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Abstract

Urban agriculture serves as an essential aspect of local food
production that could promote the urban resilience enhancement
of food system. This study applies a “farm-to-table” emergy
method to analyze the environmental sustainability of two
typical urban farms, based on the field investigation. One is a
suburban greenhouse farm that sells food through supermarkets,
and the other is an aquaponic farm that delivers fresh food to
consumers’ tables by express delivery. The results showed that
compared with traditional greenhouse farming, aquaponics farm
has a lower environmental loading ratio and higher emergy
sustainability index, but requires more emergy inputs. The
research findings would provide scientific references for the
future planning of urban agriculture from the perspective of both
production and sales.
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Introduction

Projections say that 68% of the global population will live in
cities and towns in 2050 [1], as zero hunger is highlighted as an
essential target of the sustainable development goals (SDGs) [2],
an urgency to satisfy the increasing food demands within cities
shows consequently [3,4]. In particular, with the shocks from
global COVID-19, the issue of the urban food supply has
received broader attention [5]. Urban agriculture, an emerging
form of agricultural planning, is gaining popularity to buffer the
latent risks brought by the post-epidemic, and achieve the
sustainable development goals of zero hunger and sustainable
cities and communities [6].

Urban agriculture includes agriculture in small areas within
cities, such as vacant urban lots, gardens, balconies, and
agriculture located in small towns, cities, and on the edge of
metropolitan areas (suburbs) [7-9]. Urban agriculture can be
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divided into two types depending on the site. One is building-
related agriculture called Zero-Acreage Farming, also called
ZFarming [10]. ZFarming specifically includes open rooftop
farms, rooftop greenhouses, productive fagcades, and agricultural
activities in existing or new urban buildings, where the form of
cultivation can be either soil- or hydroponic and may involve
livestock. The building use can be either mixed or single
agricultural use. Another type of agriculture is carried out on
vacant urban lands, such as city farms, allotment gardens, and
urban farm parks [11,12]. In order to achieve efficient food
production on limited land, most of the agriculture carried out on
vacant urban land is protected agriculture, also called controlled
environmental agriculture [13].

Urban agriculture is an intensive and specialized agricultural
activity using urban resources [14]. The primary objective of
urban agriculture development is to make full use of its function
of food production and thus help improve the resilience of urban
food systems. The results of urban agriculture in mitigating
urban food crises and securing food supply in special times
demonstrate its great potential for food production [15,16].
Scholars and research institutions have been assessing this
capacity more systematically and precisely in recent years.
Grewal and Grewal [17] showed that developing urban
agriculture activities on 80% of Cleveland’s vacant lots, 9% of
each occupied residential area, and 62% of industrial and
commercial rooftops could satisfy between 46% and 100% of
Cleveland’s fresh produce needs, as well as 94% of its poultry
and shell egg and 100% of its honey needs. If rooftop agriculture
were developed in public residential areas throughout Singapore,
it could increase domestic vegetable production by 700% and
meet 35.5% of domestic demand [18]. Orsini [19] found that the
rooftop gardens in Bologna could provide an estimated 12,000
tons of vegetables per year, which is equal to 77% of the
residents’ demands. In addition to alleviating the food risks
within cities, urban agriculture also generates environmental
benefits such as the mitigation of urban heat islands [20],
biodiversity conservation, and climate change adaptation
[18,21,22]. For socio-economic development, urban agriculture
also plays a unique role in generating income and providing
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employment opportunities [23,24], educating teenagers about
environmental protection, improving the well-being of residents
[25], building harmonious communities [26], and thus fostering
inclusive cities.

Current research on the environmental sustainability of urban
agriculture is mainly based on life cycle assessment [21,27-30]
and emergy analysis [31-34], and focuses on the impact of urban
agriculture on food miles and whether it has a role in alleviating
the pressure on urban resources and the environment. A study of
hydroponic urban growing plants in Japan showed that per kg of
lettuce and spinach generate 6.4 kg CO, and 2.3 kg CO,
respectively, despite the high vegetable yields of this type of
urban agriculture model [35]. Considering the hydroponically
grown lettuce and conventionally grown lettuce systems in a
greenhouse in Yuma, Arizona, USA, it was revealed that the
lettuce yield was 41 + 6.1 kg/m?/year in the former condition,
and the corresponding water and energy requirements were 20 +
3.8 L/kgly and 90,000 + 11,000 kJ/kg/y. While the conventional
growing system produced a lettuce yield of 3.9+0.21 kg/m?/year,
and its water and energy requirements were 25025 L/kg/y and
1100475 kJ/kgly, respectively [36].

