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Abstract 

Cities have developed ways of maintaining a secure food supply year-round by tapping into 

food grown in distant landscapes through trade and globalization processes. However, this 

security has been threatened as most agricultural yields around the world are predicted to decline 

under the impacts of global environmental change. This makes cities vulnerable to disruptions 

and shocks in the global food supply chain, prompting an interest in increasing local food 

production through urban agriculture. These urban agriculture systems are often a variation of 

indoor high-tech growing systems, with one of the more popular methods for growing vegetables 

being vertical hydroponics. This is a soil-less growing system where the roots of crops are 

suspended in a nutrient solution that is circulated throughout the system. Layers can be stacked 

on top of each other, resulting in it being called a “vertical” growing system.      

 

One city that has been taking the threat of food security very seriously is Singapore. Being 

a city-state with a small land area and few natural resources, the city imports over 90% of its food. 

With increasing concerns over the resilience of its food system, the government has set a goal of 

producing up to 30% of its nutritional needs through local agriculture by the year 2030 – dubbed 

the “30 by 30” vision. In light of this, in this thesis I aim to critically assess the feasibility of using 

urban agriculture to contribute significantly to a city’s food security.  

 

From the results, it is estimated that Singapore would have to produce between 42,000,000kg 

to 125,000,000kg of vegetables locally to meet the target. Additionally,  

the focus on increasing volumes of food produced locally overlooked the opportunity to 

incorporate more sustainable solutions from the beginning. One of these solutions include 

designing a more circular system where nutrients can be recovered and recycled. The shifting 

social-cultural dimensions of urban agriculture in cities and the educational role it can play in 

raising awareness for the well-being of farmers and their farmlands was also explored.      

     

Thus, I argue that although urban agriculture can supplement imported produce to boost food 

security of cities, it would probably be unable to make a significant contribution towards the 

overall nutritional needs of city residents as its current form only targets a minor percentage of 

the vegetable component of a nutritionally adequate diet. The costs of increasing urban agriculture 

activities are also not very clear at the moment given the wide range of results gathered. However, 

as urban agriculture continues to play an increasingly important role in the food system 

developments of cities, it makes it even more important that we better understand how it affects 

different components within a city’s system. This can help to lessen unexpected problems from 
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emerging in the future while increasing sustainability aspects, contributing to sustainable 

development of cities and their food systems. 
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Chapter 1: Introduction  

Ever since humans began settling down in one place and living together in increasing 

concentrations, there has been the challenge of providing sufficient amounts of food to satisfy the 

universal human need to regularly and reliably consume a nutritionally adequate diet (Despommier, 

2013; Dyball and Newell, 2014). People overcame this challenge by augmenting what they could grow 

locally with food grown from distant landscapes, often procured through trade and conquest (Mazoyer 

and Roudart, 2006; Rimas and Fraser, 2010). This allowed such settlements to grow in size, wealth, 

stability, and power and beyond the natural carry capacity of the land they occupy (Mazoyer and 

Roudart, 2006; Rimas and Fraser, 2010). Over time, this process has been facilitated by globalization 

and developments in transport and storage technologies where fresh food can be delivered to cities from 

all around the world. These relations between food producers and consumers located in distant places, 

known as teleconnections (Seto et al., 2012), underpins the global food system today which many cities 

are entirely reliant on. 

 

While these “telecoupled” food networks allow cities to exist and continue growing, they also 

make cities vulnerable to disruptions and shocks to the global food supply chain. This has become an 

increasing concern in recent years as the impacts of global environmental change have threatened the 

stable supply of agricultural yields (Ericksen, 2008a; Ray et al., 2019; Zhao et al., 2017). How 

unpredictable events have drastic consequences on the global food supply chain and corresponding food 

prices has also been further demonstrated in the global COVID-19 pandemic (Hamilton et al., 2020; 

Moran et al., 2020). Thus, in a bid to become more food secure, some cities have started taking steps to 

increase local food production. 

 

One city that has been taking active steps in this direction is Singapore. Being a small city-state 

that imports over 90% of its food, this makes the country especially vulnerable to disruptions in the 

global food supply chain (Liu, 2020a; MEWR, 2020). In response, the Singaporean government has 

introduced a range of urban agricultural policies. The most notable one so far has been the “30 by 30” 

vision which envisions supplying 30% of the country’s nutritional needs by 2030 through urban 

agriculture (SFA, 2019a). Hence, with a focus on Singapore, I aim to assess the feasibility of urban 

agriculture to contribute significantly to the city’s food security. This will be done by 

a) Estimating the volume of food that has to be produced locally to meet the “30 by 30” target. 

As discussed later in the chapter on Singapore’s urban agricultural policies, this target 

actually consists of two food groups – with 20% of the target being vegetable intake and the 

remaining 10% being intake of animal protein (mainly fish and eggs). I will not be 

considering the animal protein target as it will require analysis and estimations of sustainable 
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fishery management. Hence, I will be focusing on the feasibility of growing 20% of the 

population’s vegetable needs. 

b) Using available secondary sources on growing methods and technology on urban agriculture, 

quantify as far as possible what are the material and energy inputs and outputs of these 

systems. The extent of urban agriculture land area required to meet this target will also be 

estimated. This will be analysed using a Material Stocks and Flows Analysis (MSFA). 

c) Discussing the sustainability implications of urban agricultural policy in Singapore. Although 

this is not the main aim the Singaporean government is trying to achieve, understanding the 

potential environmental benefits and disbenefits of increasing the use of industrial-

technological growing systems is important. Its potential to operate within a circular economy 

nutrient recycling system will also be explored. 

d) Discussing the social and cultural dimensions of food production and urban agriculture. 

 

Although urban agriculture is not new, it has recently generated renewed interest in relation to its 

capacity to contribute to urban food security by increasing local food production (Despommier, 2009; 

Goodman and Minner, 2019; Sartison and Artmann, 2020). A report from the FAO (1996a) defined 

urban agriculture as “food production that occurs within the confines of cities. Such production takes 

place in backyards, on rooftops, in community vegetable and fruit gardens and on unused or public 

spaces.”.  Arguments put forward in favour of this practice include its ability to increase the localization 

of food production which reduces the carbon emissions associated with transporting food over large 

distances (Despommier, 2013). It also provides a source of fresher food for communities (Gross et al., 

2016) while having the potential of creating a more circular food economy in cities as the loop between 

the start and end of the supply chains are tighter (Ferreira et al., 2018). Hence, many cities have deemed 

urban agriculture to be a sustainable approach towards enhancing local food production in comparison 

to the current industrial productivist food production narrative.  

 

Food security was defined in 1996 at the World Food Summit as “when all people, at all times, 

have physical, social and economic access to sufficient, safe and nutritious food to meet dietary needs 

for a productive and healthy lifestyle” (FAO, 1996b). Though most wealthy, metropolitan cities do not 

seem to be “food insecure” by this definition, striving to maintain a stable and affordable supply of food 

to cities has always been a key concern of city governments. This comes with good reason, given how 

most cities do not have the space or resources to produce enough food to feed their residents. Hence, 

they are entirely reliant on external landscapes for their food supply, contributing to their vulnerability 

to any disruptions in the global food supply chain (Teng et al., 2011). This makes the role cities can 

play to improve the resilience of their food systems an essential part of the discussions around food 
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security. This is also where urban agriculture comes into play, providing an option for cities to become 

more self-sufficient which in turn boosts the city’s food security.  

 

For Singapore’s case, striving to have more control over their food supply has become one of the 

top priorities of the Singaporean government in the last two years (Singapore Food Agency, 2020). 

Although the country’s food supply is secure due to the government’s long-term efforts in diversifying 

their sources of food imports and actively investing in agri-tech research (AVA, 2012), the inherent 

vulnerabilities in the global food supply chain has prompted an increasing focus on local agriculture. 

The importance of this issue was again highlighted in the COVID-19 pandemic where some local farms 

harvested large batches of their crops, some prematurely, to cover the shortage of imported produce 

caused by delays in the supply chain (World Food Future, 2020). This urgency in exploring a higher 

degree of food self-sufficiency has led to a series of urban agriculture policies such as the “30 by 30” 

food target launched at the start of 2020 (Singapore Food Agency, 2020). The government’s keenness, 

coupled with a newfound enthusiasm many have for high-tech urban farming systems, has made 

expanding the urban agriculture sector a key priority in the city’s future development. As mentioned in 

a speech by the then Minister of Environment and Sustainability, Mr Masagos (MEWR, 2020):  

 

Our “30 by 30” vision is to grow enough food in Singapore to meet 30 per cent of our 

nutritional needs by 2030…It is a big challenge, as we are aiming to meet these needs 

using less than 1 per cent of our land area in Singapore…If successful, the “30 by 30” 

vision also means that we will own technologies and unique processes that will become 

the value-add our companies can bring to growing food overseas, which is the second leg 

of our food security. This will require a whole-of-nation effort.  

 

Although this policy aims to increase the volumes of food produced through urban agriculture, the 

capacity of urban food systems being able to make significant contributions to a city’s food security has 

not been explored in depth. Flow-on effects this rapidly developing sector may have in Singapore’s 

system is also not well understood. Though many have lauded urban agriculture for its sustainability 

values, there has yet to be a study on how the different inputs and outputs will affect material flows 

within the city. Hence, the increase in the commercialization of agricultural activities in Singapore calls 

for a more critical assessment of the sustainability claims that many have made about urban agriculture. 

