 cos @ tan g, Cos @ | * Sin( = ,Btmp =39
where ), denotes the tilt angle of RPV modules related to the latitude of each city; 8 and ¢
represent the solar altitude and azimuth respectively while ,, and ¢, are that of 3:00 p.m. in
the winter solstice; By, denotes the projection of the solar altitude angle on the plane parallel

to the north-south axis and perpendicular to the ground.

P, denotes the peak power per unit area of photovoltaic panels in city k (kW/m?) according to
Eq. (6) below:

P, = Py xcos Y (6)

where P, denotes the rated power per unit area of the PV panel (211W); Other variables have
been mentioned above.

PF,, denotes the packing factor in city k according to Eq.(7) below:

1
sin ) @)

cos
tan S, Ps

PFk:

cosy, +

PR, indicates the performance ratio in year y according to Eq. (8) below:
PR, =PR—DR*(y—1) (8)

where DR denotes the degradation rate of bi-facial modules (-0.2%)%%; PR denotes the
average performance ratio of the PV system (0.8) *; other variables have been mentioned above.

Later we calculate the self-sufficiency through Eq.(9) below:

Ey

Dy = ————
KT nxTEC, ©

where D;, denotes the self-sufficiency of RPV in each city; TEC), represents the annual
electricity consumption of each city (Table S1); More details of the all above variables can be
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referred to previous studies'”***” and Note S2.
Economic benefit of RA and RPV

Since the business opportunities of urban RA are still untapped®, it’s meaningful to estimate
the transformation potential of food systems, including an assessment akin to the economic
benefit of RPV. The Net Present Value (NPV)®® of RA and RPV in a 30-year system lifetime
was quantified in this part, which can be calculated through Eq.(10) :

n

NPV, = Z (%) — Gy (10)
y=1

where NPV, denotes the net present value in city k; r denotes the discount rate (0.02 for RA
and 0.05 for RPV related to invest risk, the uncertainty of this rate requires more research on
economic benefits related to RA® 7). C, represents the capital cost in city k; OM,, means the
operational and maintenance cost in city k; IR, denotes the investment return in city k,
including vegetable production and renewable energy generation. For RA, after calculations of
vegetable productions, we got the detailed material and labor inputs of open-air and greenhouse

planting from previous studies'*®

, then we conducted online and field surveys to determine the
price of commodities at that time in China. For RPV, we get the installed prices referring to
Engineering Procurement Construction (EPC) in China (Note S3 and Table S5). Owing to the
difference in installing area, we obtained the regionalized cleaning prices and labor prices from
literatures®®™® (Note S4 and Table S6), International Energy Agency (IEA), and online
interviews. Since the solar energy has reached grid parity from 2021 in China, IR, of RPV

can be easily figured out with national feed-in tariff. Based on literature review® ™72,

a
sensitivity analysis was conducted considering four potential sensitivity factors (the discount
rate, the capital cost, the operational and maintenance cost, cleaning and labor prices

(Supplementary Discussions).
GHG mitigation of RA and RPV

In this part, we used the life-cycle assessment method to estimate the Global Warming Potential
(GWP) of RA and RPV following the ISO 14040 and 14044 standards. For RA, the system
boundary includes five life-cycle stages: infrastructure construction, installation, operation, in-
boundary distribution, and end-of-life disposal. We first collected the material and energy
requirements of open-air and greenhouse production in different climatic regions from the
literature review (Table S7,8). Then we obtained GHG footprint factors (CFF) according to
China Products Carbon Footprint Factors Database (CPCD)™. Ultimately, based on the
productivity of RA, GWP (kgCO, e/kg vegetable) of RA is calculated as
Eq.Error! Reference source not found.. GHG mitigation of RA is measured by subtracting
the Chinese regional emission levels of traditional agriculture, which have been specified at the
city level.
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CFF x §
GWP, = % (1)
k

where GWP, denotes in city k; Y CFF (kgCO, e/m?) denotes the sum of GHG footprint
factors in the life cycle of RA. Other variables have been mentioned above.