Urban agriculture can not only make innovations in production
but also in how food is sold as the consumption patterns of
modern urban dwellers have changed. More and more urban
farms are choosing to sell their food through “farm-to-table”
means such as online ordering and express shipping, thus
avoiding the potential environmental impacts of traditional food
sales. However, current research on urban agriculture mainly
focuses on greenhouse agriculture and the single perspective of
production, but lacks a view of the integrated assessment of both
the production and marketing or delivery process. In addition,
aquaponics has been introduced in cities as a new type of mixed
farming technology and will be a crucial focus of the future
development of urban agriculture. Based on the above, this study
builds a “farm-to-table” emergy method to analyze the
environmental sustainability of urban agriculture, and selects two
general urban agriculture cases in Beijing, China, which are
traditional greenhouse farms and aquaponics farms. We explored
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the sustainability of these two urban agriculture cases including
food production and sales, aiming to provide a theoretical
reference for the planning and management of urban agriculture
in the future.

Materials and Methods
Study Sites and Assumptions

Case 1 is a typical suburban greenhouse farm in Beijing, China,
the main production activities there are greenhouse cultivation of
vegetables and fruits. The products include white radish, celery,
cabbage, spinach, lettuce, begonia fimbristipula, Artemi mainly
sia stem, kohlrabi, cucumber, tomato, and strawberry. There are
wholly 30 greenhouses in the park, each covering an area of 1
ha. The planting adopts the form of crop rotation. Vegetables are
mostly harvested twice a year, and fruits are harvested once a
year. The farm produces nearly 1200 tons of vegetables and
fruits annually, uniformly distributed to supermarkets and
purchased by consumers.

Case 2 is an aquaponics farm in Beijing, China. This aquaponics
project involves  hydroponic  cultivation, high-density
aquaculture, microbial water treatment technology, and an
automobile water circular control system. This study selected a
typical aguaponics covering an area of 0.067 ha as a specific
research unit. The unit’s products include sturgeon, tomatoes,
and leafy vegetables (lettuce). In that system, the sturgeon are
taken as core products, and the excrement of the sturgeon is
subject to bacterial decomposition treatment. It is then used as a
fertilizer for crops such as tomatoes and lettuce for hydroponic
planting. The entire production process does not involve the use
of pesticides and fertilizers. To enable consumers to obtain
fresher food, fish, and vegetables, symbiotic products will be
sent directly from the distribution center to farm members’
homes, thus avoiding resource consumption and environmental
impacts in the supermarket process.
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System Boundaries and Functional Unit

As shown in Figure 1, the system of case 1 specifically includes
six phases: farm construction, food production, packaging, cold-
chain transportation, sales in supermarkets, and consumer
purchasing. Case 2 explicitly includes four phases: farm
construction, food production, packaging, and express delivery.
The on-farm stage includes farm construction and food
production, while the off-farm stage is the subsequent process
how bringing the food from farms to consumers’ tables. The
input and output of various materials in each stage are
systematically summarized and calculated.

On-farm  Off-farm

ﬂ

¥ ¢z sn—E—a

Farm Food Cold-chain Sales in Consumer
i supermarkets purchasing

Packaging

Case | construction production transportation

B —i—s-—m

Fa
Case 2 construction production
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Figure 2: System diagrams of (a) greenhouse farm and (b) aquaponic farm.

The greenhouse farm and aquaponics farm produce different
types of food, including vegetables, fruits, and fish. To compare
the environmental benefits of different systems, this study
analyzes the environmental and economic benefits of the two
farms with per joule of food as the functional unit.
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Emergy Analysis

In this study, the emergy analysis (EA) method created by Odum
was used as a quantitative method to study the efficiency of
material and energy flows such as resource inputs and food
outputs of the system. The EA method converts various types
and properties of energy and materials flowing and stored in an
eco-economic system into a uniform standard solar energy value,
thus achieving a quantitative evaluation of the system's resource
use efficiency, environmental load and sustainability. Studies
have shown that EA can systematically assess the ecological
services of agricultural systems and thus test the sustainability of
agricultural systems [37].

Definition of Emergy

Odum originally defined Emergy as the amount of energy of
another category contained in a flow or accumulation of energy.
In other words, Emergy is the sum of other categories of energy
applied directly or indirectly by a product or human activity in
its formation [38]. Any energy that flows or accumulates on
Earth is derived from solar energy. Therefore, "solar emergy" is
often a uniform metric in practical studies. The amount of solar
energy contained in all other energy is the “solar emergy” of that
energy. Its unit is solar emjoule, abbreviated as sej.

