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Abstract

Large scale urban agriculture (UA) has been considered as a potential contributor to the
sustainability and the resilience of the food system. However, its synergy with the tackling of
another main challenge in cities, namely the management of organic wastes, has previously not
been extensively explored. The aim of this work is to understand the potential of an integrated
food-energy-water-waste system in terms of food production, resource circularity and carbon
footprint, in comparison with the current food and waste management systems in cities and an
UA system without integration with waste management. Employing spatial analysis and a
breadth of process parameters and city-specific data, the monthly material and energy flows were
simulated and optimized for two European cities, Glasgow and Lyon. The results indicate a
strong dependency of food self-sufficiency, waste assimilation and carbon footprint on the ratio
between high-intensity greenhouse growing and urban gardening. For a chosen greenhouse to
garden ratio of 1:4, the production of a large share of fruit, vegetable and fish supplied with
nutrients from waste products and water from rainwater harvesting is theoretically possible, and
the integrated UA systems could assimilate 51.7% and 16.9% of food waste in Glasgow and
Lyon, respectively. From a food production perspective, co-located waste valorization could
reduce the carbon footprint of the UA system by 7.8% for Glasgow and 12.6% for Lyon.
However, overall emissions for the integrated UA system are 75.1% (Glasgow) and 4.3% (Lyon)
higher than the current system, primarily due to high heating and lighting requirements for
greenhouses in winter, even more so in Glasgow which is colder and with a carbon-intensive
electricity grid. However, if a UA system is already in place, the decentralized valorization in
combination with UA could provide significant emission reduction benefits compared to existing
waste-to-energy schemes, in particular for insect rearing in combination with aquaponics. The
outcome may inspire urban policy makers and stakeholders to consider the propagation of urban
agriculture in symbiosis with decentralized manage waste strategies, in particular in areas with a
low-carbon electricity grid, as a move towards self-sustaining cities and a more circular economy
overall.



1 Introduction

Pressures on the current food supply chain in connection with climate change, increasing
population and socio-environmental concerns call for alternative modes of food production and
consumption. As a potential solution with multifold socio-economic implications, food
production within urban environments has attracted considerable interests (Koegler et al., 2017).
The productivity of large-scale urban agriculture (UA) for a city is determined by its potentially
available area, which in recent years has been studied via geographic information systems (GIS)
in 2D and 3D for a range of cities in the global North (Haberman et al., 2014; Saha & Eckelman,
2017; Sioen et al., 2018). Additionally, the yield per unit area is a decisive factor and differs
depending on the growing practices, which range from open-air community gardening, over soil-
based rooftop gardens to high-tech hydroponic and aquaponic greenhouses (Goldstein et al.,
2016; Love et al., 2015). The environmental sustainability of these practices differs (Goldstein et
al., 2016) and geographical location and the associated climatic factors play a decisive role
(Benis et al., 2017). Building integration (Sanjuan-Delmas et al., 2018) and new distribution
models (Kulak et al., 2013) provide a first step towards increased sustainability, but there is a
strong need to further lower the footprint of this alternative food supply.

The main inputs for urban agriculture are plant nutrients (fertilizer), water and energy in form of
heating and electricity, allowing for year-round production. Earlier work has mentioned the
potentially positive role of UA in a city’s metabolism or sensible use of resources (Deelstra,
1987). More recently, it has been suggested that specific urban waste streams can be
synergistically used within UA (Mohareb et al., 2017) and urban nutrient flows currently
considered as waste could satisfy fertilizing needs of urban farming endeavors (Wielemaker et
al., 2018). Thus, to preserve resources and improve nutrient circularity, urban agriculture can be
combined with bespoke organic waste management, making use of source separation and
conversion technologies. Novel urban food and waste systems could be created that exchange
nutrients, energy and other resources, while making use of a decentralized structure.

The urban utilization of products derived from organic waste is promising, such as nutrient-rich
digestate in organic hydroponics (Shinohara et al. 2011, Kawamura-Aoyama et al. 2014, Rayns
2015), compost and digestate fiber in soil-based growing (Baltzell 2011, Grard et al. 2015,
Lopez-Mosquera et al. 2011) and insect protein production from organic wastes (Joly 2018,
Salomone et al. 2017). The technologies for organic waste conversion, such as anaerobic
digestion (AD), are well understood in isolation (Banks et al. 2011, Chiew et al. 2015) and are
more recently integrated within a productive greenhouse (Zhang et al., 2013, Walker et al. 2017,
Stoknes et al. 2016), allowing local heat utilization and production of fertilizer.

Despite the promising findings, there is currently a lack of detailed studies assessing the potential
material and energy flows and associated environmental impacts at the city level of such novel
urban food systems, which combine different growing practices with waste conversion, nutrient



cycling and energy integration (e.g. provision of heat and upgrading of biogas). It also remains
unclear how the choice between low-intensity gardening and high-intensity greenhouse growing
affects the environmental performance of such systems (Weidner et al., 2019). Urban planning,
investment decisions and resource allocation by decision makers and stakeholders could be
enhanced by an understanding of what a city can expect if such systems are scaled up.

This work takes a quantitative modelling approach, synthesizing isolated literature information to
investigate theoretical resource flows of a novel type of integrated UA & decentralized waste
management system. It partially incorporates elements of urban metabolism methods, such as
material flow and environmental footprint analysis with defined input and outputs, scope and
boundary of the urban system under investigation (Barles, 2010). To assess how decentralized
waste valorization can be symbiotically designed to cover resource needs of UA, this work
undertakes the necessary step of determining the monthly production of food and by-products
and the resulting resource requirements. Refined seasonal and crop granularity is employed to
provide a more realistic description of the system. As the productivity depends strongly on the
intensity of the growing practices, a variable ratio of growing intensities is investigated. Using
the cities of Lyon, France, and Glasgow, UK, as case studies, the purpose of this work therefore
is:

e To compare the influence of space and population characteristics of typical European
cities and the intensity of the growing practices on the potential monthly self-sufficiency
obtained for a selection of typical UA crops and fish;

e To assess the water, nutrient, electricity and heating requirements for the UA activities
and how they are influenced by a different climate;

e To understand how the organic waste flows can best be utilized to support the UA
activities from a nutrient and energy perspective; and

e To compare the operational greenhouse-gas (GHG) emissions of the current food system
with the proposed integrated UA and waste management system on a monthly basis.