Furthermore, as having a resilient food system is important to the country, this suggests that its urban 

agriculture sector will continue to grow and expand over time. This makes it all the more important, 

and urgent, to understand the environmental and sustainability issues of this sector before it matures 

and creates problems that may be too embedded in the system to easily solve. 
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Besides the high level of enthusiasm and increasing uptake of urban agriculture technologies in 

Singapore, another reason for focusing on this city is to better understand what a relatively wealthy and 

technologically advanced city can achieve on this front. Having a relatively large budget and the 

required research and development resources to expand this industry is an advantage Singapore has 

over other less wealthy cities. Furthermore, the development of this sector has very much been a top-

down approach, with the country’s government dictating how and where the changes should take place. 

Thus, using Singapore as a case study can also serve as a proxy to other cities of similar wealth, 

development, and governing power (e.g. Hong Kong).  

 

The main framework that I will use to explore these issues is through a human ecological lens with 

a systems thinking approach. Human ecology is mainly concerned with the social-ecological 

interactions which includes how societal demands and changes have an impact on the environment. As 

these interactions are often complex, a systems thinking approach provides an integrated framework 

that allows us to holistically look at the various dimensions that exist within human ecological systems. 

It also considers feedback mechanisms different interacting components of a system have on each other, 

in turn avoiding policy surprises and unforeseen outcomes (Dyball and Newell, 2014). Thus, using this 

concept to better understand Singapore’s urban food sector will involve looking at the biophysical and 

energy flows the sector requires. This will be done using a MSFA where secondary literature and data 

is mapped into Singapore’s context. It should be noted that the amount of data in this field is very sparse, 

varies widely between farming systems, and there are no uniform data reporting standards. Despite this, 

I still managed to gather a general reflection of the energy usage and external dependencies of these 

urban agricultural systems. While human ecology emphasizes both social and environmental 

dimensions in a system, I only brief comments on the associated cultural dimensions of Singapore’s 

food system. My focus will be on the environmental dimensions increasing high-tech farming systems 

may have on cities. No attempts to analyse the economic feasibility of urban agriculture activities have 

been made either. 

 

For this thesis, I first provide a literature review on the concept of sustainable food systems and 

urban agriculture in chapter 2. Chapter 3 will provide more context to the current urban agricultural 

policy developments in Singapore. This is followed by the methodology in chapter 4, which includes a 

more detailed explanation of an MSFA and the data collection process. The results and discussion 

follow in chapter 5, where the individual inputs and outputs are broken down in more detail with 

discussions around each of their environmental and sustainability issues. Discussions around the future 

potential of urban agriculture, the social dimensions of it, and how these aspects relate to the 

development of Singapore’s urban agriculture sector are then conducted. Finally, chapter 6 presents the 
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main conclusions gathered from this paper, including some limitations of this study while emphasizing 

the significance this topic has on the future development of cities and their food systems. 
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Chapter 2: Literature Review 

2.1 Sustainable Food Systems 

As mentioned in the introduction, having a resilient food system is of utmost importance to the 

stability of cities. Global food production systems have largely revolved around traditional agriculture 

and farming practices where humans have modified natural landscapes processes to grow food (Dyball, 

2014). Prior to the industrialisation of agriculture, farming systems mainly relied on naturally occurring 

ecological cycles like the water cycle and biogeochemical cycles in the soil (Power, 2010; Zhang et al., 

2007). To increase the productivity of these landscapes, humans have taken to manipulating ecosystems 

to produce more food in shorter amounts of time (Dyball, 2014). Over time and with further 

intensification, these landscapes affect carbon stocks and sequestration processes and nutrient cycles in 

the soil that were once regulated by natural ecosystems (Arden-Clarke and Hodges, 1988; Campbell et 

al., 2017; Verschuuren, 2017).    

 

As the global population continued to increase, people tried to overcome the ecological limits of 

landscapes to produce even more food (Dyball, 2014). This subsequently resulted in the commercial 

food production systems we have today where monocropping practices and the quest for efficiency have 

disregarded many of the natural ecosystem processes that once determined landscape carrying capacity 

(Altieri, 2009; Kissinger et al., 2012; Sunderland et al., 2020). Producing ever larger volumes of food 

also demands more resources (FAO, 2018). This has resulted in environmental damage, such as the 

inability for soils to replenish nutrients faster than they can be taken up, rendering many farming 

practices now to be unsustainable (Despommier, 2009; Matson et al., 1997). Coupled with the impacts 

of global environmental change, land productivity is only projected to decrease over time which will 

result in a decline in agriculture yields (Ericksen, 2008a; Goodman and Minner, 2019; Ray et al., 2019; 

Zhao et al., 2017). If not managed properly, it may also result in increasing food prices globally (Moran 

et al., 2020; Teng et al., 2011).  

 

These projections have a direct impact on the food supply of cities. Due to how cities rely heavily 

on global food production chains, the resilience of their food system is compromised by any shocks and 

disruptions on them (Hecht et al., 2019; Reddy and Singh, 2016). When the sustainability and 

affordability of this food supply is threatened, it in turn threatens the food security of cities. Hence, this 

has led to many city governments becoming increasingly concerned over their food supply chain while 

seeking ways to increase food security of cities.  

 

In order to find solutions to increase food security of cities, we first need to understand the city’s 

food supply chain. A framework that can be used for this is a food systems perspective. Food systems 
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can be defined as “a set of activities and outcomes ranging from production through to consumption, 

which involve both human and environmental dimensions” (Allen and Prosperi, 2016; Ericksen, 2008b; 

Ingram and Zurek, 2016; Sundkvist et al., 2005). This framework is related to a human ecological 

systems thinking approach which accounts for the interactions between environmental, social, and 

human wellbeing aspects within a food system. It also accounts for the complex interactions and 

feedback processes between different components of the system. These feedback processes, or loops, 

are the “control devices” of a system, where negative feedback loops acts as has a stabilizing effect and 

positive feedback loops reinforces and amplifies a change (Dyball and Newell, 2014). Furthermore, 

when it comes to policy making, accounting for the systemic nature of these food networks also help to 

prevent misdiagnosing problems and implementing “solutions” that end up creating new problems 

along the feedback loop (Dyball and Newell, 2014).  

 

With this framework, we can now take a deeper look into why urban food supply chains have been 

key discussion points around food security and food systems. Currently, more than half of the world’s 

population are living in cities, with a projection that by 2050 the amount will rise to 68% (UN, 2018). 

This implies that most of the food produced globally will be transported and consumed within cities 

(Grewal and Grewal, 2012). This makes cities rely heavily on nearby and distant landscapes that span 

across regional and international boundaries (Friis and Becker, 2020; Millington et al., 2017). These 

transboundary relations are also known as telecoupling (Friis et al., 2016; Seto et al., 2012). A reason 

for this reliance is an underlying concept of how urban cities function. The priorities of cities have 

mostly been on concentrating economic, social and political activities within a certain area (Parnell et 

al., 2018). This concentration of many people within a smaller land area has also led to an increase 

density of infrastructure, not only to accommodate more people but also to use the limited land area 

more efficiently. Hence, this altered natural environment has resulted in a large amount of resources 

flowing into cities to keep them functioning (Bai, 2016). Just relying on the city’s “natural” resources 

is insufficient to support the demands of their ever-increasing populations (Bai, 2016). 

 

Many studies analysing the inputs, transformation, and output of materials from a city, often find 

that many environmental and sustainability aspects have been overlooked (APRU, 2017; Bai, 2016; 

Boyden et al., 1981; Warren-Rhodes and Koenig, 2001). This too applies to the food supply chains of 

urban cities that rely on agribusiness giants and global food distribution systems (APRU, 2017; Hecht 

et al., 2019). Although there are benefits of this system design, such as being able to produce large 

amounts of food at a relatively cheap price, it has also come at a cost to the environment (Deutsch et 

al., 2013; Sunderland et al., 2020; Zhang et al., 2007). Besides the damage to natural ecosystems 

mentioned above, the use of fossil fuels as an energy source has enabled landscapes to produce volumes 

of food that surpass what can be grown if we only relied on solar energy (Neff et al., 2011; Polack et 
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al., 2008; Tittonell, 2014). These processes emit large amounts of carbon into the atmosphere, about 

23% of anthropogenic GHG emissions according to a report by the Intergovernmental Panel on Climate 

Change (2019), which contributes to global warming (Francis et al., 2003; Pelletier et al., 2011; 

Vermeulen et al., 2012). Other environmental impacts include eutrophication of waterways due to 

excessive application of fertilisers, converting biologically productive land to farmland which has 

irreversible impacts on biodiversity, and draining rivers from excessive amounts of irrigation (Campbell 

et al., 2017; Deutsch et al., 2013; Matson et al., 1997). These negative impacts of industrial productivist 

agricultural systems that cities depend on have raised questions about their sustainability. Besides that, 

with food supply chains being so vulnerable to the effects of climate change, there has been a 

consideration for alternative food networks that can help cities reduce their dependence on the global 

food system. 

 

A key idea that has surfaced to combat both sustainability and vulnerability issues of urban food 

systems has been to increase the localization of food production processes. An example of this are short 

food supply chains (SFSCs). SFSCs can be defined as “the re-localisation and re-socialisation of food 

production and consumption processes” (Kalfagianni and Skordili, 2018). Having a shorter supply chain 

can help to tighten feedback loops as there are fewer components and stakeholders involved in the 

system (Ferreira et al., 2018; Sundkvist et al., 2005). As the distance between the production and 

consumption of food is reduced, it also makes it easier to monitor changes and manage any flow on 

effects it can have within the system (Kalfagianni and Skordili, 2018). Hence, tighter feedback loops 

make the overall food system more sustainable as it makes it easier to track changes and impacts on 

environmental, social, and ecological processes (Galli and Brunori, 2013; Kalfagianni and Skordili, 

2018; Kneafsey et al., 2013). Such local food production chains can allow cities to have more control 

over their food system. This in turn helps to increase food security of cities as they are able to be more 

food self-sufficient. 

