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ABSTRACT

Allowing for significant water savings and year-round yields, Controlled-Environment Agriculture
(CEA) is oftentimes portrayed as a sustainable alternative to conventional farming, and its practice
in urban areas as a food, income and employment generator is expanding worldwide. Particularly in
today’s fast growing cities, where economic strength is buying food security through imports, a large-
scale implementation of such practices should be further investigated as potential contributors — not
only to food security but also to self-sufficiency — for the production of horticultural crops. However,
further than quantifying the potential for food self-sufficiency of cities through urban cultivation, there
is a crucial need for assessing the extent to which such scenarios are effectively more sustainable than
existing supply chains. For that purpose, this paper presents the Urban Foodprints (UF) methodology,
a fundamental preliminary step in the sustainability assessment of high-yield urban agriculture, con-
sisting of collecting and integrating data on the existing supply chain, to be used as a baseline scenario
in the environmental performance analysis. Through the case of Riyadh, Saudi Arabia, where harsh
climatic conditions, a heavy reliance on food imports and a growing population constitute major threats
to food security, the UF method is described and applied to the top four consumed horticultural crops —
watermelon, tomato, onion and carrot. The environmental sustainability of high-yield urban agriculture
in Riyadh is subsequently assessed for tomato, as a comparison of the resulting city’s current foodprint
for the crop vs. a scenario of local production in CEA urban farms. Results show that urban production
in high-yield greenhouses has the potential to reduce Global Warming Potential (GWP) by 9%. How-
ever, while water savings contribute greatly to reducing irrigation-related emissions and food miles are
considerably reduced, the energy needs of the greenhouses are significantly higher than the baseline.
This outcome may be improved by enhancing the envelope of the farms to reduce overheating.
Keywords: baseline scenario, Controlled-Environment Agriculture (CEA), sustainability assessment,
Urban Foodprint, urban food system.

1 INTRODUCTION
While our cities are growing at an unprecedented pace, their relationship with the environ-
ment has deeply changed, as low fossil fuel prices and sprawling transportation infrastructures
have been connecting them to increasingly remote and global hinterlands. The latter have
been fueling the growing resource use intensity of urban areas, which have in turn been
releasing more and more waste and emissions into oceans and the atmosphere. As a result,
today’s cities are heavily reliant on large-scale provision of food that is traveling from further
and further away before reaching the urbanites’ plates. With emerging sustainability con-
cerns, the environmental footprint of these complex food systems, including cultivation,
processing and transport, has been increasingly assessed by the scientific community over the
past decade [1], [2]. At the same time, as part of their sustainability agendas, cities are pro-
moting urban food production as a means to reduce the demand for agricultural land elsewhere
and shorten food miles [3]. To rate the extend of urban food production, two metrics are being
used, self-sufficiency (or self-reliance) [4], [5] and food security. According to the United
Nations ‘food self-sufficiency is generally taken to mean the extent to which a country can
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satisfy its food needs from its own domestic production’ [6]. Food security on the other hand
occurs ‘when all people, at all times, have physical and economic access to sufficient, safe
and nutritious food that meets their dietary needs and food preferences for an active and
healthy life’ [7]. Food self-sufficiency is therefore a measure of national food independence
whereas food security is concerned with the stability and affordability of food supply chains.
The latter is thus more applicable for cities that tend to seek local self-reliance to gain eco-
nomic and social benefits, including job creation, increased property values, and community
empowerment [8].