2 Methodology

2.1 Overview

This study evaluates the productivity (i.e. self-sufficiency), resource requirements and
environmental performance of an integrated UA & decentralized waste management system via
mathematical modelling and optimization of monthly material and energy balances. The overall
methodology is illustrated in Figure 1. For the benefit of comparing different urban space and
population characteristics, the dense urban City of Lyon (i.e. the 9 arrondissements) and the
more spread out Glasgow City Council area were chosen (climate and population characteristics
are listed in Table 2 in the result section). Glasgow has ongoing urban agriculture projects



(White & Bunn, 2017) and Lyon is a pilot city for novel decentralized organic waste valorization
in UA (www.decisive2020.eu/lyon). To allow for a reliable assessment of the potentials of waste
integration, a robust approach on the productivity and resource requirements of UA was

followed. Two main tasks were therefore performed, the simulation of the growing process and
its related resource requirements, and the optimization of the waste management aimed at
minimizing the carbon footprint. The first task includes determining the available area (described
in detail in ST A.1), assessing season-dependent food production and fertigation needs, and
climate-dependent energy and water requirements. Of those, the determination of available
growing area includes the allocation of areas to specific growing practices with differing
resource intensities (illustrated in Figure 2). This allocation was represented by ratios between
the practices (see Table 1). The second task includes defining the possible waste management
pathways (referred to as the resource nexus), quantifying carbon footprint of all inputs and
operations within the system considered and optimizing the allocation of waste streams between
possible destinations.
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Figure 1: Overall methodology, the steps in dotted lines were repeated for different levels of growing intensity
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Figure 2: Different growing practices employed on greenspaces and rooftops

Table 1: Area use and ratios applied in spatial analysis

Maximum
area use or Details
ratio
Public greenspaces 50% Maximum realistic or desired amount of conversion
Private yardspaces 25% Maximum realistic or desired amount of conversion
Adjusted considering structural integrity and access
o
Flat rooftops 20% with minimal retrofit (Nadal et al., 2017)
Equal share, hoop-houses extend season but open-
Open-air vs hoop-houses ~ 50/50 air gardens could offer more urban ecosystem
services
Professional vs 50/50 Equal share, focus either on productivity (higher
community gardens yield, automated drip irrigation) or social benefits
Greenhouses versus Ellei;lialdejiie, Affected by preferred level of resource intensity
gardens, on large ground (with greenhouses being more intensive), and
) study on . .
plots (>750m~) 20/20 public acceptance (e.g. aesthetic reasons)
Aquaponic vs digeponic 50/50 Both equally desired (Alshrouf, 2017; Bowman,
greenhouses, on ground 2017; Pantanella et al., 2012)
Assumption that on 25% of applicable flat roofs
Gardens vs greenhouses,
25/75 greenhouses are not allowed (e.g. fire safety) or
on large rooftops .
desired, else greenhouses are preferred on rooftops
Aquaponic vs hydroponic 25/75 Assumption that only 25% of applicable flat roofs

greenhouses, on rooftops

have required structural integrity

The resource nexus that encompasses the considered material and energy connections between
waste processing, resources extraction and growing is shown in Figure 3. The organic waste



(brown) generated from different sources (dark grey) is converted via the decentralized treatment
pathways (red) to inputs for the UA practices (light green), which in turn produce food (dark
green). Surplus products from waste treatment have to undergo secondary treatment (brown-

lilac) before final disposal. The term digeponic is used to describe hydroponics fertililzed by
digestate by-products (Stoknes et al., 2016) but in this study the term hydroponics will be used
irrespective of the origin of fertilizer. Details on the waste generation and processing are given in
section 2.4. Details on system boundaries, i.e. which flows were considered to calculate resource
requirements and carbon footprints, are described in sections 2.3 to 2.5 and visualized in the SI

(F.5).
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2.2 Food demand and production

The assessment of resource flows and emissions intended by this study needed to build on the
selection of appropriate crops for UA, their demand profile and yield figures, the growing and
harvest periods, as well as fertilization requirements. Crops were selected based on their
applicability for UA in the Northern hemisphere as discussed in other studies (Clinton et al.,
2018; Colasanti & Hamm, 2010), including specifically 6 fruits and 14 vegetables which
constitute a significant share by weight of the fruit and vegetables consumed in the EU. To allow
a comparison of self-sufficiency between the two cities, the recommended amount of 500
g/day/person of fruit and vegetable (Haberman et al., 2014) was split by 1:2 between fruit and
vegetable (Health Canada, n.d.) and excluded exotic fruits (e.g. banana and pineapple,
considered to be 50% of fruit demand), resulting in 433 g/day/person. This amount was then
distributed over the 20 crops according to actual consumption patterns in the EU. Yield figures
for soil-based growing were determined by adjusting FAOSTAT vyield data from 2016
(www.fao.org/faostat) by a factor of 0.75 for community garden and of 1.25 for professional
gardening, which served as a feasible average of other studies with similar classification (Grewal
& Grewal, 2012; Haberman et al., 2014; Sioen, et al., 2017), and 5% loss through refuse was
assumed (which is referred to as “plant biomass” in this study). Hydro- and aquaponic yields for
eight applicable crops were employed from case studies mentioned in Haberman et al. (2014).

As one of the aims of this work is to quantify the potential monthly productivity of UAs,
the annual yields for open-air gardens and hoop-houses were split up on a monthly basis
according to a harvest table, which included potential growing season extension in hoop-houses
for 9 crops and potential storage of 5 crops (Colasanti & Hamm, 2010). Together with crop
growing cycles, the harvest tables were used to determine the additional productivity of crops
that benefit from increased yield through season extension in hoop-houses (more information in
SI, B.7-9). It was assumed that the 9 crops which benefited from the growing season extension
would be grown in equal ratios in hoop-houses while the remaining 11 crops would be grown in
equal ratios in open-air gardens. The allocation of crops within year-round high-tech greenhouse
growing was determined such that the increase in self-sufficiency due to greenhouse growing is
equal between different crops (method see SI, A.10). All related figures and their sources can be
found in the SI (A.10 to B.08S).

Aquaponic greenhouses produced not only the 8 hydroponic crops but also fish including
carp, catfish and tilapia (detailed parameter in E.3 in SI). The available area was divided by the
ratio in consumption of those fish (Fisch-Informationszentrum, 2016).

2.3  Operational requirements for growing

Energy was used by the system primarily as electricity (for artificial lighting, irrigation pumps
and other equipment) and as heat for greenhouse climate control, insect rearing and AD
operations (see section 2.4). Assessing the monthly heating and additional lighting requirements
of greenhouses required solar radiation and ambient temperature profiles, which were created



from 30-year average data (method described in SI, Section C). The electricity requirements for
artificial lighting were then calculated according to the difference between plant-specific
photosynthetically active radiation (PAR) needs as daily light integral (DLI, in SI B.5) (Shao etl
al., 2016) and the naturally provided PAR, incorporating molar efficacy of the lighting system
and shading and transmittance factors (see D.2 in SI). Heating requirements in greenhouses were
calculated on an hourly basis employing the constructed climate curves, fixed day- and night-
minimum temperatures and relations for five predominant fluxes while omitting any thermal
inertia from the structure. Furthermore, reduced heating requirements for the host buildings in
case of rooftop greenhouses were considered similar to Goldstein et al. (2017), hence the typical
user heating requirements for France and the UK were assumed to be reduced by 3%. All
equations and parameters are presented in the SI (D.1 and D.2).