 

In light of this, many cities have turned to urban agriculture to increase local food production to 

improve their food security. Urban agriculture has been defined by the FAO (1996a) as “food 

production that occurs within the confines of cities”. The definition has also been expanded to include 

peri-urban areas which use human and material resources in and around urban areas that ultimately 

supply that urban area with products and services (De Zeeuw et al., 2011; Kozai et al., 2016; Mougeot, 

2000; Specht et al., 2014; Umesha et al., 2018). For this paper, I will focus on urban farming that occurs 

within the built environment of a city. Urban agriculture has become increasingly popular in cities as 

they are seen as part of the answer to the quest to increasing food self-sufficiency in a sustainable 

manner (Clinton et al., 2018; Despommier, 2013; Goodman and Minner, 2019; Sartison and Artmann, 

2020). With this in mind, the following section will discuss what is urban agriculture with a focus on 
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wealthy developed cities like Singapore. Cities that are less wealthy and less developed will not be 

considered as the challenges and potential solutions they face are very different from those in developed 

cities. 

 

2.2 Commercial Urban Farming Systems 

Although urban agriculture can refer to both livestock and crop farming, livestock farming is not 

as common due to space, financial costs, and pollution concerns (Kaufman, 2004; Mendes et al., 2008; 

Neville, 1992). Hence, “urban agriculture” in this paper will refer to the production of vegetables and 

leafy greens. There are two main forms of urban agriculture – community gardens and commercial 

farms. Community gardens are often valued for their social benefits, providing a sense of well-being 

and community spirit for city dwellers (Guitart et al., 2012; Pryor, 2017). To increase local food 

production, commercial urban agriculture farms have been on the rise in recent years. Often referred to 

as “industrial farming set-ups”, these commercial farms are usually high-tech, climate-controlled 

vertical farming systems. They are usually located on rooftops, unused warehouses or buildings, or even 

discarded shipping containers, as in the case of Singapore (Lawrence, 2020). 

 

Most commercial-scale urban farms often use hydroponics set-up to grow their crops. Hydroponic 

farming systems are generally defined as “the cultivation of plants without soil” (Sorenson and Relf, 

2009). Growing mediums such as perlite or rockwool cubes are used in place of soil which hold the 

roots of the plant, which are then submerged in a nutrient solution to grow (Kaiser and Ernst, 2016). 

This results in more targeted and efficient nutrient delivery to the crops. The two most common 

commercial hydroponic systems are Nutrient-Film Technique and Deep Water Culture (which is also 

known as a floating raft system) (Gómez et al., 2019). Hydroponics growing environments can be set 

up both as a vertical farming system, where racks stacked horizontally on top of each other, or in a 

single layer. In urban cities, vertical hydroponic farms are more common as this increases the volume 

of crops that can be produced in a small area. These growing systems can be located both indoors and 

outdoors (see Figures 1. and 2.). 

2.2.1 Indoor Hydroponics Systems 

Indoor hydroponic systems refer to the plants being grown in an enclosed space. The size of these 

farms can range from just one room to entire warehouses and factories. These systems usually rely on 

artificial lighting, often light-emitting diodes (LEDs), rather than using natural sunlight (O’Sullivan et 

al., 2019). It also allows for a climate-controlled growing system where factors like temperature, 

humidity, and carbon dioxide levels can be kept at an optimum level for the plants (see Figure 1. for 

example). This makes indoor hydroponics an ideal urban farming system as it enables year-round 



10 

Urban Agriculture’s capacity to increase a city’s food security: A case study of Singapore vegetable production   

production of crops (Despommier, 2009). These optimum growing conditions can help to speed up the 

growing process while maximizing the yield of crops harvested. Another benefit of indoor systems is 

that they can eliminate the need for pesticides and herbicides as the indoor conditions keep pests to a 

minimum (Despommier, 2013). 

2.2.2 Outdoor Hydroponics Systems 

Most outdoor systems are located on unused rooftop spaces. The main difference between outdoor 

and indoor growing environments is the former’s inability to have climate-controlled growing 

conditions. The plants also rely on sunlight as their source of energy rather than the LEDs used in indoor 

systems. This translates to outdoor systems having a lower energy input requirement. An example of 

an outdoors, vertical hydroponics system is Sky Greens in Singapore (Sky Greens, 2014a) (see Figure 

2.). Their growing structures are rotated throughout the day to ensure that the crops receive an equal 

amount of sunlight. 

 

 

Figures 1. (left) and 2 (right). Figure 1. An indoor vertical hydroponics set-up. Plants are grown using 

LEDs and in a climate-controlled environment, with growing racks stacked on top of each other to 

create a vertical growing environment (Source: Pure Greens Arizona LLC (2020)). Figure 2. An outdoor 

vertical hydroponics set-up from Sky Greens, Singapore. These rotating growing structures are located 

on a rooftop and the plants rely on sunlight for their energy source. Growing racks have also been 

stacked vertically at angle to ensure all plants can receive sunlight (Source: Sky Greens (2014b)) 

 

There have been many studies that have outlined the benefits of using these high-tech vertical 

hydroponic farming systems in cities (Despommier, 2013; Goodman and Minner, 2019; Sartison and 

Artmann, 2020; Schnitzler, 2013; Sharma et al., 2018). Several authors have also conducted studies 

comparing these high-tech systems to more traditional farming methods (Barbosa et al., 2015; Beacham 

et al., 2019; Benke and Tomkins, 2017; O’Sullivan et al., 2019; Romeo et al., 2018; Van Ginkel et al., 

2017). They found that vertical hydroponic systems require less water to grow each kilogram of 

vegetables. Van Ginkel et al. (2017) found that for Californian (USA) grown vegetables, hydroponic 
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systems use 66 times less water than traditional farming. This is because hydroponic systems are able 

to deliver water more efficiently to the vegetables and less water is lost to percolation into the soil 

(Barbosa et al., 2015). Another benefit often highlighted is that these farming systems can produce more 

crops per hectare of land – an example cited by Lawrence (2020) claims that it can produce up to 200 

times more. The first reason is the ability for continuous, year-round growing of crops in climate-

controlled systems (Barbosa et al., 2015). Second, in the case of vertical farming systems, multiple 

racks of crops can be grown within a limited space which increases the volume of crops grown in a 

given land area footprint (Van Ginkel et al., 2017). Furthermore, as these crops are grown within the 

urban city, the transportation distance between farm to supermarket is greatly reduced which helps to 

reduce associated greenhouse gas emissions (GHG), assuming the produce is processed, retailed, and 

consumed locally (O’Sullivan et al., 2019). Hence, for the above reasons, many argue that urban 

agriculture is more sustainable than traditional farming systems. Moreover, if we manage to increase 

the commercial scale of urban farming, it can contribute to a city’s self-sufficiency which in turn boosts 

its food security. 

 

As these high-tech urban agriculture farming systems are become increasingly popular, many 

people have claimed that this is the “future of farming”. A notable person that has been championing 

this view is Kimbal Musk (Elon Musk’s brother). He started an urban farm called Square Roots which 

primarily sells herbs and other leafy vegetables (Square Roots, 2020). The goal he has is to be able to 

feed all of America with this farming system (Benveniste, 2020). A similar claim that “urban farming 

is the future of farming” was made in an interview with Sustenir Agriculture, a hydroponics farm in 

Singapore (VICE, 2020). Many new technology related enterprises have also jumped into this 

bandwagon, as illustrated by an article on Edgy Universe (2019) (a support center for technological 

advancement) titled “Why Urban Farms are the Future of Food Production”. However, this brings about 

the question of to what extent can these farming systems actually substitute traditional vegetable farms 

and also how substantial is the amount of food that it can produce for cities. 

 

2.3 The less talked about side of Urban Agriculture 

While acknowledging the benefits of high-tech vertical farming systems and their ability to 

provide cities with a source of fresher food, the drawbacks of these systems are often overlooked or 

downplayed. One issue is that produce from urban agriculture alone is not able to make up a 

nutritionally adequate diet. Many countries have national dietary or nutritional guidelines under the 

Food and Agricultural Organisation (FAO). While these guidelines vary between countries, most of 

them state the importance of having a “varied and balanced diet” (Fischer and Garnett, 2016). 

Components often include fruits, vegetables, proteins, and carbohydrates (FAO, 1995; Fischer and 
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Garnett, 2016; WHO, 2020). However, the produce from urban agriculture are mostly leafy green 

vegetables and herbs (Feng, 2020; UMASS, 2020). Hence, although urban farming is able to contribute 

to a city’s food supply, people often forget it only provides a small proportion of our nutritional needs. 

 

One main disadvantage of high-tech growing systems is that they require much more energy to 

operate as compared to traditional agriculture systems. This is especially for indoor climate-controlled 

systems that require a large amount of electricity to power the LEDs and temperature and humidity 

controls (Barbosa et al., 2015; Martin et al., 2019; O’Sullivan et al., 2019). It was found that hydroponic 

systems use 30 times more energy than traditional systems to grow the same amount of vegetables (Van 

Ginkel et al., 2017). Some authors have argued that the energy required by urban farming systems and 

their associated GHG emissions are offset by the shorter transport distance between the farm and market 

(Benis and Ferrão, 2017; Despommier, 2013; Lee et al., 2015). However, most GHG emissions 

generated throughout the whole food system are actually generated during the food production phase, 

with transport making up only about 11% (Weber and Matthews, 2008). Others have also contested that 

if renewable energy sources were used to power urban farming systems, the GHG emissions would be 

much lower (Martin et al., 2019; Shamshiri et al., 2018). While this is true, we also need to keep in 

mind that not every city has the resources or the available infrastructure to do so. Thus, the energy cost 

and the associated GHG emissions generated by high-tech farming systems is also something that has 

to be considered when assessing its overall sustainability. 