Transformity

In emergy analysis studies, a conversion factor is needed to
convert one type of energy to another, and this is the emergy
transformity. The transformity follows the thermodynamic
principle and is usually used as solar transformity in practical
applications. The units are usually solar emjoules per joule, or
solar emjoules per gram, abbreviated as sej/J or sej/g, which
represents the amount of solar energy contained in a unit of
matter or energy. A higher value of transformity means that the
energy has a higher emergy value and is in a higher rank in the
energy system. During the flow of energy in nature, through
various interactions, low-quality energy is converted into high-
guality energy with a decrease in the amount of energy, an
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increase in the quality of energy, and a corresponding increase in
the transformity [38].

Emergy Yield Ratio

The Emergy Yield Ratio (EYR) characterizes the system's ability
to utilize local resources and contribute to the external economic
system. The higher the EYR value, the stronger the system's
ability to utilize local resources and contribute to the external
system. The EYR can be calculated according to the following
formula:

EYR=U/PR 1)

Where U represents the total emergy input, and PR represents
the emergy input of purchased resources.

Environmental Loading Ratio

The Environmental Loading Ratio (ELR) indicates the impact of
the product’s production process on the environment or the
pressure on the system. The higher the ELR value, the higher the
load caused by the system on the environment. The ELR can be
calculated according to the following formula:

ELR=(N+FN)/(R+FR) )

Where N represents the non-renewable natural resources, FN
represents the non-renewable purchased resources, R represents
the renewable natural resources, and FR represents the
renewable purchased resources.

This parameter measures the stress and stressful environmental
effects due to the input and use of non-renewable resources. It is
an indicator to examine the environmental stress of energy
transfer and transfer processes, which can also be seen as a
measure of the ecological stress of production. A lower ELR
indicates that the system is less dependent on non-renewable
inputs and is, therefore, usually more sustainable. In general,
systems with ELR>10 are considered to be highly
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environmentally loaded, ELR<2 is considered sustainable, and in
between is moderately sustainable [39].

Emergy Sustainability Index

The Emergy Sustainability Index (ESI) reflects the system's
sustainability; the higher the ESI value, the more sustainable the
system is. The ESI can be calculated according to the following
formula:

ESI=EYR/ELR (3)
Emergy Analysis Table

Emergy analysis table is the basis for calculating the system’s
emergy value input and output. The emergy value analysis table
mainly includes a project description, unit, updatable scale
factor, emergy transformity, original energy (matter) flow, solar
emergy value, and output. The emergy transformity in this study
uses the benchmark GEB2016 (12.0x10%* sej/a), and all the
previous emergy transformity with 9.44x10%* sej/a and
15.83x10%* sejla as benchmarks are converted to the
corresponding values under the GEB2016 benchmark in the
study to ensure the consistency of parameter selection [40,41].
Refer to the following formula:

Emergy;=Energy 4)
(Material)jx Transformity

Where j represents the j" input item, Energy (Material);
represents the amount of raw energy or material input to the
system. After this, the energy consumption of the production and
distribution processes of the two cases is calculated, and thus the
two cases are compared and analyzed.

Economic Benefit Analysis

Since profit is the main pursuit of farmers, it is necessary to
consider the economic benefits when assessing the
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environmental impact of the cases. In this study, a cost-benefit
analysis was conducted by systematically accounting for the
costs and benefits of each of the two cases, and the emergy
inputs required to generate a unit of profit were calculated.

Results
Holistic Analysis

In summary, case 2 has higher food production and profit than
case 1 for the same scale. The food production and profit of the
aquaponics farm are 1.51 and 1.54 times higher than that of the
greenhouse farm. As shown in Figure 3, in the production and
operation model of case 1, the total emergy input per joule of
food is 1.28E+08 sej, of which the on-farm and off-farm stages
occupy 3.13% and 96.87%, respectively. The total emergy input
per joule of food in case 2 is 1.66E+07 sej, only 13.39% of that
in case 1, of which the on-farm and off-farm phases occupy
44.47% and 55.53%, respectively. For both cases, the emergy
inputs are almost all from purchased resources. Renewable and
non-renewable purchased resources in case 1 account for 87.18%
and 12.81%, respectively. Renewable purchased resources and
non-renewable purchased resources account for 74.16% and
25.82%, respectively, in case 2.
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Figure 3: Total emergy input of case 1 and case 2.
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On-Farm Stage

As shown in Figure 4, regarding on-farm stage, the total emergy
input per joule of food produced in the greenhouse farm is
3.88E+06 sej, most of which come from non-renewable
purchased resources, accounting for 92.74%. The total emergy
input per joule of food produced in the on-farm stage of the
aquaponics farm is 7.37E+06 sej, which is about 1.90 times
higher than that of the greenhouse farm, of which renewable
purchased resources and non-renewable purchased resources
account for 54.58% and 45.37%, respectively. Comparing only
the vegetable production processes of the two farms, the emergy
value input per joule of vegetables produced in the aquaponics
farm is 2.21 times higher than that in the greenhouse farm.