Irrigation and replenish water requirements were calculated for both, open-air and hydroponic
growing (C.6 in SI). Rainwater harvested in the integrated scenario on hoop-houses and
greenhouses, used for irrigation and to supply AD feed water, was investigated considering three
different scenarios:

a) No rainwater storage
b) Short-term local storage, i.e. use within month in same facility only
c) Shared reservoir, i.e. distribution network with intra-monthly storage capacities

To assess nutrient supply, nitrogen, phosphorus and potassium (NPK) were considered
individually as essential plant nutrients. It was assumed that aquaponics farms can satisfy their
nutrient needs internally while hydroponically grown plants rely on added nutrients recirculating
in solutions, determined by their nutrient uptake of the (edible) crops (B.9 in SI) and the nutrient
uptake of non-edible plant material (considered to be 25% of the crop weight, e.g. leaves and
stems), also accounting for some recovery loss (Bugbee, 2004). The fertigation of soil-based
growing was according to FAOSTAT fertilizer rates for France and the United Kingdom (B.10
in SI).

2.4  Waste generation and processing

It was assumed that both, households and commercial sources generate 0.2 kg/day/capita of
source-separated food waste each (Mugica & Spacht, 2017; Wielemaker et al., 2018) while yard
waste generation depended on season (David, 2013) and non-built up area (1 kg/m?/year)
(Adwiraah et al., 2012). It is important to note that the generated food waste stems from the
supply and consumption of all food products, not just UA produce. Relevant composition
parameters for both types of waste, including NPK content, can be found in the SI (E.1 and E.2).
It was assumed that refuse generated as harvest by-product has the same composition as yard
waste and they together constitute the generated green waste (GW).



As the most traditional conversion technology, acrobic decomposition via small decentralized
composting units was considered in this study to convert organic waste into soil conditioner that
provides nutrient for open-air growing. Co-located near greenhouses, insect rearing of black
soldier fly (BSF) fed on food wastes was employed to supply protein for the fish raised in
aquaponic greenhouses. It was assumed that the dry mass of live BSF larvae can replace 25% of
conventional fish meal without fish growth reduction (Salomone et al. 2017). Mesophilic wet
anaerobic digestion via small- and micro-scale digesters co-located with greenhouses were
employed to convert various organic wastes into digestate and biogas, which is either upgraded
and fed to the grid or burned in a combined heat and power Stirling unit (CHP) if there is
sufficient heat demand in greenhouses. The digestate was locally separated into liquid (liquor)
and solid (fiber) using a small-scale centrifuge and the liquor made available as fertilizer for
hydroponic growing, also called digeponic (Stoknes et al., 2016), and the fiber as fertilizer for
soil-based growing. Any surplus digestate products had to be treated semi-centrally for final
disposal and the final concentrate was sent to incineration together with surplus insect compost.
For all three main conversion technologies, a processing time of 1 month was assumed, hence
changes in feed composition and quantity had an effect on the products only in the following
month. Further, it was assumed that waste products are converted in close proximity to UA
operations and thus transport impact was omitted. All other considerations and parameters are
listed in the SI (E.3 and E.4).

2.5 Description of scenarios and operational emissions

To compare the benefit of integrating decentralized waste valorization, three different scenarios
were carried out:

e The integrated scenario (referred to as “integrated”), in which scaled-up urban growing
operations may be supplied by feed and fertilizer from converted waste products and
benefit from co-locating CHPs for heat integration and electricity generation. The
material and energy flows were determined via optimization as described in Section 2.6.

e A scaled-up UA scenario but without integration or decentralized waste valorization
(referred to as “UA+Ext”). All inputs to UA were externally supplied (fish feed, chemical
fertilizer, natural gas, grid electricity) and all waste streams externally (i.e. outside the
city boundaries and the UA system) treated (incineration with energy recovery and
windrow composting)

e The current system (referred to as “current’), in which food is supplied from outside of
city boundaries (as described below) and waste treated externally as in the “UA+Ext”
scenario

Emissions and resource use were compared on an operations-only basis (compared to the full
life-cycle), hence do not include impacts from facility construction and other equipment and



materials required for setting up and running the system (for implications see Section 4.4). To
assess the environmental benefits of the “integrated” UA scenario versus the operations of the
“current” scenario, it was assumed that the produce would replace either imported or nationally
produced food. The share of supply that was considered imported was determined using
production, export and import data from FAOSTAT and then distributed over 12 months in the
year according to the harvest table and other considerations (e.g. year-round greenhouse
production of tomatoes and cucumber in the UK) (B.3 and B.4 in the SI). The carbon footprint of
national and imported food supply for the UK was based on Audsley et al. (2009), which
estimated the associated emissions per crop for production and transport until the regional
distribution centers. The carbon footprint of national and imported food supply for Lyon was
extracted from a range of LCI databases (farm-gate) and adjusted for transport emissions similar
to the UK values (described in F1 in SI). The carbon footprint of externally supplied food thus
comprises all the emissions during the entire process of food production and supply, including
those linked to energy and water use at various stages. The carbon footprint of the produce
distribution within the city was then assumed to be the same for the “integrated”, “UA+Ext” and
“current” scenarios and thus excluded in the assessment. Fish type specific production and
distribution emissions were used for the “current” scenario. Insect meal would replace the share
of equivalent soy meal as part of the overall accounted feed in the “integrated” scenario. The
associated emissions for the production (for both soil-based and hydroponic growing) and
application of externally supplied chemical fertilizer (for soil-based growing only) were taken
from EU guidelines. The carbon footprint of grid electricity was accounted with 0.06 and 0.41 kg
CO.2e/kWh for France and UK respectively, natural gas heating with 0.27 and 0.20 kg CO2e/kWh
for France and UK respectively and water with 0.15 kg CO2e/m?>. The low carbon footprint of
electricity in France is due to nuclear energy provision, and can be viewed as a representative of
a low carbon electricity grid, such as one with a high-level penetration of renewables. All carbon
footprints and emissions factors, including their sources, are listed in the SI (F.1-F.4).

In the “current” scenario, it was assumed that food waste is not source-separated and is thus
incinerated together with municipal solid waste (waste-to-energy) while green waste is
composted in windrows, both outside of the city boundaries (20 km distance, diesel truck). This
work does not consider the final treatment of incineration ash but takes into account the energy
recovery in incineration facilities. The end use of compost from windrows was not considered as
(1) the majority was considered not to be used in commercial food production and (i1) the benefits
as fertilizer replacement were found to be negligible compared to the process emissions. The
emissions during incineration were dependent on the (biogenic) carbon content and the total
mass of the processed material. Gaseous losses during the composting process constituted the
emissions for both decentralized and windrow composting. For the “integrated” scenario, any
concentrate of surplus waste products processed semi-decentrally were also treated outside the
city (co-incineration). The emissions arising from treating the fraction of the primary waste (i.e.
food and green waste) that was not used in the “integrated” scenario was not included in the
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calculation for any of the three scenarios, because this part of the emissions would be identical
for all the scenarios and therefore not necessary to include for comparison. The applied (insect)
compost and digestate fiber in the “integrated” scenario released 0.5% and 0.75% of available N
as N2O, respectively, and accounted for as well were the emissions from biogas burning, energy
requirements for secondary treatment of surplus waste products, and the credits of biomethane
(grid injection) for the replacement of natural gas (production only, excl. combustion).