 

The source of water is also a factor that has not been widely considered. Although traditional 

farming methods require more water, they also have the advantage of being able to rely on rainwater in 

addition to irrigation. On the other hand, the location of urban farms usually means that they get their 

water from the city’s water supply. This can add more stress to a city’s water resources that already has 

many other competing demands for it (Gómez et al., 2019; Moglia, 2014; Shamshiri et al., 2018).  

 

Another factor that has not been considered much is the inability of hydroponics systems to fix 

carbon in soils the way well managed agricultural systems do (Batjes and Sombroek, 1997; Farage et 

al., 2007; Kumar et al., 2006; Lal, 2008). In fact, hydroponic systems require additional carbon to be 

added, if not it can be a limitation to how fast the plants can grow in the system (Siddiqi et al., 2002). 

This suggests that not only are they unable to contribute to the regulation of carbon in the atmosphere, 

they in fact need bottled additives of it. 

 

Though many large-scale traditional farms do use artificial fertilisers to supplement depleted soil 

nutrients, the difference is that hydroponic systems are wholly reliant on these nutrients to work (Kaiser 
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and Ernst, 2016; Romeo et al., 2018). Traditional farms that engage in more sustainable farming 

practices, such as regenerative farming systems, can rely on the management of healthy soils for all 

their nutrients (Chenery and Gorman, 2020; LaCanne and Lundgren, 2018; Massy, 2017). As more 

fertilisers are being imported for hydroponics systems, there is also the possibility of a shift from 

importing vegetables to eat to importing nutrients to grow the same vegetables (though there is little to 

no literature on this yet). This can result in a new source of influx of nutrients into urban systems and 

we do not understand the consequences these influxes and accumulations can have on the city. 

 

To conclude, though many authors have assessed the processes of high-tech urban farming 

systems, there is a need evaluate this trend using a systems approach that takes a multi-dimension 

perspective. It appears that these growing systems are more concerned with output yields and resource 

efficiency. We must also recognize that these high-tech farming systems are replacing natural 

ecosystem services with technological processes. As interest around these high-tech farming systems 

increases, the shift to using these systems on a larger scale has been largely unexplored in terms of 

doing a quantitative assessment of them to better understand what is cost of doing so. Additionally, 

the feasibility of urban agriculture to significantly contribute to a city’s food supply and nutritional 

requirements is not well understood. This calls for a more thorough assessment of urban food growing 

systems that account for wider environmental, social, and sustainability dimensions. I will do this by 

quantifying the required inputs, stocks, flows and outputs of these systems in the context of 

Singapore’s newly emerging urban agriculture industry.  
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Chapter 3: Singapore’s Urban Agricultural 
Policies 

Singapore is a city-state with an area of 725.7 square kilometers (Singapore Land Authority, 2020) 

and population of 5.7 million people (Department of Statistics Singapore, 2020). Having such a small 

land area in comparison to its population size has resulted the level of urbanization in Singapore to be 

almost 100% (The World Bank, 2020). This was necessary to accommodate housing requirements and 

the commercial building needs of its globalised economy. It also means that the amount of land available 

for traditional, open-air agriculture is almost non-existent. Hence, Singapore has relied heavily on 

importing its food source from around the world, making the country exceptionally vulnerable to price 

fluctuations and disruptions in the global food system (Liu, 2020a; MEWR, 2020; SFA, 2019a).   

 

Currently, about 2 square kilometers (200ha) of land in Singapore is dedicated to farming 

activities. This makes up less than 1% of Singapore’s total land area. There are currently 111 land-based 

farms, of which 83 produce vegetables (SFA, 2019b). It should be noted that some of these farms are 

located on rooftops or rooms in warehouses, hence not all of them may be considered in the 200ha 

farming area. Potentially due to the government’s focus and preference for high-tech agricultural 

services as well as research and development in the 1990s (Neville, 1992), new farms that are more 

technologically advanced are usually favoured and are more likely to be granted the land lease for their 

farms (Begum, 2020; Nah, 2019). These high-tech agriculture farms that grow vegetables usually use 

vertical hydroponic growing systems, with an increasing number focusing on indoor climate-controlled 

systems. Furthermore, as discussed in the literature review section above, these farming systems are 

able to produce more food per area than traditional farms. In land scarce Singapore, this advantage 

makes such farming systems even more attractive to a government looking to increase local food 

production.   

 

In more recent years, the Singapore government has shifted its focus towards expanding and 

developing the agriculture sector. Urban agriculture, once deemed to be incompatible with urbanization 

processes (Neville, 1992), was designated to be incorporated into the future development plans of the 

city. One of the main motivators for this shift was recognizing the importance of having to increase the 

country’s food security as global crop yields were becoming increasingly vulnerable due to 

environmental change (MEWR, 2020). This led to the “30 by 30” food target which aims to locally 

produce 30% of Singapore’s nutritional needs by 2030. This has been further broken down into 20% 

consisting of leafy green vegetables and 10% fish and eggs (Leow, 2019; Mahmud, 2019). For this 

paper, I will be focusing mainly on the leafy green vegetable production target. Protein production is 
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not considered as it would involve another set of estimations requiring discussions on a different set of 

challenges and solutions.  

 

There has been much ambiguity surrounding this target, with no quantified target volume 

specified. The term “nutritional needs” was not explained either. As mentioned in the literature review, 

nutritional needs comprises of vegetables, fruits, proteins (inclusive of dairy), and grains 

(carbohydrates) (FAO, 1995). In Singapore, the nutrition and food guidelines are presented as “My 

Healthy Plate” (MOH, 2020a) (see Figure 3.). It indicates that our diets should consists of 25% 

wholegrains, 25% proteins, and 50% of fruits and vegetables. Thus, if the vegetable production target 

is 20% of the 50% recommended fruits and vegetable intake, this only makes up 10% of the total 

nutritional needs (20% x 50% fruits and vegetables = 10%). As with the 10% protein target, this only 

makes up 2.5% of the total nutritional needs (10% x 25% protein = 2.5%). Altogether, this only makes 

up 12.5% of the 100% nutritional needs. It also does not add up to the 30% goal the government has 

set. In addition, since no carbohydrates and only a small percentage of fruits (some farms like Sustenir 

Agriculture are growing hydroponic strawberries) are locally produced, there appears to be a gap to fill 

in order to meet the 30% nutritional needs goal. 

 

 

Figure 3. My Healthy Plate. A visual representation of the food and nutrition intake guidelines 

recommended by Singapore’s Health Promotion Board. It suggests diets should comprise 25% of 

wholegrains, 25% of proteins (meat and others), and 50% of fruits and vegetables. (Source: MOH 

(2020a)) 

 

Besides the “30 by 30” goal, the government has also signaled the importance of this industry by 

increasing funding and grants for urban agriculture related activities. For example, the National 
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Research Foundation has committed SGD$144 million (approximately AUD$149 million) to agri-food 

research (Leow, 2019; Ministry of Trade and Industry, 2019). Most of these funds go to farms that 

engage in agri-tech activities, especially those with automated and climate control functions to improve 

the yield, resource use efficiency, and sustainability of agriculture production. This shows the 

government’s preference for research and development and its believe that technological advancement 

is the way forward for progress.        

 

Current research around urban agriculture in Singapore has mainly focused on its financial 

viability (Montesclaros et al., 2018) and how local farms should develop to minimize local competition 

while maximizing benefits (Montesclaros and Teng, 2018; Rut and Davies, 2018). A study by Kosorić 

et al. (2019) on the social acceptance of integrating vertical farming systems into public housing estates 

has also found that many Singaporeans are receptive to the idea of having vertical farms near their 

homes. A common theme throughout most of these studies is also the role the government plays in 

driving the development of urban agriculture (Low, 2019; Montesclaros and Teng, 2018; Rut and 

Davies, 2018). They cited how many farms rely on government funding during their initial start-up 

period and the importance of the government’s support when it came to acquiring land and space for 

agricultural activities (Low, 2019; Montesclaros and Teng, 2018).  

 

Hence, although we have some understanding around the economic, social, and governance 

aspects of urban agriculture in Singapore, we do not have much information on the actual agriculture 

production systems. This includes looking at the resources required to run these systems and their 

wider environmental and sustainability dimensions. We also do not have much understanding around 

how these inputs flow throughout the system and the rate at which they accumulate. This makes 

understanding these processes and flows of Singapore’s urban agriculture systems all the more 

important in order for us to identify potential problems that may arise.  
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Chapter 4: Methodology 

In this thesis I seek to critically assess the potential contribution of urban agriculture to increase 

food security for the population of Singapore. To do so, I first aim to quantify as accurately as possible 

the amount of vegetables that have to be grown per year to meet the Singapore government’s “30 by 

30” target. In order to better estimate the amount of inputs required by these systems, I will first 

calculate the total amount of vegetables that have to be produced. As there is no one specific vegetable 

that is grown in the hydroponic systems, the yield will be estimated using recommended daily vegetable 

intake data found on the Singapore Health Promotion Board’s website.   

 

Based on the estimated quantities calculated, I will then estimate to the best of my ability what are 

the biophysical and energy requirements needed to meet this quantified target. The land area required 

will also be estimated. This will be done through an MSFA which I will further elaborate on below.  

   

4.1 Material Stocks and Flow Analysis (MSFA) 

At its core, a MSFA is a tool that can be used to assess the sustainability of an area ranging from 

farms to cities or even countries (Fischer and Garnett, 2016). As the name suggests, an MSFA analyses 

the flow of materials and energy inputs and outputs of the natural and built environment of a defined 

area (Hendriks et al., 2000). Between these inputs and outputs, it examines the stocks and flows of these 

materials within the area and how they are transformed (Hendriks et al., 2000). It also allows us to better 

understand how different stocks and flows can interact within the system.    