Urban self-sufficiency has been investigated by several researchers. In Singapore, looking
exclusively at public housing properties, researchers have assessed the country’s potential
for vegetables self-sufficiency through the large-scale implementation of high-yield roof-in-
tegrated farms. Their results show that a nationwide deployment of such systems could
satisfy 35.5% of domestic demand [9]. In the United States, another study estimated the level
of food self-sufficiency of Cleveland, as an example for a typical post-industrial North Amer-
ican city. The food categories that were considered were fresh fruits and vegetables, eggs,
poultry, and honey. The three assessed scenarios led to overall levels of self-reliance between
4.2% and 17.7% by weight and 1.8% and 7.3% by expenditure in total food and beverage
consumption, compared to the current level of 0.1% self-reliance in total food and beverage
by expenditure. The authors concluded that significant levels of local self-reliance in food,
the most basic need, is possible in this type of cities, which have been plagued with home
foreclosures and resulting vacant land, lack of access to healthy food, hunger, and obesity
especially in disadvantaged neighborhoods [4]. Similarly, various scenarios were assessed to
measure the potential level of self-sufficiency for vegetables in Montréal, showing that the
city could easily satisfy its entire vegetable demand, both through high-yield hydroponic
roof-integrated systems, and through low-tech on-soil farming [5]. In Europe, researchers
quantified the potential of rooftop vegetable production in the city of Bologna, showing that
a city-wide implementation of rooftop greenhouses could satisfy 77% of local demand [10].
In Lisbon, it was estimated that, if all the available vacant land within the Metropolitan Area
was used for high-yield soilless farming, 124% of the demand for vegetables could be met
locally [11]. All these case studies are showing the potential of cities for self-reliance for
fresh produce, under current crop yields and consumers’ demand, simply by using their
vacant areas.

From an environmental sustainability standpoint, some assessments have shown that
increasing self-sufficiency through local production for some crops is not necessarily more
sustainable than current practice. In the UK, a study showed that producing greenhouse
strawberries in London may have a higher carbon footprint than importing Spanish green-
house strawberries [12]; in Austria, researchers found that imported tomatoes from Spain and
Italy have two times lower Greenhouse Gas (GHG) emissions than those produced nationally
in capital-intensive heated systems [13]. Therefore, further than quantifying the potential for
food self-sufficiency of cities through urban cultivation, there is a crucial need for assessing
the extent to which such scenarios are more resource efficient than existing supply chains.
For that purpose, a fundamental step in the sustainability assessment of alternative local food
supply practices is the assessment of existing supply chains, to be used as baseline scenarios
of the analysis. In this study, we will refer to these baseline scenarios as ‘Urban Foodprints’
(UF), a concept that has been previously used to express resource consumption and environ-
mental impacts associated with the urban food system, from agricultural production to
distribution and consumption (e.g. [14]).
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This paper is organized as follows: Section 2 synthesizes the existing literature on environ-
mental sustainability assessment of urban CEA and identifies research gaps. Section 3
describes a new methodology to establish baseline scenarios for the sustainability assessment
of urban food production followed by an application of the method to Riyadh, Saudi Arabia
as a case study in section 4.

2 ASSESSING ENVIRONMENTAL IMPACTS OF URBAN CEA

The role of urban agriculture — as a source of local and fresh food — in enhancing urban food
security in cities has been widely recognized [15] and its commercial-scale implementation
in highly populated urban areas has led to an increasing interest over the past decade [16]. By
commercial urban agriculture, here we refer to high-yield food production in Controlled-En-
vironment Agriculture (CEA) units such as Vertical Farms (VF), Rooftop Greenhouses (RG)
or Shipping Container Farms (SC) as defined in a previous study [16], located within the
urban built environment. Oftentimes portrayed as sustainable alternatives to conventional
food production, these commercial farms are gaining momentum, both among entrepreneurs
and academics. Allowing for significant water savings and year-round yields and fostered by
technology developments such as highly efficient spectrum-specific grow lights and
computer-assisted climate and crop control systems, the practice of CEA as a food, income
and employment generator is expanding in major cities worldwide. However, while there is a
large body of literature quantitatively evaluating crop growth in controlled environments
such as greenhouses, the sustainability assessment of CEA facilities within urban contexts is
a relatively new field of research [16].

Since Despommier’s aspirational depiction of the vertical farm concept was published
almost a decade ago [17], CEA farms have sprouted in several cities around the globe and
several attempts have been made to quantify how CEA’s overall environmental impact com-
pares to current agricultural practices. In London, a study estimated the environmental
footprint of lettuce production in a hypothetical high-rise urban vertical farm and compared
it to the environmental footprint of lettuce conventionally grown in the UK in winter and
summer [18]. Similarly, other authors have compared resource use intensity of CEA in cities
like Barcelona, New York and Boston, to conventional cultivation facilities in respective
countries, for the production of tomato and lettuce [19], [20]. While these approaches com-
pare the environmental performance of the growing processes involved in energy-intensive
CEA vs. conventional cultivation, they do not offer a complete assessment of whether indoor
farming could mitigate environmental impacts of the vegetables that are currently distributed
in cities. To do so, it would have been necessary to compare the footprint of the urban farms
to the footprint of the existing supply chain for the vegetables, i.e. to include all the — domes-
tic and foreign — locations of origin of the tomato and lettuce, measuring environmental
impacts of respective production modes in each one of these locations, and finally consider-
ing conditioned transportation of the produce from the farms to the city.