2.6  Optimization of waste allocation

The sensible allocation of primary waste (i.e. food waste and green waste) to valorization
technologies and how waste products are allocated to either urban agriculture or secondary
treatment would be a primary concern for future integrated productive urban food systems.
Among the options of reducing external material input (e.g. fertilizer and feed), overall energy
requirements and the carbon footprint, the last one was taken as the overall sustainability
indicator. Non-linear optimization was conducted to minimize the total GHG emission from all
months as shown in the objective function (Eq. (1)). Monthly GHG emissions from external
heating (QY), electricity (PEX!), NPK fertilizer (Fert™") and fish feed (Feed® ") requirements are
multiplied with the respective GHG footprints, (i.e. the GWP terms) and added to the GHG
emissions (i.e. the GHG terms) resulting of biogas combustion (GHGP1°#*), fertilizer application
(GHGF*™), waste incineration (GHG™"rt°n) and composting (GHGCCmposting),

Q2 *GWP + P * GWP™"*" + Fert,"
Min  GHG™® =)|*GWP™" +Feed" * GWP"* + GHG}"*" (1)
meM . . .
+ GHanert + GHGi;lcmeratlon + GHGS:mpostmg

The decision variables were the amount of food and green waste sent to each valorization
pathway and the amount of waste products assimilated by the UA operations. The constraints
included:

e Over-fertilization was not allowed, meaning that when one of the plant growth nutrients was
saturated through waste products while the other nutrients were still insufficient, the shortage
would be met by corresponding externally supplied fertilizers;

e Composting to be an option only for existing demand in the following month;

e The feed into AD to consist of at least 50% food waste;

e The feed into composting to consist of at least 25% food waste;

e Insect rearing was chosen only up to the point where larvae constitute up to 25% of fish feed;
and
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e The CHP units to be running when and only when the heating requirements of the co-located
ground-based greenhouses was no less than the potentially available heat extracted from
CHP, in order to avoid undesirable loss or unrealistic derivation of surplus heat

e No secondary treatment of digestate liquor, i.e. all digestate liquor that is produced had to be
used for hydroponic growing (but without overfertilization)

The introduction of the last constraint was due to the following considerations: From an initial
assessment of the material flows, it was found that the optimization - without restricting the
secondary treatment of streams arising from waste processing units - led to all waste being
treated within city boundaries via either AD, composting and insects while generating a large
surplus of digestate products (shown as Sankey diagrams in G.4 in SI). This extensive generation
and decentralized treatment of surplus waste product is most likely not practical nor desired in
urban areas, hence the additional constraint of no decentralized treatment of digestate liquor was
introduced (more liquor than fiber was used in the system, surplus fiber was still allowed and
underwent secondary treatment).

The detailed mathematical model, including the list of constraints, variables and parameters is
described in the SI (G.1-G.3). Excel in combination with What’sBest!® was used for modelling
and optimization.

3 Results

3.1  Spatial analysis and climate factors

Table 2 lists the main differences between the two case study locations with respect to urban
layout, climate and the resulting energy demand by greenhouses. The urban layout influences the
potential productivity and the possible split between year-round greenhouse growing and
seasonal harvests in gardens. A graphical representation of the spatial analysis results is shown in
H.1 in the SI.
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Table 2: Relevant spatial and climatic factors for Glasgow and Lyon

Aspect Sub-aspect Glasgow Lyon
Total area (km?) 186.86 47.09
Population density (people/km?) 3560 6819
Spatial 2)23)1&: of flat rooftops of total rooftop area 73 215
factors .
Share of applicable rooftop area of total
0.8 4.7
urban area (%)
Share of applicable greenspace area of total
8.1 3.1
urban area (%)
Average temperature (°C) 8.73 °C 11.59 °C
Climate Annual rainfall (mm) 1200 844
factors
Average daily light integral (mol PAR / m?) 13.8 18.8
Greenhouse  [eating intensity (kWh/m%year) 353 237
energy
demand Lighting intensity (kWh/m?/year) 252 143

3.2  Influence of intensity of growing practices

The resource intensity of soil-based gardening and high-intensity greenhouse growing — with
heating and artificial lighting — is quite different. Thus the extent to which the latter is used on
larger ground-based plots is a key variable in the assessment of the environmental performance.
Figure 4 shows the carbon footprint of the optimized system for a varying ratio of greenhouses
versus gardens on large ground plots (0%-100%), normalized for the “current” scenario. Also
shown are the self-sufficiency achieved and waste assimilation (in relation to total waste and
food waste only) for the varying ratio of greenhouses versus gardens. The waste assimilation is
calculated on a mass basis and includes waste products used as fertilizer, fish feed or as biogas in
CHPs but excludes biogas injected into the grid. It has to be noted that in the case of 100%
ground-based greenhouses, soil-based garden growing will still be practiced on smaller plots and
in the case of 0% ground-based greenhouses there will still be production in rooftop
greenhouses. Furthermore, with an increasing share of high-intensity greenhouse growing, the
productivity of the system rises, and the carbon footprint of the hypothetic operation of not only
the “integrated” and “UA+Ext” but also in the “current” scenarios becomes greater as the
consequence of producing the same elevated levels of output.

For both cities, supplying higher levels of self-sufficiency via greenhouses results in a higher
carbon footprint than the current system. In both cities equal carbon footprints between the
“integrated” and “current” scenario are only reached at lower percentages of greenhouse
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growing, i.e. 4.1% for Glasgow and 13.3% for Lyon. The assimilation of waste at high ratios of

greenhouse growing approaches 50% in Glasgow due to the limitation on green waste as feed for
AD.
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Figure 4: Impact of greenhouse to garden ratio.
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Subsequent assessments and visualizations in this work that compare material and energy flows,
monthly carbon footprints and integration benefits rely on a fixed ratio of greenhouses versus
gardens for larger ground plots. As this work aims to also evaluate the influence of urban
geography and climate, it is desirable to choose the same ratio (i.e. adoption level of greenhouse
growing) for both cities, hence a few considerations have to be made. First, although a higher
adoption level of greenhouses leads to higher self-sufficiency and waste assimilation in both
cities, it also leads to a much higher carbon footprint than the “current” scenarios. Second, it is
unrealistic to picture a scenario in which all applicable large urban greenspaces are converted to
greenhouses, which are likely less (socially) inclusive and aesthetic than gardens. Third, for a
resilient urban food system, it is likely advisable to supply a good proportion of, but not all, fruits
and vegetables from within urban boundaries even during winter months. Thus, a compromise is
assumed at 20% greenhouses and 80% gardens on large plots, resulting in a similar carbon
footprint for at least one of the cities, Lyon, between the “integrated” and the “current” scenario
while still providing a considerable level of winter crop production and assimilation of organic
waste in both cities. The resulting distribution of applicable parcels to the growing practices is
shown in H.2 in the SI.
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3.3  Results for a 20% adoption level of ground-based greenhouses

3.3.1. Self-sufficiency

Figure 5 shows how the harvest and fish production each month satisfies the demand in each
city. As expected, the seasonally limited production in open-air and hoop-house growing leads in
both cities to a drop in production during the winter months. The self-sufficiency in winter can
be seen as “baseline” supply from all-year operating greenhouses, indicating the maximum
realistically achievable fresh food supply during those months. Combining fruit and vegetables,
UA in Glasgow achieves in average 65.4% self-sufficiency and 22.9% in Lyon.