For RPV, we determined a monocrystalline silicon photovoltaic modules appropriate for China,
166-BF (72), which achieves excellent environmental performance™®. It is a bi-facial module
with a carbon footprint factor of 19 gCO, e/kWh. Besides, since PV module doesn’t include a
balance of system (BOS, mainly includes inverters and brackets) and energy storage system,
which ensures the smooth process of power generation and secure access to electricity, we
selected a kind of common BOS (CFF =253 kgCO, e/kWp) and lithium iron phosphate battery
(CFF = 102 kgCO, e/kWh) from previous studies’*".

The system boundary includes three steps namely production, installation, and operation. In the
production, we know the CFF of RPV modules, BOS and batteries mentioned in the preceding
text; In the installation, it requires 0.08 kWh of electricity to install 1 kWp RPV, which also
needs 0.2 kWh of electricity for maintenance’®. During the 30-year system lifetime in operation,
it needs about 20 kg of water to clean the PV panels’®. Lastly, through related literatures’® '8,
we find the average CFF of coal-fired power generation (0.93 kgCO, e/kWh) and water(3.1
kgCO, e/kg water) in China. Consequently, during the 30-year system lifetime, GHG mitigation

intensity of RPV can be estimated as Eq.(11) :

GWP,
Er (11)
GWP, = CE S,

CMk = CFFk -

where CM, (kgCO, e/kWh) denotes the GHG mitigation per kWh of RPV in city k; CFF;
means the baseline emission factor of city k corresponding to China’s regional power grids
according to the Ministry of Ecology and Environment of the People's Republic of China®;
GWP,, denotes Global Warming Potential of RPV in city k; CE denotes the GHG emissions
per m? area of PV system. Other variables have been mentioned above.

Multi-objective optimization for allocation of RA and RPV

To gain further insight into the development of RA and RPV in 124 cities of mainland China, a
multi-objective optimization from pymoo’® was performed (more details can be referred to
Note S5). It is subdivided into three main phrases, namely defining optimization problems,
finding (near-optimal) solutions using well-benchmarked algorithms, and making multi-criteria
decisions. In this study, applying a non-dominated sorting genetic algorithm (NSGA-II), we
constructed a tri-objective optimization with two variables and several constraints as follows:

(1) Objectives: Maximizing the self-sufficiency of vegetable in each city; Maximizing the self-
sufficiency of electricity (as well as GHG mitigation potential) in each city; Maximizing
the total economic benefits of RA and RPV.

(2) Variables: Roof areas allocated to RA and RPV in each city.
13
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(3) Constraints: The total available urban roof area is limited to the total selected and assumed
productive rooftop area; The PV module production capacity is limited in China®; The self-
sufficiency of RA is 100% at most to avoid oversupply; The energy penetration potential of
RPYV, which means the ratio of the total electricity output of renewable energy units to the
annual load demand (Note S6, Table S9), is limited to keep the stability of power system
(50% at most)®*3; The total GHG mitigation is greater than zero.

Once a set of Pareto-optimal solutions are calculated, trade-offs and synergies from the
combination of RA and RPV could be simulated through the comparison of properties between
the optimized scenario and unoptimized ones, which are estimated as Eq.(12) :

benefit

rmc=1———
benefit,ax

tradeof f = Max(rrcp, rreypy, Yreey) — Min(rrep, rreypy, Treey)
synergy = 1 — tradeof f (12)

where synergy measures the synergy index relative comprehensive benefits brought by a
balanced allocation of RA and RPV; rrc denotes the relative change rate of benefit obtained
from scenarios compared with the corresponding maximum benefit; rrcp, rreypy, T7Cem
represent rrc of RA and RPV self-sufficiency, total economic benefit, total GHG mitigation
respectively.

Limitations

Our research has the following limitations. Large-scale RA and RPV now face lots of issues to
be resolved, such as complex ownership and high investment costs, leading to competition with
other types of use and untransferable production capacities of cities®*®. Although we have
conducted local life cycle assessment of RA and RPV in China, there is still potential for
continuous improvement in production efficiency®***. Moreover, penetration of renewable
energy sources in power system®, local preference, and varied recycling and waste disposal
methods, should also be considered in future studies. In particular, to the local preference for
RA and RPV, a greater quantity of data pertaining to urban characteristics that can be integrated
into the constraints of multi-objective optimization is required.