In a recently published article, two of the authors of this study performed such an assess-
ment, comparing high-yield production of tomatoes in conditioned urban farms in Lisbon vs.
the existing supply chain for tomatoes distributed in the city [11]. Establishing the baseline
scenario involved extensive data collection on all the locations from which tomatoes are
being sourced, including farming practices, average yields, resource use, and food miles.
Similarly, baseline scenarios were built for tomato supply in three additional cities of differ-
ent sizes, located under different climate conditions and with diverse foodshed characteristics
— Singapore, Paris and New York — and the environmental footprint of their current supply
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chains for tomatoes were compared to hypothetical urban rooftop-integrated conditioned
greenhouses and closed shipping container farms. Whereas rooftop greenhouses were found
to significantly reduce GHG emissions under all four climates, shipping container farms only
yielded a positive environmental balance vis-a-vis the baseline in megacities located in colder
climates, that seasonally rely on long distance food imports [21]. Whereas Despommier pre-
sented urban vertical farms as the absolute sustainable solution to the world’s food supply
problems, these outcomes reveal how context-specific the sustainability of urban food pro-
duction is, and highlight the importance of building baseline scenarios that take into account
the existing supply chain for the assessed crops in each particular urban context.

Establishing these scenarios is a data-intensive task and collecting the data can be chal-
lenging. Next section describes the UF methodology that we used to build these baselines,
including major challenges and pitfalls.

3 THE URBAN FOODPRINTS METHOD
Defining Urban Foodprints consists of getting snapshots of the existing food system for a
given urban area, using metrics related to food demand, resource use intensity of production,
and food miles, to estimate the overall environmental impacts caused by the supply of a given
produce to the city. The following sections describe the steps of the data collection to build
the Urban Foodprint of a given crop, for a given urban area.

3.1 System boundary and origin of produce

The system boundary defines the phases of the process that will and will not be included in
the assessment. Life cycle assessments of food products are usually conducted from cradle to
farm gate, focusing on the most environmentally-harmful phase of the products’ lifespan,
cultivation [1]. To enable comparisons of the existing supply chain with scenarios of local
food production, Urban Foodprints encompass a larger set of activities, from cradle to distri-
bution, in such a way as to include travel distances and transportation modes from farm gate
to the assessed urban area (see Fig. 1).

Data to determine the share of the supplied crop that comes from domestic production and
the share that comes from imports can be found in official agriculture and trade statistics
reports and websites from national departments of agriculture and trade. Within domestic
production, defining the regions of the country where the crop is produced allows to calculate
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Figure 1: System boundary of the Urban Foodprints method.
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average travel distances of the crops from respective regions of origin to the city. Similarly,
imported produce is disaggregated among its countries of origin, based on official trade and
customs data. Food miles can subsequently be calculated as follows:

FM,, :iw,.FMi #(1)

i=1

where FM ,,, (average Food Miles) is the weighted average distance travelled by the crop from
its location of production to the city (tkm); w, is the relative weight of each origin of supply;
and FM, are the respective food miles travelled from each location of supply (tkm), which
vary according to the food system of the city that is being assessed.

3.2 Yields

Furthermore, gauging to what extent high-yield urban farms can be more efficient than their
conventional counterparts requires comparing respective yields, i.e. amounts of produce
grown per unit of area per year in each case. For that purpose, based on the collected data on
origin of produce (section 3.1), it is necessary to further investigate the dominant cultivation
conditions for each location including local climate conditions, whether the crop is produced
in open fields or in protected environments as well as the length of the growing season. In
case the crop is produced indoors, knowing whether it is grown on-soil or through soilless
cultivation techniques such as hydroponics will further inform us on the potential yields.
Such information can be found in national reports, websites of national departments of agri-
culture, and scientific articles. Unfortunately, it can be challenging to find this information for
all the regions and countries from which the crop is sourced, especially when assessing a crop
whose countries of origin have a restricted or underdeveloped data infrastructure. When no
data is found, assumptions have to be made, based on crops with similar growth requirements,
or data from neighboring countries with similar climatic conditions and farming practices.