Glasgow
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100

80

60

% self-sufficiency

lan Feb Mar Apr May Jun Jul Aug Sep Oct MNov Dec Avg

Lyon

% self-sufficiency

10

lan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Avg

| Fruit ©Vegetable #Fish

Figure 5: Annual self-sufficiency profiles for Glasgow and Lyon

16



3.3.2. Resource intensity

Table 3 shows the resource use and other metrics for both cities. The water use is split by the
three rainwater harvesting scenarios for both soil-based and soil-less growing and only meets the
irrigation and replenishing water requirements of the urban produce. The negative values for
hydroponics in the shared reservoir scenario occur because more rainwater is harvested
throughout the year than the annual requirements for hydroponic greenhouses. For Glasgow, the
shared reservoir scenario covers all remaining water requirements within the whole system
boundary (incl. water for AD and insect rearing operations).

The use of external fertilizer is higher overall in Glasgow due to a higher crop production
while in both cities the “integrated” scenario still requires some external fertilizer due to the
mismatch between the nutrient demand and the nutrient profile of the waste products, in
particular for hydroponics.

Table 3: Resource metrics for Glasgow and Lyon

Aspect Sub-aspect Feature
Water use (I/kg) Soil-based gardening Mo harvesting Glasgow w ] 191.4
Lyon . | 224.1
"Integrated" scenario Shart-term storage Glasgow EES 108.9
Lyan EE 144.7
Shared reservoir Glasgow | 18.8
Lyon | | 60.6
Hydroponics greenhouses No harvesting Glasgow | 23.3
Lyon | 28.3
Short-term storage Glasgow H 1.1
Lyon i 5.3
Shared reservoir Glasgow 5 19.3
Lyon - 0.3
Fertilizer use (tonne/y) Gardening and hydroponics "UA+Ext" scenario Glasgow HE 1774
Lyon B 322
"Integrated" scenario Glasgow B ] 519
Lyon 1] 60
Carbon intensity (kg CO2e/kg) Tomatoes from greenhouses "UA+Ext" scenario Glasgow 3.88
Lyon 1.97
"Integrated" scenario Glasgow 3.83
Lyon 1.93
Waste integration (%) Assimilation within UA-System  Total decentral utilisation Glasgow [ | 25.8
Lyon | | 13.0
"Integrated"” scenario Considering food waste only Glasgow HE ] 51.7
Lyon | | 16.9
CHP operation CHP-utilisation Glasgow | 68.7
Lyon | 53.5
Resource recovery P-recovery Glasgow | 13.5
Lyon [ 5.5
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The carbon intensity of growing tomatoes in greenhouses may serve as comparison
between the cities and with other studies, which are discussed later in the paper. It considers all
electricity and heating requirements for the “UA-Ext” scenario and in addition the effect of the
local heat utilization from the CHP and that of the use of digestate liquor fertilizer for the
“integrated” scenario but excludes credits from biogas injection. Reductions are with 1.13% for
Glasgow and 1.99% for Lyon rather small.

The waste integration parameters describe the (nutrient) circularity factors of the
“integrated” scenario. In both cities, the assimilation of the primary waste, in the form of
products derived from waste processing that are consumed within the system (i.e. excluding
streams undergoing secondary treatment and the bio-methane for grid injection), is far from
complete, meaning that only a small share of the generated organic waste may be utilized by a
considerably scaled-up UA system. Considering food waste only, the potential assimilation
would increase and in the city of Glasgow reach around 50%. The CHP utilization, i.e. the
percentage of time the CHPs are operated within the year, is constrained by heating requirement
rather than biogas quantity. The large share of non-assimilated waste correlates with the low
recovery of phosphorus as shown in table 3.

Concerning the feasibility of allocating urban space for waste conversion, the total area
required for insect growing in Glasgow and Lyon was 177,813 m? and 24,416 m?, respectively
(0.095% and 0.050% of total city area), and the total digester volume required to convert the
waste in Glasgow and Lyon was 4951.1 m® and 1315.4 m?, respectively.

3.3.3. Waste allocation

For both cities, material flow diagrams are presented which show the waste valorization
pathways and the annual mass flow in kilo tonnes between them, determined by solving the
optimization problem (Figure 6). In those diagrams, each pair of text (e.g. “Food waste”) and
number (e.g. “93.086”) relates to the bar to its left for the first two stages and to the bar to its
right for the last two stages. The products of incineration and windrow composting have no final
use in the UA system and are thus not continuously displayed beyond the first panel. For
Glasgow, the AD takes in the maximum permissible amount of green waste, despite the resulting
lower biogas yield. This is because for Glasgow, the emissions from windrow composting of
green waste (0.443 kg COze/kg green waste, same as Lyon) is higher than those from
incineration of food waste (0.414 kg COe/kg green waste, slightly lower than that for Lyon). In
both cities, the primary waste that is assimilated goes to AD and insect rearing and none to
decentralized composting as chosen by the optimization based on lowest emissions. Hence,
insect compost and digestate fiber are chosen for fertigation of soil-based UA. Due to the
different nutrient profiles, combining the two sources allowed maximization of the total amount
of organic fertilizer applied and hence minimization of the secondary treatment emissions. On
the other hand, production of digestate fiber and insect compost in both cities is about twice as
high as the use potential, making half of it an unwanted by-product to be treated. The prevention
of overfertilization with a single nutrient was in both cities the limiting factor for further
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utilization of organic fertilizer; in soil-based growing N had to be externally supplied and in
hydroponics P and K.

3.3.4. Carbon footprint comparison

Figure 7 displays the monthly emissions for the “integrated” and “current” scenarios for both
cities, split by heating, electricity (excl. secondary waste treatment), other inputs (fish feed,
external fertilizer and water), and all emissions related to waste management (incl. production of
organic fertilizer and secondary waste treatment). The total carbon footprint is strongly
influenced by the carbon intensity of the electricity grid, which is much higher in Glasgow. The
figures show significantly increased emissions for the “integrated” scenario in the winter months,
mostly driven by artificial lighting needs and heating requirements. For both cities, the “current”
scenario has a significantly greater footprint in summer. This is partly because the F&V
production accounted for within the “current” scenario was assumed to match the higher
productivity of the UA-system in summer. It has to be noted that the share of imported food with
a larger carbon footprint is higher in Glasgow than in Lyon, resulting in greater average
emissions (1.39 and 1.23 kg COzeq/kg produce for Glasgow and Lyon, respectively). Comparing
the average carbon footprints, the “integrated” scenario emits significantly more COe than the
“current” scenario in Glasgow (by 75.1%) and slightly more than the “current” scenario in Lyon
(by 4.3%).