 

A MSFA can play an important role in helping us better understand the impacts urban agriculture 

can have on cities. By enabling a more rigorous and accurate measurement of the stocks and flows, it 

allows us to quantify the specific inputs and outputs of high-tech hydroponics systems in a city. From 

this, it can also identify specific targets and leverage points for making changes which policy makers 

can benefit from. In addition, it can be used together with the systems thinking approach I have taken 

(described in the Sustainable Food Systems section) to illustrate the material and energy processes that 

are transferred into, within, and out of the city.  

 

MSFAs have also previously been used in many diverse studies. Examples include assessing the 

urban metabolism of cities (Boyden et al., 1981; Warren-Rhodes and Koenig, 2001), looking at the 

environmental risks of agriculture run-off (McDougall et al., 2019) and assessing the stocks and flows 

of specific elemental materials like lead (Hendriks et al., 2000) or infrastructure materials of a city 

(Huang et al., 2006). More specifically for food production systems, MSFAs have underpinned the 
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analysis of studies conducted in indoor farms located in Chicago (Chance et al., 2018), production of 

crops in the desert of the Arava region in Israel (Wyngaard and Kissinger, 2019), and also the food 

production to consumption chain in Feliz, Brazil (Kuhn et al., 2017). Data obtained can also be used by 

transdisciplinary teams for environmental policy decision making which allows for consideration of 

sustainability principles in the system (Dyball and Newell, 2014). Sustainability principles have been 

defined as (Newell, 2014): 

 

A process that consumes a non-renewable resource is sustainable as long as the rate 

at which it uses that resource does not exceed the rate at which a renewable resource (used 

sustainably) is substituted.  

A process that consumes a renewable resource is sustainable as long as the rate at 

which it uses that resource does not exceed the rate of regeneration of the resource.  

A process is sustainable as long as the rate at which it generates a pollutant does not 

exceed the rate at which that pollutant can be recycled, absorbed, or rendered harmless in 

the environment.  

 

These principles also underpin the need for a circular economy as the common linear economic 

system where materials are transformed, used, then disposed does not account for these principles. This 

makes a MSFA a suitable tool for this study as it can effectively map the interactions in the system and 

find opportunities to create more circularity within it. 

 

4.1.1 Study Area 

The study area I will be focusing on is Singapore, making the city the system boundary. The 

farming systems based in Singapore sit within the system and can influence the amount of inputs and 

outputs that flow throughout the system. Although there are many material components that go into 

farming system, example being the infrastructure materials required to build the hydroponics racks, this 

study is mainly concerned with the basic materials that go into growing leafy green vegetables. I will 

also be only considering the material and energy flows of hydroponic growing systems as they are the 

most common in the industry. 

 

4.1.2 Inputs 

The input components that are required to transform a seed to an edible plant are i) water and 

carbon, ii) light energy, and iii) nutrients. This thesis will only be looking at the material and energy 

flows of these 3 inputs. As mentioned above, other material inputs like the growing structures will not 
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be considered in this study although they can also make up a significant amount of material stocks and 

flows in the system. 

 

4.1.3 Transformation 

The transformation process refers to how the energy and materials that entered the system are 

changed. This includes looking at material accumulations within the system and the amount of time a 

material remains in the system (residency period). For this study, a simplified description of 

transformation is the process where the metabolism of a plant transforms water and carbon into 

carbohydrates via photosynthesis, as depicted the photosynthesis equation below: 

6 CO2 + 6 H2O –(solar energy)→ C6H12O6 (glucose) + 6 O2 

In urban farming systems, we need to recognize that this natural process is mediated by 

technological processes in an artificial system.  

 

4.1.4 Outputs 

The main output from the farming system are the vegetables produced. Other outputs that are also 

significant, but not considered in this study, are the waste generated and carbon emissions. Nutrients 

that flow out of the system also have the potential to be recovered and reused though not many are 

currently doing it. This will be further discussed in the sections below. 

 

4.2 Data Collection 

Input and output flows of urban farming systems were collected from secondary sources. Water, 

energy, and nutrient inputs and yield outputs were adopted from previous studies that looked at similar 

hydroponics systems. It was also supplemented with data that could be obtained from the websites of 

Singapore-based urban farms. Visiting urban farms in Singapore to talk to local farmers was initially 

part of the plan as well. However, this could not be done in the end due to COVID-19 restrictions.  

 

As I was unable to find much data on Singapore’s urban farms, studies from other countries had 

to be used. A few reasons for the difficulty in obtaining such information are i) many urban farms in 

Singapore are relatively new, hence the inputs and outputs still vary between growing cycles (M Lavoo 

2020, personal communication, 8 June), and ii) most farms do not publicly release data on volume 

inputs (S Chua 2020, personal communication, 2 January). Thus, for this project, the studies that I 

obtained data from were based in the USA (Barbosa et al., 2015; Chance et al., 2018; Cropbox, 2017; 

Mendez Perez, 2014; Van Ginkel et al., 2017), France (Romeo et al., 2018), and Japan (Techno Farm, 
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2020). Although there may be differences in the energy requirements due to the different climate control 

settings between different countries, having a wider range of sources should give an indication of the 

upper limit and lower limit of the amounts required. 

 

Data related to the inputs and outputs of the farming systems were compiled into a table. The 

units of these different inputs and outputs were then standardized. These processed data inputs were 

then used to estimate the quantities required to produce enough vegetables in Singapore to meet the 

“30 by 30” target, now understood to mean 20% of the recommended intake of the vegetable fraction 

of a nutritionally balanced diet. This resulted in a possible range of values for each input needed.  
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Chapter 5: Results and Discussion 

5.1 Quantifying “30 by 30” 

Since the production target is so ambiguously worded, I will just assume it is 20% of the vegetables 

that Singaporeans consume annually. As there are many ways to define what “nutritional needs” are, in 

this paper I used Singapore’s dietary guidelines as a reference for my calculations. According to 

Singapore’s Health Promotion Board (HPB), we would need 2 servings of vegetables per day to fulfill 

our nutritional needs (MOH, 2020b). HPB also has various serving recommendations depending on the 

type of vegetable. The 3 “vegetable recommendations” selected for this study are  

i) 150grams of raw leafy vegetables (MOH, 2020b),  

ii) 50grams of raw pale leafy green vegetables (HPB, 2020a) (such as lettuce and bok choy), 

and  

iii) 68grams of raw generic dark green non-leafy vegetables (HPB, 2020b) (such as broccoli).  

These 3 categories were selected as they cover most of vegetable types recommended by HPB. 

Recommended servings of raw vegetables were chosen over cooked ones as vegetables tend to lose 

water, and hence weight, when cooked (Péquignot et al., 1976). Hence, recommended servings of 

cooked vegetables will not be reflective of the actual weight and nutritional values of the vegetable 

(Miglio et al., 2008). This difference is also reflected in Australia’s serving size guidelines where 

recommended serves of raw and cooked vegetables differ (Australian Government Department of 

Health, 2015). 

 

The calculations are as follow: 

Raw Leafy Vegetables 

150g x 2 servings per day = 300g per day. 

5.7 million Singaporeans x 300g/ day = 1,710,000,000g = 1,710,000kg per day. 

1,710,000kg/ day x 365 days in a year = 624,150,000kg/ year. 

624,150,000kg x 20% = 124,830,000kg of vegetables to be locally produced per year.  

 

Raw Pale Leafy Green Vegetables 

50g x 2 servings per day = 100g per day. 

5.7 million Singaporeans x 100g/ day = 570,000,000g = 570,000kg per day. 

570,000kg/ day x 365 days in a year = 208,050,000kg/ year. 

208,050,000kg x 20% = 41,610,000kg of vegetables to be locally produced per year.  
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Raw Generic Dark Green non Leafy Vegetables 

68g x 2 servings per day = 136g per day. 

5.7 million Singaporeans x 136g/ day = 775,200,000g = 775,200kg per day. 

775,200kg/ day x 365 days in a year = 282,948,000kg/ year. 

208,050,000kg x 20% = 56,589,600kg of vegetables to be locally produced per year.  

 

Based on these calculations, Singapore will need to locally produce an estimate of 42,000,000kg – 

125,000,000kg of vegetables per year in order to meet 20% of its vegetable nutritional needs.  

 

5.2 Vertical Hydroponic Farm Data 

For this study, I looked at data of input material, energy, and output yields collected from papers 

and publicly available information on websites of vertical hydroponic farms. A total of 10 sources were 

found. These 10 sources were on farms that produced leafy green vegetables with a substantial amount 

of information collected of these systems. I found a disproportionate amount of data available between 

indoor and outdoor farms, with 8 sources on indoor vertical farms. Indoor farms analysed consisted of 

growing systems in shipping containers and those located in a room or buildings. The 2 outdoor vertical 

hydroponic farms are both located in Singapore and are built on rooftop spaces.  

 

Water, energy, and nutrient requirements of each growing system were collected. The primary 

output measured was the amount of crops produced in kilograms (kg). Something to note is that most 

of these studies focused on lettuce production, hence the data collected may not be representative of 

other crops. I also found that most studies focused primarily on the yields and water inputs of vertical 

farms. Very few studies had data on energy and nutrient inputs.  

 

Input and output data collected from all the studies varied greatly (see Appendix 1 for data 

collected from all studies). The units the data was presented in also differed between studies, hence I 

converted them to similar units for better comparison (see Appendix 1 for original to converted data). 

Overall, there did not appear to be any obvious trend or clear indication of any one value. It was 

surprising to see as I initially thought the amount of material and energy inputs would be quite similar 

per kilogram of produce. This suggests that different hydroponic systems require quite varying amounts 

of material and energy inputs. Out of all the sources, the study conducted by Barbosa et al. (2015) stood 

out from the rest. It accounted for all inputs, except nutrient usage, and outputs of the hydroponic 

systems and these values were calculated using engineering equations supplemented with data from 

other literature on similar systems (Barbosa et al., 2015). As these figures appear to be a better reflection 
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of the average inputs and yields, the estimations in the following sections will be calculated using the 

results from this study (except for the nutrient component). I will also further discussions around their 

environmental and sustainability dimensions.      