ELR ESI @% g [
\ a
] 3SSE+O0

1.00 13.24  0.08 _—

1.00 0.83 1.20 S 737L3 06

On-farm

Figure 4: Comparison of two farms in on-farm stage.

In terms of greenhouse farms in case 1, 91.14% of the emergy
inputs come from farm construction and subsequent facility
maintenance. All the resources for this process are non-
renewable purchased resources. Renewable purchased resources
are mainly labor and services, which account for 7.12% of the
total emergy inputs. For the aquaponics farm in case 2, 24.68%
of the emergy inputs come from farm construction and
subsequent facility maintenance and 14.15% from purchased fish
feed, which are non-renewable purchased resources. Renewable
purchased resources are mainly labor and services, which
account for 57.20% of the total emergy inputs.

The EYR of both farms is nearly 1.00, which indicates that both
farms hardly used any local resources and relied more on
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economic systems to drive them, which is in line with the high
input characteristics of facility farming. The ELR for greenhouse
farming is 13.24, much higher than the standard value of 2,
which indicates that the greenhouse farm in case 1 imposed a
high environmental load on the surrounding environment. In
contrast, the ELR of aquaponics farming is only 0.83, which is
significantly more environmentally friendly than greenhouse
farming. The ESIs of 0.08 and 1.20 for the greenhouse and
aquaponics farms, respectively, indicate the better sustainability
of the aquaponics farm. In contrast, the greenhouse farm is less
sustainable and needs more optimization and management in the
future development process.

Off-Farm Stage

Regarding off-farm stage, the emergy input per joule of food
reaching the consumer in case 1 is1.26E+08 sej, while the
emergy input per joule of food reaching the consumer by express
delivery in case 2 was only 9.21E+06 sej, which is 7.65% of that
in case 1. As presented in Figure 5, both food delivery methods
are more dependent on renewable purchased resources. The
supermarket sale method’s 89.77% of the total resource input
comes from renewable purchased resources, and the express
delivery method has 89.74%.

ELR E

SI
120E+08
1.00 0.11 8.78
1.00 0.11 8.88 %@ i -
< & ‘

Off-farm

Figure 5: Comparison of two farms in off-farm stage.

In case 1, 89.87% of the emergy input in the food distribution
method comes from the supermarket selling stage and 9.26%
from the cold chain transportation stage. The emergy inputs of
labor and services in these two stages account for almost all the
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emergy inputs (98.86%) of the entire food-selling process. In
case 2, 93.10% of the emergy input comes from the express
delivery process and 6.90% from packaging. Labor and services
are also the most important, accounting for 98.66% of all emergy
inputs.

The EYR of both food distribution methods is about 1.00, which
indicates that both methods are more dependent on external
resource inputs and less able to utilize local resources. The ELR
of both food distribution methods is about 0.11, indicating that
both methods have a relatively low environmental impact. The
ESI for the supermarket sale method is 8.87, and the ESI for the
express delivery method is 8.88. This result indicates that both
delivery methods are relatively sustainable and environmentally
friendly.

Economic Benefit Analysis

Aguaponics farms have higher economic efficiency than
greenhouse farms. The profit of the aguaponics farm was about
3,432,000 RMB/ha. The profit for greenhouse farms was about
2,233,000 RMB/ha, which is 65.08% of that for aquaponics. For
aquaponics farms, the emergy input per unit of profit was
2.32E+12 sej, while for greenhouse farms, the emergy input per
unit of profit was 1.59E+14 sej, which indicates that the emergy
input of greenhouse farms is about 68.54 times higher than that
of aquaponics farms to obtain the same profit.

Discussion
Trade-off in the Development of Urban Agriculture

According to the findings, the emergy input per joule of food
produced in greenhouse agriculture and the ESI is consistent
with the results obtained from the systematic emergy analysis of
protected agriculture. The EYR wvalue of 1.00 for both
greenhouses and aquaponics in this study is similar to that of
facility agriculture (1.09) [42]. It indicates that the facility
vegetable production system relies more on the economic system
to drive it, and does not efficiently exploit local resources during
its operation, which is also characteristic of high input of facility
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vegetable production in general. The ELR of aquaponics
agriculture is much lower than that of greenhouse agriculture,
which  demonstrates the environmental friendliness of
aquaponics systems. The ESI indicator further reflects that the
aquaponics system is more sustainable than the greenhouse.
Notably, the emergy input per joule of food produced by
aquaponics is higher than that of the greenhouse farm, which is
inextricably linked to aquaponics farms requiring more water
and electricity management and labor inputs. The high input of
the aquaponics system also brings its high outputs. For the full
advantage of the high productivity and sustainability of
aquaponics systems, more prudent management of aquaponics is
needed in the future, such as replacing non-renewable energy
sources, reducing labor costs, and introducing automated
management facilities [31].