Once this additional data collection phase is completed, based on respective shares of ori-
gins of the assessed crop (as defined in section 3.1) and on the farming techniques that are
practiced in these different locations, average yields of existing supply chains are calculated
as follows:

YIELD,, = iwi YIELD, #(2)

i=1

where YIELD,, is the weighted average yield of the crop currently supplied to the city (kg/
m?); w, is the relative weight of each origin of supply; and YIELD; are the respective crop
yields for each location (kg/m?), which vary according to local climatic and technological
conditions in the farms.

3.3 Resource use

In addition to the type of farming methods practiced in different countries, UF also requires
data on the amount of water use for irrigation as well as average energy use for climate con-
trol (in case of conditioned greenhouse farming) and machinery. This information may be
available in national reports, websites of national departments of agriculture, and scientific
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articles. Finding this data can be challenging especially for (1) crop types that have attracted
less attention within the scientific community or (2) countries for which data is generally
scarce or difficult to access. Again, when no data is found, assumptions have to be made,
based on crops with similar growth requirements, or data from neighbouring countries with
similar climatic conditions and farming practices.

3.4 Global warming potential

Finally, greenhouse gas (GHG) emissions related to irrigation, operational energy and trans-
portation of the existing supply chain of the assessed crop to the city is calculated (expressed
in kgCO,eq/kg), using the relevant emission factors, as follows:

GWP:iWi(WUiXEiIR+EUiXEiEL+E'XEiTR)#(3)

i=1

where GWP is the Global Warming Potential of the crop currently supplied to the city
(kgCO,eq/kg); w, is the relative weight of each origin of supply (defined in section 3.1); WU,
is the water use per kilogram of produce (I/kg); EU, is the energy use per kilogram of produce
(kWh/kg); F; represents the freight transport of one ton of produce over a distance of one
kilometre (tkm); and E/R, EFL and E are the respective emission factors of irrigation, elec-
tricity generation and refrigerated transportation for each origin of supply.

4 THE RIYADH CASE-STUDY
This section presents the application of the above laid out UF method to Saudi Arabia’s cap-
ital city, Riyadh, and discusses the results.

4.1 Background

Today, less than 2% of land is arable in Saudi Arabia, a desert country with no permanent
lakes, depleted aquifers and very little precipitation, where overgrazing and intensive agricul-
ture are further accelerating land degradation and desertification. Surprisingly — in spite of its
harsh climate and severe groundwater depletion — the kingdom produces and exports poultry,
eggs, dairy products, fish, dates, fruits and vegetables. Food and water security is presently
considered high as the country can rely on its oil-based economy to import most of the food
and to desalinate water [22]. However, maintaining this security will be a key challenge in the
coming decades due to Saudi Arabia’s growing population and steady urbanization rate: the
kingdom’s population, 32.3 million in 2016, is expected to grow by 85% by 2050 [23] and
the percentage of urbanites, 83% as of 2014, is growing at an annual rate of 2% [22]. By
2050, the country is expected to import practically all food from abroad [24].

Following the galloping urbanization trend, Riyadh’s population has been growing stead-
ily over the past decades — making it the most populous city in Saudi Arabia with more than
8 million residents in 2017 — and is expected to further increase by 53% by 2075 [25]. The
city is located in the major agricultural region of the country, where 49% of the kingdom’s
vegetables are grown and occupy over half of the total national horticultural production area
[26]. Major crops include tomatoes, cucumber, eggplant, onion, watermelon, squash and
pumpkin, and depend heavily on irrigation, accounting for 88% of national water use in 2009
[27]. In this context of inefficiency amidst resource scarcity, the government is now promot-
ing greenhouse cultivation and drip irrigation as more sustainable farming practices. As of
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2013, Riyadh region accounts for more than 50% of greenhouse production of horticultural
crops [26].