 

5.3 Water Usage 

For the indoor farms, water used in terms of litres per kilogram of lettuce produced ranged from 

0.77 L/ kg (Techno Farm, 2020) to 7.11 L/ kg (Mendez Perez, 2014). Cropbox (2017) states that each 

of their shipping container growing systems uses about 102,206L of water per year. The average amount 

calculated by Barbosa et al. (2015) is 20±3.8 L/ kg/ year. Data on water usage from the outdoor vertical 

farms was mostly non-existent. 

 

To produce 42,000,000kg – 125,000,000kg of vegetables every year, using the 20±3.8 L/ kg/ year 

figure, my calculations for water demand ranged from 840,000,000L to upwards of 2,500,000,000L 

per year. Putting things into perspective, the lower estimation is about the same amount of water all 

Singaporeans use in a day. On average, a Singaporean uses 148L of water a day, amounting to 

843,600,000L a day in total (gov.sg, 2020). If the larger estimation is used, this is about 3 times the 

amount of water all Singaporeans use in a day. 

 

Although hydroponic systems do require much less water than traditional farming systems as 

demonstrated by multiple studies (such as Barbosa et al., 2015; Van Ginkel et al., 2017), the source of 

the water also needs to be considered. In Singapore, the water used comes from the country’s domestic 

water supply. If we consider traditional farming systems where their water source is rainwater, we can 

argue that hydroponic farms are replacing “free” ecosystem services with human-engineered systems. 

Hence, the notion that hydroponic systems use irrigated or domestic water supplies more efficiently 

does not quite hold if we are comparing this efficiency against rainwater that is originally “free”. 

Furthermore, Singapore is considered to be one of the most water scarce countries in the world 

(Maddocks et al., 2015). Although its national water agency is continuously researching new ways to 

address the country’s water challenges (PUB, 2016), the projected increase in urban agriculture would 

eventually still require a sizeable amount of water in the future.        

 

One of the suggested ways to reduce the stress urban agriculture places on a city’s water supply is 

to use waste water (Gómez et al., 2019; Moglia, 2014; O’Sullivan et al., 2019; Shamshiri et al., 2018). 

Since wastewater also contains nutrients crops require such as nitrates, using domestic waste water can 

provide both water and nutrients to urban farms. However, recycling wastewater for urban farming 

purposes is not widely practiced. Not only is the use of domestic waste water for farming highly 
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regulated, the cost of treating the water is also high (Moglia, 2014; O’Sullivan et al., 2019). Waste water 

has to be treated to remove pathogenic and chemical contaminants while keeping a sufficient amount 

of nutrients for the plants to grow (Moglia, 2014; O’Sullivan et al., 2019). Hence, as the process of 

treating wastewater is quite costly on a farm level and there is the potential of contaminating the crops 

if pathogens and harmful chemicals are not removed, this form of waste water recycling has not been 

widely adopted. 

 

However, the above argument is slightly different in Singapore’s case. The country has created a 

“water loop” system (see Figure 4. below) where much of its wastewater is already treated and being 

reused within the system. This means that the water being used in the hydroponics systems would have 

already been “recycled”. Within Singapore’s water system, there may be a possibility of directing 

“direct non-potable use” (DNPU) water (see Figure 4. arrow between “5 NEWater factories” and 

“Industries”) straight to urban farms. NEWater, where DNPU water comes from, is used water that is 

treated through microfiltration, reverse osmosis, and ultraviolet disinfection (PUB, 2020a). This 

produces a high-grade reclaimed water that is delivered to industries. The treatment process ensures 

DNPU water will be safe for agriculture as pathogens and bacteria will not be passed on to the crops 

and subsequently humans (PUB, 2020b). By allowing farms to use DNPU water, it can help to shorten 

the recycling loop between wastewater to farms. However, this possibility is currently not being 

explored as building new transmission networks to specific farms is not worth it, especially given the 

short land tenure leases which means farms may shift locations every few years. Hence, relying on the 

current distribution network that also contains “recycled” water would make the most sense for urban 

farms in Singapore. 
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Figure 4. Singapore’s “Water Loop” system. The figure shows how potable and non-potable water is 

collected, treated, and distributed in Singapore. It also shows how wastewater is collected, recycled, 

and reused within the system. (Source: PUB (2020))  

 

Another possibility that has been raised is using harvested rainwater in indoor hydroponics 

systems. Rainwater harvesting and storage practices are common in traditional agriculture settings, 

especially in areas where water is scarce (Velasco-Muñoz et al., 2019). However, there is relatively 

little literature on using harvested rainwater for urban agriculture and even much less so on its use for 

hydroponics systems. One study that focused more on roof rainwater harvesting for urban farm gardens 

stated that using rainwater can help to reduce urban run-off and may be a significant contribution to the 

overall sustainability of urban agriculture (Amos et al., 2018). The same study also highlighted the 

current lack of research and information around this topic. It notes that urban rainwater harvesting and 

urban agriculture have emerged independently with a lack of understanding and research on how to 

combine them. One reason why rainwater has not been used may be because hydroponic systems require 

a high quality of water – the “cleaner” the water the better the yield (Das and Sing Majhi, 2009; Schwarz 

et al., 2005). Another reason is that rainwater can also be too acidic for plants to grow. A study by 

Balasubramanian et al. (2001) stated that around 88% of precipitation samples collected in Singapore 

registered a pH value of 5.0 or lower with the lowest value of 3.49. Despite this, rainwater harvesting 

is something that is still worth looking into as it has the potential to reduce the demand urban agriculture 

may put on Singapore’s water system and also reduce urban runoff.    
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Since urban farming activities will probably increase in the future, the use of water is something 

that we should be more aware of when looking at this topic. Though hydroponics systems require much 

less water compared to traditional farms, the increasingly commercial scale at which these systems will 

be operating on will still require a significant amount of water. As Singapore’s water resources are 

scarce, this may emerge as a problem in the future. Looking into roof rainwater harvesting systems that 

directly transport rainwater to the hydroponic growing systems is a potential solution to help reduce the 

water drawn from Singapore’s local supply.  

 

5.4 Energy Usage 

Out of the 10 studies, 6 had data on the energy usage of their farm operations. 5 of these studies 

were conducted on indoor farms. The figures have been converted to megawatt-hour (MWh). At 

Cropbox (2017) 0.14MWh of energy was used per day. 3 other studies had figures ranging from 

0.004MWh/ kg (Techno Farm, 2020) to 0.0195MWh/ kg (Van Ginkel et al., 2017). The average amount 

given by Barbosa et al. (2015) was 0.025±0.003MWh of energy per kilogram of produce per year. The 

outdoor vertical farm data is from Sky Greens (2014), where they only stated 0.04-kilowatts (0.0004 

megawatts) of electricity is required to power each growing tower.   

 

In order to produce 42,000,000kg – 125,000,000kg of vegetables per year, multiplying by 

0.025±0.003MWh, this would require between 118,000MWh to 3,500,000MWh of energy. If we take 

the higher figure, this equates to about 3.5 terawatt-hours (TWh). Putting this into perspective, the total 

amount of electricity used by all households in Singapore in 2018 was 7.2TWh (EMA, 2019). Hence, 

if Singapore was to use only indoor vertical farming setups to achieve the vegetable production goal, 

the energy cost of doing so will be at least half as much as all the energy used in households in a year.  

 

The high energy demand of indoor agriculture systems is something that many authors have raised 

before (as discussed in the literature review). Some also say that the energy requirements and its 

associated costs is the largest limiting factor that prevent large scale adoption of these systems (M Lavoo 

2020, personal communication, 8 June). In Singapore, where most of its energy comes from burning 

natural gas (EMA, 2020a), the energy draw will also contribute to the country’s carbon emissions. 

Again, this brings about the argument of such growing systems replacing free ecosystem services with 

artificial or human-made sources. On conventional farms, the source of energy for plants to grow comes 

from the sun which is considered to be “free” energy. However, indoor systems rely on energy from 

power generation plants to power artificial light sources and climate controls. This means that we end 

up paying for energy that is free in conventional agriculture systems. Although many enthusiasts of 

high-tech farming systems look to technology for solutions to increase the efficiency of resources used, 
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we need to acknowledge that in the process we are replacing free ecosystem services that occur 

naturally. This goes to show how under-valued free ecosystem services are and how they are not often 

considered when discussing the sustainability of the inputs into urban agriculture systems.    

 

One of the most common suggestions to improve the sustainability of urban agriculture’s energy 

source is the use of renewable energy sources. However, though renewable energy sources are 

becoming more common now, the amount of energy they can produce is still far too little to generate 

100% of the energy a commercial scale indoor farm requires. In Singapore, a 10-kW rooftop solar 

photovoltaic (PV) system can produce between 12.5MWh – 14.5MWh of energy annually (EMA, 

2020b). This means that each day an estimate of 0.0343MWh – 0.0397MWh of energy can be produced. 

Using the upper range of 3,500,000MWh of energy required per year I calculated above, this means 

that 8550MWh of energy would be required per day. This would require at least 102,000,000 10-kW 

rooftop PV systems. Hence, the question is to what extent can renewables cover the energy demands. 