Glasgow Lyon
Soil-based UA: 6.382
Insact compost: 13.397 AD: 4.826 Liguor: 3.608 Hydroponics: 3.608 I
Insect rearing: 38.277  Secondary treatment: 8.712 Biogas: 0.808 CHP: 0.432
Insect rearing: 5.335 Grid injection: 0.376 —
Fibre: 0.409 = Soil-based UA: 0.456
Larvae: 24.880 Aquaponics: 24.880 Secondary treatment: 1.818
Food waste: 93,086 Insect compost; 1.867
Incineration: 43.889 Larvae: 3.468 Aguaponics: 3.468
Fibre: 1.698 = Food waste: 47.107
AD: 19 354quuc-r: 195,044 e I Incineration: 36.9486
B Plant biomas: 3.384 o
Biogas: 2.612 CHP: 1.796
Grid injection: 0.816 —
Green waste: 89.858 Windrow comp.: B4.808 = Plant biomas: 0.600

Garden waste: 13,437 Windrow comp.: 14,037

Figure 6: Sankey diagram for waste flows in Glasgow and Lyon (kt/year)
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Figure 7: Annual emission profile of the “integrated” and “current” scenarios for Glasgow and Lyon

3.3.5. Benefit of integrating UA with waste management

Figure 8 shows the difference in annual emissions between the “UA+Ext” scenario without
integrated waste valorization and the scenario of UA combined with decentralized organic waste
valorization for both cities. To compare the two cities despite their different production levels,
the emissions are displayed per kg of produce.

Due to the higher productivity relative to the waste assimilation (which is the waste accounted
for in the “UA+Ext” scenario) and the lower associated emissions for incineration in Glasgow,
the per-kg-produce emissions for waste are lower than in Lyon.
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Despite the production of electricity and heat by converting biogas in a CHP, the “integrated”
scenario has a rather insignificant reduction in emissions from grid electricity and gas use
compared to the “UA+Ext” scenario with external waste treatment. This is mainly due to (i) the
parasitic electricity requirements for the operation of the AD and the centrifugal solid/liquid
separation and (ii) the high heating requirements in relation to the heat produced.

In both cities, the emissions associated with waste treatment receive significant reductions in the
“integrated” scenario. Further, compared with the lowering of the carbon footprint of energy
inputs enabled by the integration between UA and waste management, the replacement of
chemical fertilizer with waste products and especially of fish feed with insect larvae had the a
considerably larger effect (included in the “Inputs (other)”). In total, the reduction of emissions
(per kg of produce) due to the integration between UA and waste management was 7.9% for
Glasgow and 12.6% for Lyon.

So far, the carbon footprint has been assessed from a UA perspective, where emissions are
determined by the resource demands of urban food production and how these demands are met;
the latter is particularly affected by the partial supply of inputs derived from organic waste
products (electricity, heat, fertilizer, feed). This assessment has shown an apparent mismatch
between (1) the high amount of digestate provided relative to the fertilizer requirements of UA
and (2) the low amount of energy provided by AD relative to the energy requirements of UA.
This mismatch leads to a low level of waste assimilation at the city level and reliance on further
external energy inputs. From a waste management perspective, the potential benefits of waste
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valorization within a UA system (which may have been established for a much broader range of
benefits) can be examined by assuming full assimilation of all waste products. Table 4 lists a few
carbon footprint metrics for the treatment of 1 kg of food waste. The carbon balance compares
these replacement benefits with the emissions for process inputs (e.g. natural gas, electricity) and
biogas combustion; a negative sign means the replacement benefits are higher than the process
emissions. The carbon balance for the integrated system is influenced by the ratio of primary
waste sent to the more favorable insect rearing route (insect rearing benefits: -0.136 and -0.140
kg COze/kg FW for Glasgow and Lyon, respectively, versus AD with 0.154 kg and 0.168 kg
COqe/kg food waste for Glasgow and Lyon, respectively). In both cities, using the products from
insect rearing and AD locally in urban agriculture provides significant benefit versus incineration
with energy recovery. Theoretically, the benefits for AD could also hold true for centralized
organic waste recovery and on-field application, although it can become difficult to utilize CHP
waste heat and to keep transport requirements low.

Table 4: Carbon footprint metrics related to the treatment of 1 kg of food waste in the different scenarios

City AD to insects  Carbon balance of ~ Carbon balance  Benefit of “integrated”

ratio for “integrated” waste  of incineration waste management
primary waste management versus incineration
Glasgow 0.64 -0.0225 0.4141 - 0.4366

kg COze/kg FW kg COze/kg FW kg COze/kg FW

Lyon 0.90 0.0063 0.4904 -0.4841
kg COze/kg FW kg COze/kg FW kg CO2e/kg FW

4 Discussion

Implications of the results are discussed and a guide to transpose results to other cities, i.e. how
spatial, population and climate factors influence the outcome, is provided. Relevant assumptions,
sensitivities and limitations of this study are discussed and key learnings are then summarized.
Comparisons with the results from other studies for some specific findings are discussed in H.3
and H.4 in the SI. It is important to note that the learnings from this study relate only to resource
consumption and carbon footprints of urban farming. Other equally crucial considerations (e.g.
economic opportunity, food and nutrition equity, higher affinity for plant-based diets, ecosystem
services and disservices) of such systems have not been considered.

4.1 Implications of growth intensity
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The variation of the ratio between greenhouse growing and urban gardening shows an
inverse proportional relationship between self-sufficiency and system emissions with a clear
trade-off. Further, the monthly self-sufficiency profile for both extremes lends insight into how a
UA system may be shaped depending on how its socio-ecological benefits are weighed against
the perspective of productivity and food security. Giving more emphasis to the former, options
such as urban gardens would be preferred, leading to more inclusive development but also likely
the need for storage and processing facilities. In contrast, if stabilized year-round production is
more emphasized, the system would favor options such as high-intensity greenhouses, which
come with a potentially much higher carbon footprint but a steady supply and thus simpler
logistics. Another consideration is public perception, as more exclusive and less aesthetic
greenhouses are likely undesired in many urban settings. Besides, the choice between these two
types of options may be affected by the local circumstances. In general, a comprehensive
assessment of the advantages and disadvantages of the various growing options would help
decision makers to assess the necessary trade-off in the scale-up of urban agriculture.