As mentioned above, CEA uses significantly less water than conventional farming, does
not rely on arable land and is independent of ambient climatic conditions [16]. It therefore
seems to be a particularly attractive technology for Saudi Arabia, where oil-based (and there-
fore vulnerable) economic strength is currently buying food and water security. Large-scale
CEA implementation could therefore contribute not only to the country’s food security but
also to self-sufficiency with horticultural crops, which represent one third of the Saudi diet
[28]. This case study explores to what extend CEA could contribute to Riyadh’s self-suffi-
ciency for the city’s four major horticultural crops — tomatoes, carrots, watermelons
and onions.

4.2 Urban foodprints of main horticultural crops

Figure 2 presents the UF of the four main horticultural crops supplied to the city of Riyadh,
and the following subsections comment on the data collection process. Figure 3 shows the
example of data collection for the urban foodprint of tomato supplied to Riyadh.

4.2.1 Origin of produce

Data on origin of produce were mainly collected from the statistics of the Food and Agricul-
ture Organization of the United Nations [28] for 2013. Watermelon and tomato are among the

® & @ V4

Watermelon Tomato Onion Carrot
1. Origin Domestic (%] 100 79 25 67
of produce Imports [%) 0 21 75 33
(a)
Jordan 11 Egypt 40 Australia 40
Syria 3 Yemen 29 China 29
Egypt 3 India 5 Turkey 5
Turkey 3
Avg. food miles 1290 1362 1642 3267
(b) km)
2. Yields [kg/m2] 2i2:(c) 5.9 (f) 1.9 (a) 1.8 (c)
3. Resources Water [ikg] 449 (d) 104 (g) 323 (h) 394 (g)
Energy «whig) 0.33 (e) 0.91 (g) 2.50 (i) 1.13 (g)
4.GWP (j) [kgCO2eq/kg) 22.74 6.31 13.05 19.71
(a) According to [28]; (f) Calculated from [24];
(b) Calculated, based on average distances (g) Calculated from [31];
between ports and then to Riyadh; (h) According to [32];
(c) Calculated from [26]; (i) According to [33];
(d) According to [29]; (j) Calculated from [34], [35] and [36].

(e) Calculated from [30];

Figure 2: Urban foodprints of the four main horticultural crops supplied to Riyadh.
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major horticultural crops produced in Saudi Arabia, and thus most of the produce supplied to
Riyadh comes from domestic production, whereas imports are more significant for onions
and carrots.

To calculate food miles, global trade routes were used as a reference. The ports with the
highest activity intensities were selected. Land and sea were the main transport modes for
most of the countries of origin except for Australia, where air is the main transportation mode
to Saudi Arabia. Jeddah Islamic Seaport is the biggest and busiest port in the Middle East and
North Africa (MENA) region. Consequently, it is considered as the main destination port for
countries that ship containers to Saudi Arabia. As for land ports, Durra Border Crossing and
Halat Ammar are the main ports that connect Eastern Mediterranean countries to Saudi
Arabia. Approximate distances from the exporting countries to the ports were calculated, and
subsequently the distances of moving the crops from the ports to Riyadh were measured.
Average food miles were then estimated.

4.2.2 Yields

The existing literature was surveyed to determine shares of the supply produced in open fields
vs. shares produced in greenhouses (see Fig. 3 for the case of tomatoes), and respective yields
under each condition in respective locations of origin. While it is extremely important to find
recent data that depicts as accurately as possible the current situation, for some of the cases,
the most recent available data were found in studies published around a decade ago. In the
meantime, diverse contextual factors such as technological improvements in greenhouse
energy management or efficiency improvements in irrigation systems may have had rela-
tively important impacts on yields.