The consensus so far is that the development of renewable energy sources and power storage technology 

has not yet reached a level where larger farms can solely rely on this energy source (Centre for Liveable 

Cities, 2020; World Food Future, 2020). Furthermore, with the high initial start-up costs of indoor 

vertical hydroponic farms, bringing in renewable energy sources from the beginning would only drive 

up this cost. Hence, many farms only start considering using renewables later on (World Food Future, 

2020). Thus, although renewable energy sources may help to supplement part the farm’s energy 

requirements, renewable energy technology has to further advance before it can be effectively 

incorporated into growing systems.      

 

An alternative option to reduce energy demands is through setting up more outdoor vertical farms, 

eliminating the need for energy-guzzling artificial lighting and climate-controlled systems. As land 

space is scarce in cities, these outdoor vertical farms are usually located on rooftops (examples cited by 

Al-Kodmany (2018), Despommier (2009), and Pryor (2017)). There are already quite a few rooftop 

farms in Singapore such as SkyGreens (as mentioned above) (Sky Greens, 2014a), ComCrop (Comcrop, 

2020), and Citiponics (Citiponics, 2020). Setting up vertical farms on rooftops also turns unused spaces 

in cities to productive areas (Gasperi et al., 2016; Thomaier et al., 2015). Furthermore, since the energy 

cost of such farms are lower, they can grow vegetables that are usually cheaper and more widely 

consumed by the public (e.g. producing bok choy that is more widely consumed in Singapore as 

compared to kale). This will also help to increase the consumer market of locally produced vegetables.  

 

However, there is an upper limit to the amount of vegetables that can be produced from rooftop 

farms. For one, there is a limited amount of rooftop space in cities. Due to weight considerations, the 

number of growing structures on each rooftop are also limited (Pryor, 2017; Walters and Stoelzle 
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Midden, 2018). Hence, the productivity of rooftop farming will probably be lower compared to an 

indoor farm. Besides that, there are also competing needs for rooftop space in Singapore. In order to 

increase cleaner sources of energy into Singapore’s energy mix, the government has identified solar 

energy to be a key source of renewable energy they want to focus on, making rooftop area prime real 

estate for solar panel installations (EMA, 2020c; Tan, 2019). This will limit the amount of rooftop space 

that can actually be used for farming. Hence, though rooftop farming has potential to reduce the energy 

demands, it also comes with its own set of challenges. It can definitely be carried out together with 

indoor farming, however due to its lower productivity just relying on outdoor, rooftop farms alone 

would erode the capacity of Singapore to meet its vegetable production targets. 

 

Overall, though energy is used to maintain optimum growing conditions which increases crop 

productivity, it still begs the question of whether this is enough to justify the energy costs of these 

systems. Renewable energy sources may be better utilized in the future as renewable energy 

technologies, battery storage, and its affordability improves. Although rooftop farms can reduce energy 

demands and turn unused areas in cities into productive spaces, it also comes with its own set of 

limitations and challenges. Therefore, given the scale of the problem, looking at ways to reduce the 

energy demand of indoor vertical farming or to increase the capacity of renewable energy sources may 

be the most pressing issues the sector currently faces if it wants to become more sustainable. 

 

5.5 Nutrient Usage 

Nutrients are usually delivered to crops in the form of a soluble nutrient solution added to the main 

water tank. This solution is made up of a mix of macro nutrients [Nitrogen (N), Phosphorus (P), 

Potassium (K)], micronutrients, and trace elements. Only 3 studies had data on nutrient inputs. Data 

from Chance et al. (2018) simply stated that a total of 0.0907kg of nutrients were used in their farm, no 

specific values were given for each type of macronutrient and the total amount did not correlate to any 

weight. Meanwhile, Cropbox (2017) stated that their system uses 0.00202kg N/ m2, 0.00392kg P/ m2, 

and 0.00224kg K/ m2. La Petite farm in Lyon required 0.0026kg N, 0.0013kg P, and 0.0036kg K per 

kilogram of lettuce (Romeo et al., 2018). 

 

For this study, I will focus more on the macro nutrients (N, P, and K) as these minerals make up 

the main component of the nutrient solutions. As it is unclear of the volume produced per square-meter 

in Cropbox, I will not be using their data. Using data from La Petite’s farm, approximately 109,000kg 

– 325,000kg of N; 54,000kg – 163,00kg of P; and 94,000kg – 280,000kg of K per year will be 

required to produce 42,000,000kg – 125,000,000kg of vegetables. Though this amount may be small 

compared to conventional commercial size farms, the significance here is that hydroponics systems are 
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entirely reliant on nutrient solutions in order for the vegetables to grow. Not taking into account the 

commercialisation of agriculture, in traditional agriculture systems these macro nutrients come from 

natural biogeochemical processes in the soil that are just enhanced by human interventions. At its core, 

the nutrients required for plants to grow also come from free ecosystem services. However, in 

hydroponics systems, plants are unable to do this. As water sources also do not contain sufficient 

amounts of nutrients plants require, they rely on these synthetically produced minerals for nutrients. 

 

One nutrient input often not mentioned in farming systems as a fertiliser is carbon. In traditional 

agriculture systems, it is drawn from the atmosphere in the form of carbon dioxide where it exists in 

overabundance due to anthropogenic GHG emissions. Furthermore, well-managed agroecosystems 

have the capacity to draw carbon dioxide from the atmosphere and fix it in plant and soil organic matter. 

This is a significant ecosystem service these landscapes can provide, as discussed earlier in the literature 

review. In indoor farms, carbon is an artificially regulated input in the form of an industrially produced 

gas. The energy and material costs of artificial carbon input was not estimated in this study. 

Furthermore, not all indoor systems use it. However, this is again an example of a naturally occurring, 

“free” input that high-tech systems have to augment with industrial technology.  

 

One reason for the lack of discussion around the nutrient inputs of hydroponics systems is that 

many industrial farms also use large amounts of synthetic fertilisers. A report from the FAO (2016) 

projected that globally 199 million tonnes of fertiliser would be needed for agricultural activites. Hence 

in comparison, the nutrient requirements of hydroponic systems are actually much lower (AlShrouf, 

2017; Despommier, 2009). An advantage of hydroponics is that the nutrients put into the system are in 

a soluble form, enabling the plants to directly absorb it. This direct delivery of nutrients also means that 

less is wasted. In conventional farms, fertilizer added to the soil may be lost due to run-off and not all 

the nutrients are taken up by the plants (Despommier, 2009; Gillingham and Thorrold, 2000; Hart et 

al., 2004). Hydroponic systems also allow unused nutrients to be recycled – a main water tank, which 

also contains the nutrient solutions, feeds water into the system and whatever is not absorbed by the 

plants returns to the same tank. Furthermore, studies have also identified that nutrient management of 

hydroponic systems can contribute to circular economy efforts and improve environmental aspects 

(Calabria et al., 2019; Martin et al., 2019; Rufí-Salís et al., 2020). In Singapore, this nutrient loop system 

also relates to its “water loop” system (see Figure 4. in Water Usage section 5.3 above). At the point 

where collected wastewater is treated, nutrients can potentially be recovered here and redirected to 

urban farms. Thus, considering the overall efficiency of resource use and the potential of creating a 

more circular system, hydroponic systems are more sustainable in regards to nutrient inputs.  
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Although hydroponic systems do make use of nutrients more efficiently, this discussion also brings 

about the question of where these nutrient solutions are coming from. For Singapore’s case, though 

there are a few Singapore-based companies that have developed special nutrient formulas for 

hydroponics (e.g. LushGro), the source of these primary materials are currently imported. Though this 

area has not been thoroughly researched, there may be a possibility that instead of importing food we 

are beginning to import the nutrient solutions to farm our own food. Hence, “carbon emissions” saved 

from the transportation of food may end up getting transferred to importing nutrients. This gives a false 

sense of “sustainability” as impacts are being shifted to other parts of the system. Furthermore, as the 

urban farming industry in Singapore continues to grow, the amount of imported nutrient fertilisers will 

increase. This will also result in an influx of new nutrient flows into the city. How these nutrients will 

accumulate and move through the city system is also something that is not very well documented. 

However, given Singapore’s small geographical scale, with a good system design, nutrients should be 

able to be recovered from municipal waste streams or the sewer system. The potential to recover 

nutrients from the system is discussed further in section 5.7 below. 

 

Overall, though nutrient inputs are an essential component of hydroponic systems, there is 

relatively little information surrounding this particular input. However, we are still replacing natural 

processes with technological ones, making it important to weigh the costs and benefits of doing so. 

Other aspects such as where the nutrients are coming from and the potential for nutrient recovery within 

city systems to create a more circular economy are also areas worth exploring. Advancement in these 

areas will only serve to further improve the sustainability of such systems and highlight components of 

the system that can be bettered. 

 

5.6 Yield and Land Area 

The main output of hydroponic systems are the crops. For this study, yield is presented in the 

weight (kg) of crops produced by the farming system. All the studies had data for the yields. The yields 

of the indoor farms ranged from about 60kg/ m2 (Kriwangko, 2018) to 332.85kg/ m2 (Cropbox, 2017) 

of lettuce. Other indoor farm that presented yield data in kg/ m2/ year ranged between 44.7 kg/ m2/year 

(Romeo et al., 2018) to 197.5kg/ m2/ year (Van Ginkel et al., 2017). The average amount calculated by 

Barbosa et al. (2015) was 416.1 kg/ m2/ year. As for the outdoor farms, the data obtained from 

Citiponics (2020) is 26.64kg/ m2/ year whereas Sky Greens (2014) simply claimed that its facilities can 

produce up to 5000kg – 10,000kg of vegetables per day when their farms are running at full capacity.   