Data availability

The  vectorized urban extent and urban open space is  available at
https://doi.org/10.5281/zenodo.5168383. The GHG emission intensity used in this study is public
available at http://Ica.cityghg.com/. Data for water resource use is available from open-sourced

Chinese statistics (https://www.mohurd.gov.cn/gongkai/fdzdgknr/sjfb/tjxx/istinj/index.html). The

yield for open-air production was taken from the Global Agro-Ecological Zoning database

(https://gaez.fao.org/). The surface incoming shortwave flux (SWGDN) hourly data from
M2TINXRAD is public available at
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https://disc.gsfc.nasa.gov/datasets/ M2TINXRAD 5.12.4/summary, and 2 m hourly temperature

data from ERAS-Land is public available at https://cds.climate.copernicus.cu/. Due to copyright

issues, other data such as building outlines and attributes can only be made available from the

authors on request.

Code availability

The vectorized and other spatial data, the building-level of potential of vegetable and PV power
production, environmental and provisioning performance were processed or quantified with Excel
v2021 and Python v3.7 interpreted by ArcGIS Pro. The code of multi-objective optimization was
constructed utilizing open-source Python package pymoo v0.6.1.3 (https://pymoo.org/), which is

available at https://github.com/Ruiyang/Urban-rooftops-for-food-and-energy-in-China.
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Tables

Table 1. Potential benefits and resource costs of optimal rooftop agriculture (RA) or
photovoltaics (RPV) production in 124 Chinese cities.

Benefits Resource costs
Self- Net
. . Greenhouse
sufficiency economic Saved Water
gas Saved Metal
(Mean and return e cropland demand
variation (Total mitigation (Total standard coal (Total demand
e (Total, Mt D (Total, Mt) > (Total, kt)
across billion COse) km?) Mt)
cities, %)  CNY) :
152 Copper (7.0)
RA ) 1490.0 -0.7 2598.4 136.0 Aluminum
(0.8~99.9) (21.8)
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Figure Legends/Captions

Fig. 1 Potential benefits in 124 cities if all productive rooftop areas were applied in either rooftop
agriculture (RA) or photovoltaics (RPV) production. a, b the Annual self-sufficiency of vegetables
(a) and electricity (b). ¢, d Annual average economic benefit per unit area of RA (¢) and RPV (d). e, f
Annual greenhouse gas (GHG) mitigation per unit area of RA (e) and RPV (f), a positive value shows
the net reduction effect of rooftop production in the city, and a negative value indicates an adverse
contribution to emission reduction. On the right of the figures, three box plots separately depict the
distribution of above three potential benefits for RA and RPV among 124 cities, including the minimum
value, 25th percentile, median, 75th percentile, and maximum value. The population shown in a and b
only includes that within the urban extents rather than the entire population of the administrative city.
Hong Kong and Macau are excluded here because their grid purchase price is too high to be comparable
(Fig S2). We showed the regional division of the agricultural zone and electricity grid in all figures (Fig

S3). The cities mentioned in the analyses were indicated in the figures.

Fig. 2 Optimal allocations of rooftop agriculture (RA) or photovoltaics (RPV). a Benefits
comparison of all Pareto-optimal solutions. The color and size of the circles represent each solution's
total annual GHG mitigation and NPV. In general, the synergy index of each solution increases
progressively from red to green. There are local break points in the middle of the Pareto frontier due to
numerous integer constraints, but the distribution has no practical significance and can, therefore, be
ignored®?. b Ratio of rooftop area attributed to RA and RPV under optimized solution (synergy
index=0.69). Notably, a strong positive correlation exists between the synergy index and average RPV
self-sufficiency (Fig S5), primarily due to the substantial influence on greenhouse gas (GHG) mitigation

of'its electricity production.
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