4.2 Remarks on resource consumption

In the water use scenarios analyzed in this work, rainwater harvesting brings significant
benefits up to the point of reducing the water input to zero when shared distribution and storage
is assumed in a location with extensive rainfall. The difference in water demand between the
cities is primarily caused by the difference in annual rainfall. Making use of low-tech hoop-
houses with rainwater harvesting equipment can reduce water requirements for gardens by half,
and can further minimize the external water requirements with some decentralized storage
capacity. It could be claimed that if urban agriculture is to be scaled up, new infrastructure
should incorporate rainwater harvesting facilities, although the possibility of sharing reservoirs
and installing inter-monthly storage of rainwater would be somewhat limited. Technical aspects
such as disinfection after longer storage or distribution losses are yet to be considered in future
work.

Fertilizer use was greatly reduced through utilization of waste products. The use of chemical
nitrogen fertilizer in soil-based growing in the “integrated” scenario occurred mainly due to the
differences in plant availability assumed for the nutrients in compost and digestate fiber: The
nitrogen had a very low plant availability, thus P and K became the constraining factors for
further waste nutrient addition. In reality, different countries use varying fertilization rates of
nitrogen for soil-based growing, and growers obtain similar crop yields whether grown with
chemical fertilizer or with compost only (Cleveland, 1997), hence it may be projected that the
waste products from decentralized waste conversion could make chemical fertilizer obsolete for
soil-based growing. Hydroponic growing solutions on the other hand require exact dosing and
fertilizer levels for maximum productivity, hence it is likely that growth is adversely affected by
nutrient deficiency (e.g. reduced yields or change in taste). Therefore, considering more
advanced nutrient recovery technologies capable of concentrated extraction of a single plant
nutrient would allow to better tailor the nutrient supply to the plant needs in hydroponics.

23



This study likely overestimated the energy inputs and thus emissions for the yield figures
employed: (1) a modelling study by Benis et al. (2017b) for Paris used higher PAR values (20 vs.
13.5 mol/m? in this work) and thus higher yields (75 versus 42.9 kg/m? in this work) while only
requiring 93 kWh/m? of lighting (versus 143 kWh/m? in this work), (ii) a study for a vertical
farm in Lyon only had a life cycle impact of 0.39 kg COe/kg lettuce (Romeo et al., 2018) and
(ii1) an empirical study by Theurl et al. (2014) operated a greenhouse in Austria without artificial
lighting while achieving similar yields to this work. The latter study also found that heating-
related annual carbon footprint could be almost halved by not running the greenhouse for 1-2
months in winter (Theurl et al., 2014).

The more food is produced in urban environments, the higher the potential waste
assimilation. Considering food waste alone, a large-scale UA system in a less dense city such as
Glasgow could assimilate half the generated amount, which would equal either the share of
household or commercial food waste, thus allowing for tailored collection strategies. In terms of
closing the nutrient loop, it seems that a great amount of phosphorus would still be lost, calling
for holistic solutions for recovery in a range of waste streams. From an urban metabolism
perspective, a well-designed UA system in terms of the management of resources including
water, nutrients and energy, as discussed above, has the potential to reduce material imports and
their impacts for feeding the urban population while keeping the operational outputs to the
environment (e.g. emissions to air) at least no worse than the current system.

4.3 Influence profile of city characteristics on outcomes

The differences between the two cities (see Table 2) have influenced the results significantly.
Figure 9 shows how specific characteristics have influenced a certain outcome and enables
transposing the results to other cities.
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Heating intensity
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Differences in seasonal .
production ) ]
Self-sufficiency F&W at 20% GH l ++ + ++
Self-sufficiency fish at 20% GH l + -- ++
Water use efficiency (SB, no s
harvesting)
Fertilizer use reduction +
Carbon intensity of system e T
["UA+Ext” and “integrated”)
Waste assimilation T - ++
CHP-utilisation - +
P-recovery T +
CF benefit assuming full
waste product assimilation

Figure 9: Influence matrix, meaning of symbols: 1| (approximately) proportional or inversely proportional, ++ -- strong
influence (increasing or decreasing), +- weak influence (increasing or decreasing), () Expected, not calculated in this study

1 0.41 kg CO; eq/kWh for Glasgow and 0.06 kg CO, eq/kWh for Lyon

2 “Productivity level” is the chosen degree of self-sufficiency, hence every factor that influences self-sufficiency
outcomes also affects the other outcomes marked in the table as being affected by “productivity level”

3 1.136 for Glasgow and 1.917 for Lyon

4 Ratio by weight for annual produce, 1.832 for Glasgow and 2.605 for Lyon

The integration benefit (percentage improvement, not shown) concerning heat and electricity
consumption depends mainly on the ratio between absolute heating requirements (determined by
the self-sufficiency and a high share of greenhouses) and the potential amount of heat generated.
If the ratio of digeponic to aquaponics increases, a higher demand for digestate leads to a higher
AD throughput, resulting in more biogas and thus energy generated but a lower larvae demand
and thus reduced input replacement benefits. For the integration benefit associated with waste
treatment, a lower ratio of greenhouses versus soil-based growing reduces secondary treatment
requirements of the surplus digestate fiber. Further comparative insights related to the results can
be found in the SI (H.5). As a general guide, the approach of this work is valid in cities where the
architecture of buildings features low to medium heights with flat roofs, potential access and
sufficient structural integrity, where urban greenspaces have clean or remediable soils and where
some urban space is available for (semi-) decentral waste conversion. Prohibitive would be very
dense urban areas, areas with high cultural sensitivities over waste utilization for food production
and locations in the polar and subpolar climate zones as well as in arid or desert-like conditions.
For sparsely populated cities or urban areas which include agricultural land, the possibility of

25



enhanced land spreading may increase the sink potential for converted waste products. For such
cases, the model may be adapted to include mechanized distribution and application of liquid or
solid fertilizers.

4.4  Assumptions, uncertainties and limitations

This modelling exercise of relevant material and energy flows relied naturally on a range of
assumptions and simplifications to allow for a quantitative assessment of the feasibility,
desirability and sustainability of such integrated systems. For example, it was assumed that the
carbon footprint of the logistics network for both, the distribution of food and management of
waste, is the same in all scenarios and therefore not included in the assessment. While some
argue that switching to source-separation of food waste increases emissions overall (Chiew et al.,
2015), alternative logistic arrangements are available, such as aggregation at neighborhood
collection points for semi-decentralized conversion facilities (Guo et al., 2018) or cargo-bike
schemes for the collection of wastes (Walker et al., 2017), both with considerably lower footprint
than household pick-up with large diesel trucks. A more direct delivery of urban produce, e.g.
through bike couriers (Wrighton & Reiter, 2016), electric vans (Kulak et al., 2013), mobile
markets (Widener et al., 2012) and local pick-up points (Opitz et al., 2017) could also reduce
refrigeration and storage emissions. Further assumptions or simplifications have been applied to
allow the modelling of this work, such as excluding among others the shading effects of
buildings, the influence of the urban heat island effect, CO, enrichment, plant-specific soil-based
fertilization rates, humidification, micronutrient availability, labor requirements, nutrient and
waste run-off, and the germination and nursing processes.