The results of the two schemes of food distribution show that the
“farm-to-table” model could reduce the number of energy input.
The farm-to-consumer online trading platform and the delivery
of goods by express delivery have become increasingly popular
among urban residents in recent years, which would reduce the
cost of money and time for consumers, and enable consumers to
obtain fresh food promptly. However, the “farm-to-table”
delivery mode is probably more suitable for short-distance food
delivery, and the issue of food preservation in long-distance
delivery is difficult to solve by express transportation at present.

Policy Implications

The research on the sustainability of urban agriculture will
develop from a single perspective to a nexus perspective [43].
The development of urban agriculture involves the application
and integration of multi-disciplinary knowledge, including
agriculture, architecture, economy, public health, resources and
environment, urban planning, and so on. The future development
of urban agriculture should strengthen the combination of social
investigation, geographic information technology, environmental
remote sensing technology, and other technologies and do better
planning for the development of urban agriculture through the
combination of various scientific means [44].
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Currently, urban agriculture is still in the primary stage of
development, and the development mode of urban agricultural
activities is relatively single, which is still dominated by farm
planting activities in the suburbs of the city, and urban residents
participate in urban agricultural activities mainly through visiting
suburban farms. Compared with the active practice of roof
agriculture, community farms, and other urban agricultural
models carried out by urban residents in Europe and the United
States [45], part of the residents in megacities are limited by the
crowded urban living space and the lack of urban agricultural
land norms. They cannot personally participate in urban
agricultural planting activities. In the future, it is advocated to
gradually improve the corresponding laws, regulations, and
standards system of urban agriculture construction and promote
the integration of planning and management of urban agriculture
[46].

The urban agriculture mode of green cycle represented by the
aquaponics farm shows strong sustainability. The future
development of urban agriculture should vigorously promote the
development model of circular agriculture and “farm-to-table”
[47]. Greenhouse agriculture should reduce the use of pesticides,
fertilizers, and other substances, strengthen resource utilization
efficiency, and promote the development of the food system in
the direction of intensification. The food delivery mode of
“farm-to-table” can not only make ordinary families get new
things directly through express delivery but also help to build the
food transportation chain of farm-community and farm-
restaurant, shorten the urban food mileage, and promote the
sustainable development of the urban food system [48].

Limitation of the Study and Perspective for Future
Research

Due to the limitation of data collection, the sample size of this
study is small, and although the selected cases are highly
representative, no general conclusions can be drawn about the
development of urban agriculture in megacities, and this study
does not discuss the social benefits of two urban agriculture
models, traditional suburban farms and hydroponic farms. This
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study currently focuses only on the energy value analysis of the
two urban agricultural production and marketing/delivery
models, and further work will be carried out in the future on the
corresponding energy consumption, water consumption, carbon
emissions, and other specific environmental impacts. The
development of urban agriculture brings important implications
for improving the city's food supply capacity and reducing the
flow of resources across borders. In the future, more research
needs to move forward to the development potential of urban
agriculture in megacities and other megacities to find the optimal
development modes, helping reduce the environmental impacts
led by food imports beyond city boundaries.

Conclusion

This study built a “farm-to-table” emergy method and assessed
the sustainability of two typical urban agriculture modes in
megaciteis based on the field investigation, which are traditional
greenhouse farming and aquaponics farming. The results show
that the total emergy input of the aquaponics farm is higher than
that of the greenhouse farm, but the ELR and ESI of the
aquaponics farm are smaller. Therefore, compared with the
greenhouse farm, the food production mode of the aquaponics
farm is more sustainable. The “farm-to-table” food distribution
method is more sustainable and eliminates cold-chain
transportation, supermarket sales, and consumer purchase
processes. The total emergy input of food delivery is only 7.65%
of that of case 1. Compared with traditional open-field
agriculture, protected agriculture requires more energy input and
artificial maintenance. In the future, urban agriculture will form
a more intensive, modernized, and mechanized production
model, combined with the “farm-to-table” sales model that
eliminates middlemen, which can better meet the needs of
modern urban consumers and help alleviate urban food supply
problems and contribute to sustainable urban development.
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