4.2.3 Resource use

Estimating energy and water use is the most challenging step of establishing the foodprint of
a crop, as such data are not available in FAO datasets, and has therefore to be collected from
scientific articles. When no published articles for the specific crop or for its production in a

Origin of produce Saudi Arabia Jordan Syria Egypt Turkey

Share of supply 79% 1% 3% 3% 3%

@ Greenhouse (%] \ \
Open-field (%] 5.5 6.3 9.0 4.0 15.0

0.0 Avg. yield [kg/m2ly)

1,290 1,323 1,849 1,889 2,834
0-8 km (Calculated) (Calculated) (Calculated) (Calculated) (Calculated)
108.9 65.2 103.5 151.1 97.7
@ Ikg (El-Gafy, 2017) (Venot et al., (Jardy et al. (Osama et al., (Cetin and
2007) 2015) 2017) Vardar, 2008)
1.0 0.22 1.20 0.33 0.28
/‘ (El-Gafy, 2017; (Cetin and (Canakci and (Moghaddam (Cetin and
dgy ko Hirich and Vardar, 2008) Akinci, 2006; etal., 2011) Vardar, 2008)
4 Choukr-Allah Cetin and
2017) Vardar, 2008)

Figure 3: Urban foodprint of tomato supplied to Riyadh.
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specific country were found, data were collected for similar crops, i.e. from the same family,
having similar growth requirements, or from countries with similar climatic and technologi-
cal conditions.

4.2.4 Global warming potential
Finally, GHG emissions related to water, energy and transportation were calculated based on
relevant energy mixes and emission factors.

4.3 Comparison to local production — the case of tomato

In an alternative scenario of urban food production in Riyadh, we focused on tomato, the crop
with the lowest calculated baseline GWP (see Fig. 2), to gauge whether local production
could perform better. All the fresh tomato was assumed to be produced in rooftop green-
houses within the metropolitan area, traveling an average distance of only 30 km to reach
distribution points. A simulation workflow for crop production in urban environments — pre-
viously presented and applied to four cities [11], [21] — was applied here. Riyadh weather
data were input to the model, and construction properties of the hypothetical greenhouses
were defined according to the most widespread properties of existing facilities, i.e. a steel
structure with a polycarbonate cover, NFT hydroponic equipment, backup lighting and an
HVAC system set to maintain indoor temperatures within the optimal range for tomato
growth [21]. Figure 4 synthesizes results.

Whereas commercial farming in hydroponic greenhouses can lead to efficiency gains of a
factor of 8 in terms of yields and a factor of 2.7 in terms of water use, operational energy use
per kilogram of produce is over four times higher in such facilities than in the baseline sce-
nario. This is mainly due to the high cooling needs of the greenhouses under Riyadh’s hot
desert climate. When converting water use, operational energy and transportation to GHG
emissions, results showed that urban production in high-yield greenhouses has the potential
to reduce GWP by 9%. While water savings contribute greatly to reducing irrigation-related
emissions, the energy needs of conditioned hydroponic greenhouses are significantly higher
than the baseline (where 50% of the tomatoes come from open-field cultivation, where energy
requirements are drastically lower). Finally, transportation is considerably reduced. In spite

ey
@ YIELD ey @ WATER USE i 4 OP ENERGY winig ¥ o YR
104 3.80 6.31
5.77
. m
39
0.91
6
= —
Baseline Urban Baseline Urban
Production Production
. Baseline ‘ Baseline
. Urban Production . Urban Production . Equipment Water
Lighting ‘ Electricity
. Cooling . Transportation

Figure 4: Baseline vs. urban production scenario.
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of the positive impact on GWP, this result is significantly below potential environmental
impacts mitigations estimated for other cities, such as Lisbon — where a potential GWP
reduction of 50% was found [21] — located in a more temperate climate, where greenhouse
conditioning is less energy-intensive.

5 CONCLUSIONS

This article described the Urban Foodprints method for the elaboration of baseline scenarios
— an essential preliminary step in sustainability assessment of urban CEA scenarios. The
method was applied to the city of Riyadh, Saudi Arabia. The main obstacles and challenges
that were encountered throughout the data collection process were mentioned, being mainly
related to the scarcity of reference sources, or, when data were not available, to accuracy in
the process of making assumptions. In fact, while establishing a baseline scenario is crucial
for any sustainability assessment, up-to-date and consistent data on food systems can be
extremely challenging to find, as it was the case for some of the crops supplied to Riyadh. Yet
even when no data are available, when thoroughly completed with grounded assumptions,
UF can provide a close approximation to the baseline situation and therefore constitute a
reliable starting point for sustainability assessments of urban food production scenarios.
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