In addition to the above assumptions, the values of a number of model parameters were
fixed in this study, which in reality either (a) naturally fluctuate in time or (b) depend on the
choice of material or system design. The choice of fixed values for these parameters inevitably
introduces uncertainties to the results. For (a), the composition and amount of food and garden
waste, which were fixed to representative values in the study, have a direct effect on the monthly
nutrient balance and biogas yield. Their fluctuation would mainly influence the daily and to
some extent the monthly material flow but would not distort the overall annual result displayed
in figure 6. The climate dependent yield values have an effect on the expected productivity but
the chosen range of crops and thus diversified yield figures likely capture reality better than
estimates focusing only on one specific crop. A constant demand profile for fruit and vegetable
and a fixed distribution of crops between growing practices were assumed for both cities, but the
actual demand profiles can vary quite substantially throughout the year, and in reality the crop
choice of the growers is most likely also to vary, influenced by economics and consumers’
preference rather than assuring proportional demand satisfaction. These details remain to be
captured in future studies.

For (b), a parameter with significant influence was the limit of area use set to the
maximum scale-up. Naturally, if all applicable areas were used in this study the self-sufficiency
and all related impacts would be proportionally higher. It could be claimed that the limits used in
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this work are already too high and unrealistic; they nevertheless serve as an indication and
benchmark to allow comparison and facilitate discussions about the potential. On the energy
balances of greenhouses, a strong effect on the results comes from the choice of construction
material which determines the K-value (chosen as 2.27 W/m?/K in the model) for heat lost to the
surroundings in greenhouses, with almost full proportionality for the resulting heating
requirements. Other studies have used higher figures around 5-6 W/m?/K (Nadal et al., 2017)
while novel types of greenhouses, e.g. with bubble-insulation, promise K-values as low as 0.9
W/m?*/K (Stoknes et al. 2016). The yield values for greenhouse growing constitute another
significant influence. Although these were selected based on reports from case studies, they may
differ and thus almost proportionally increase or reduce the associated environmental burden per
kg of produce. For example, a modelling study on rooftop greenhouses in Portugal with similar
growing conditions achieved more than 1.7 times the yield for tomatoes assumed in this work
(42.9 versus 74 kg/m?)(Benis et al., 2017c).

On limitations in its scope, this work only considers the operational footprint, similar to
many other studies (Barbosa et al., 2015; Benis et al., 2017a; Sanyé-Mengual et al., 2018; Shiina
et al., 2011). Clearly structural components for greenhouses, building retrofits, waste conversion
facilities and local gardens will have an environmental footprint. At the same time, the
infrastructure for the existing global supply system is already in place and constantly refurbished,
making the inclusion a complex exercise. In a study by Boulard et al. (2011) emissions from the
raw materials and construction of a greenhouse for a 20-year project duration were included and
found that they only contributed a small amount (0.14 kg COze/kg product, or 6.8% of the total
footprint) in comparison to the operational inputs such as heat and fertilizer. The validity of the
outcomes of this work is therefore unlikely to be significantly affected by only considering the
operational footprint. Overall, the learning from this study can be seen as indicative and
providing first ballpark figures rather than aspiring to obtain fully conclusive results. Lastly, only
the directly relevant share of the biomass flows (i.e. urban fruit and vegetable produce, fish, food
and garden waste) within the cities were considered. These flows have only a marginal effect on
the entire urban biomass metabolism. This is because the total biomass flows in-, out and within
are much greater (Bahers & Giacche, 2019) and include also processed foods and exports as well
as other organic waste streams. Incorporating those and expanding the geographical scope to
include the surrounding region may offer further opportunities for circular and holistic organic
waste management (Dubbeling et al., 2016).

4.5 Key insights

The primary purpose of simulating and optimizing the organic waste valorization
pathways for use in urban agriculture was to understand the associated material flows in relation
to urban space and population characteristics and to find out which pathways are the most
promising for reducing emissions. A few insights can be gathered from the outcomes:
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The carbon footprints of the two UA scenarios are highly influenced by the adoption
level of energy-intensive greenhouses growing in winter months which may result in a
significant increase in emissions. At the same time, less intense lighting and heating
schedules could reduce the operational footprint of greenhouses substantially. Further,
fully renewable — and thus low-carbon — electricity grids in the future favor the UA
scenarios in terms of GHG emissions. The advantages of a warmer and wetter climate
with more sunshine can be seen in the resource intensity of high-intensity greenhouse
production and make integrated UA and decentralized waste management systems more
attractive in such climate conditions.

Even a fully-scaled up productive urban food system is unlikely to assimilate all the food
and green waste generated in a city, as a large share of digestate products would not find
an urban sink, even in less dense cities such as Glasgow. External or central treatment of
organic waste is therefore always required, and matching the throughput of small-scale
neighborhood AD facilities with local fertilizer requirements or the sizes of other local
sinks could be the most sensible approach.

Insect rearing on food waste for fish feed was the most preferred pathway in the
optimization. This renders a promising combination of technologies for increased protein
self-sufficiency and reduced waste burden while likely adding economic opportunities.
The direct feeding of larvae to fish, rather than the energy intensive drying and
processing to powder (Salomone et al., 2017), makes live BSF larvae a low-footprint feed
while the local production and fresh consumption of fish could reduce emissions during
transport and storage (Ziegler et al., 2003). The required urban area is also minimal since
the operations can be carried out in multi-story buildings.

Co-located small- and micro-scale anaerobic digestion is a strong contender for the
decentralized treatment of food wastes if local sink capacity is available, as the produced
biogas and biofertilizer has major environmental advantages over waste-to-energy
schemes and composting. The localized utilization of heat during biogas combustion
complemented by the injection of biomethane into a low pressure urban grid or fuel
stations represents a major advantage of decentralized or co-located AD against
centralized AD. Pick-up schemes and collaborations with businesses as currently
investigated by an EU-funded project with pilot cases in Lyon could facilitate the waste
logistics and create a stable AD feed supply (http://www.decisive2020.eu/). Given the
space constraints in urban environments and community gardens, total digester volume
would have to be distributed to a number of smaller units (e.g. 2-50 m?) co-located with
greenhouses, calling for more scattered locations of smaller AD facilities. Besides in
greenhouses, AD facilities could also be co-located in gardens with adjacent heat sinks
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(e.g. bakeries, community cafés) to ensure the benefits of CHP heat use (see Walker et al.
(2017)).

5. The nutrient, feed and water requirements for urban growing operations could be met by
a significant degree via integration with waste management and incorporating rainwater
harvesting. If mainly open-air gardens, low-tech hoop-houses and a few greenhouses with
less-intensive growing schedules (e.g. reducing supplemental lighting) are employed,
well-designed urban agriculture and waste management systems mean no additional
burden to the resource use and the carbon footprint profile of a city while contributing to
a more resilient urban food system.
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