 

To produce 42,000,000kg – 125,000,000kg of vegetables per year in Singapore, this will require 

a minimal of 900,000m2 and up to 3,600,000m2 of land area depending on the yields of different farms. 
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Currently, less than 1% of land in Singapore is used for all agricultural activities (inclusive of fish 

farming, chicken farms etc.) (SFA, 2019b). Given the scarcity of land in Singapore, it does not seem 

likely that the amount of space allocated to agriculture will increase drastically. This is where the 

interest of vertical, indoor farming spaces stems from as they are more productive per m2. Such farms 

can also be located within built-up warehouses that already exist (e.g. Artisan Greens in Singapore) or 

on rooftops (e.g. Sky Greens, Comcrop, Citiponics) which means the government does not have to 

allocate “land space” to such farms.   

 

All the produce from vegetable farms in Singapore are destined for consumption in the local 

market. According to SFA (2019a), a total of 83 vegetable-producing farms currently produce up to 

14% of the country’s leafy vegetable requirements (there was no mention of how this figure was 

calculated). However, due to the high costs of setting up and running indoor hydroponic farms, many 

choose to grow higher-value crops. These crops, most notably kale or herbs like basil, though have 

higher nutritional value, are not traditionally part of the vegetables consumed in Asian cuisines which 

primarily make up Singaporean diets (American Overseas Dietetic Association, 2011). Although more 

people are starting to purchase these vegetables, it brings about the discussion of whether an increase 

in urban hydroponic farms will directly increase the volume of culturally appropriate crops produced 

locally.  

 

Besides this, there are also some issues around the accessibility of locally produced vegetables. 

Though more farms are starting to sell their produce in supermarkets, a large majority are still doing it 

through online stores or through their own websites. Many local farms also offer subscription services 

to their own produce boxes (e.g. Citizen Box by Edible Garden City, Vegetable Baskets by The Little 

Red Farm). This suggests that their presence in supermarkets or wet markets appear to be lacking. Based 

on my personal observations, I usually only find produce from one or two local farms on the shelves. 

Although there has been a push to bring more local produce to supermarkets (Liu, 2020b), the 

accessibility to these products are still quite limited. It also limits the market to those who do their 

grocery shopping online, making it even more difficult to get locally grown vegetables to the 

community.  

 

Another issue with accessibility is the price of locally grown crops. Though the quality of produce 

may be better and fresher than imported vegetables, many people who do not know this difference will 

still first focus on the price. Most of the products from these farms come at a premium cost in 

supermarkets and some are only available in high-end stores that the average Singaporean would not 

visit. For example, on a local online grocery shop “Redmart”, 100g of locally grown chinese cabbage 

(or choy sum) costs between $1.18 - $1.56. On the other hand, 100g of imported choy sum costs $0.50 
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- $0.70 (Redmart, 2020). The fact that they are almost double the price may deter consumers from 

choosing local options.      

 

With an increasing amount of resources being put into developing indoor farming technologies, 

achieving the 20% food production goal appears to be feasible. However, we also see that this system 

is currently highly targeted to a particular end user. In Singapore’s case, it is usually people who have 

the purchasing power to buy the higher priced produce or those who make a conscious decision to buy 

local. Many of the crops produced by indoor farms in are also not part of the average Singaporean’s 

diet, suggesting the need to transition indoor farms to more widely consumed produce. 

 

5.7 Future Potential of Urban Agriculture 

Though urban agriculture can definitely contribute to the city’s food supply, it cannot provide all 

the nutritional needs people require. Hence, cities like Singapore will still need to continue sourcing for 

nutrients and food beyond its boundaries. Based on the MSFA conducted, we can see that the main 

excess stock entering the system are nutrients. These nutrients are entering the system not only in terms 

of food but also fertilisers that are used in high-tech urban farms. If we look at this from an MSFA and 

sustainability perspective, this can potentially become a problem, especially if excess nutrients 

accumulate and remain in the system. Furthermore, excess nutrients that flow out of the system have 

no way of being recovered which is quite a waste of resources.  

 

This can present a problem if cities are not prepared to handle large influxes of nutrients. 

Conversely, this also presents an opportunity. If nutrients can be captured at the end of the system, there 

is the potential to create a more “circular economy” within the city (Manríquez-Altamirano et al., 2020; 

Richa et al., 2020). This would require increasing the capacity of the system to process effluents and 

other sources of food waste. Furthermore, since most of the phosphorus consumed by humans ends up 

being excreted primarily through urine and, to a lesser extent, feces (Cordell et al., 2013), a considerable 

amount could be recovered and reused in urban agriculture systems (Cordell et al., 2011; Mihelcic et 

al., 2011). Recycling these nutrients back into urban agriculture systems in the city can also offset 

chemical fertilizer imports, maintaining an overall balance between nutrient inputs and outputs of 

agriculture systems. Creating this circular economy also helps to improve the overall sustainability of 

the system as it enables nutrient inputs to be recycled in the Singapore environment. Given that, out of 

necessity, Singapore will continue to import almost 100% of its carbohydrates, 90% of animal protein, 

most of its fruits, and 80% of vegetables, the volume of nutrients brought in will be more than enough 

to cover the nutrients required to locally grow 20% of its vegetables if imported nutrients is recovered. 

If infrastructure is built to recover these nutrients for its own urban farms, surplus nutrients recovered 
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could also be re-exported back to countries of the food’s origin, creating a circular nutrient economy on 

a larger scale.  

 

Another advantage that can arise from urban agriculture besides creating more closed loop systems 

are finding synergies between different industries. Synergies refer to how efforts to improve the 

sustainability of Singapore’s urban agriculture sector can also improve and draw on other industries. It 

is definitely something the Singapore government can embrace to further the sustainability dimensions 

of urban agriculture.  

 

A possibility is the use of industrial waste from Singapore’s chemical manufacturing sectors as 

fertilisers for indoor hydroponic farms. This is known as industrial symbiosis, where waste from one 

industry can be a resource to another (JTC, 2020; MEWR and NEA, 2020). The practice of converting 

waste from chemical industries into resources for fertilizers production is already being researched in 

other countries like Poland (Biskupski et al., 2015; Gorazda et al., 2017). Though there are concerns 

over whether toxic minerals can be filtered out effectively from chemical waste, improvements in 

nutrient recovery techniques may make this a viable solution for industrial symbiosis between chemical 

and farming industries. For Singapore, although there is no relation between these 2 industries at the 

moment, the maturing of its chemical industries and the newly emerging urban agriculture sector 

provides a good chance to develop this area. Although it is not clear whether fertilisers produced from 

chemical waste can be used in hydroponic systems, it presents a new frontier for Singapore to spearhead 

its research and development.   

 

Besides that, another synergy that can occur is with the renewable energy sector. As mentioned in 

the energy section, the largest sustainability issue with indoor urban agriculture systems is how energy 

intensive it is. Renewable energy technologies are not a viable option at the moment as they are unable 

to provide a sufficient amount of energy the systems require. Thus, this limiting factor may serve as 

motivation to rapidly improve renewable energy technologies that can be used by indoor agriculture 

systems. As the capacity of electricity produced from renewable sources increases and the overall cost 

of installing the systems are lowered, more farms can incorporate it into their growing systems. 

Although it is not clear to what extent this will help to speed up overall developments and improvements 

of the renewable energy sector, it can potentially contribute to Singapore’s goal of increasing renewable 

energy generation in the long run (EMA, 2020a). 

 

Overall, while it is not possible to satisfy all the nutritional needs of Singaporeans just through 

urban agriculture, there are also other benefits that come with it. These include opportunities to form 
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more closed loop, circular economies within the city’s food system, and the creation of synergies 

between different industries. Thus, urban agriculture will still play an important role in the future 

development of cities. As this sector continues to grow, it can hopefully bring more focus to 

sustainability efforts in cities. 

 

5.8 Social Dimensions of Urban Agriculture in cities 

Urban agriculture has also often been lauded for the social benefits it adds to cities. Though we 

have touched on some social aspects in the yield section above – specifically on culturally appropriate 

diets and accessibility to local produce – there are still many social and cultural dimensions that can be 

addressed. Even though social aspects are not the main focus of this paper, it is still a crucial component 

of human ecology as it seeks to explore “the interactions between humans, their environment, and 

culture” (Dyball and Newell, 2014). Hence, in this section I will be highlighting a few key issues that 

have the potential to be further looked into in future research.  

 

One social benefit that has resulted from the increased attention given to the urban agriculture 

sector in Singapore is job creation. Recently, Singapore’s Minister for Sustainability and the 

Environment announced that up to 55,000 jobs related to sustainable development are to be created in 

the next 10 years, which includes skilled jobs in high-tech agriculture and aquaculture sectors (Tan, 

2020).  

 

However, there have also been some drawbacks. As urban farms are becoming more 

commercialized and the farm processes are becoming increasingly automated, it results in diminishing 

social values. An important aspect of open plot urban agriculture has always been the social and 

community values it brings (Davila and Dyball, 2015; Lawrence, 2020; Pryor, 2017). Many urban farms 

provide a common space for city residents of different walks of life to come together. Examples of such 

spaces are community farms that are located within neighbourhoods (Lawrence, 2020). This allows 

residents to build community spirit and bond with each other (Guitart et al., 2012; Ober Allen et al., 

2008; ‘Yotti’ Kingsley and Townsend, 2006). Another important aspect urban agriculture brings is its 

ability to engage city residents in farming activities. It serves an educational purpose, teaching city 

residents that are far removed from food production processes how the food they consume is grown. 

With the commercialization of urban farms, especially indoor high-tech farm factories, these values and 

community interactions are reduced as the public are usually not allowed to enter these facilities. 

Though there are some commercial urban farms in Singapore that strive to account for better social and 

community values through employing members of marginalized communities (e.g. ComCrop) or 

offering volunteering opportunities (e.g. Edible Garden City), newer high-tech farms are unlikely to 
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provide these opportunities. The main social value urban agriculture is providing to the city is shifting 

from community building to consumers being able to buy fresh, local produce. Given the unique social 

and educational value urban farms can bring to cities, attention should also be given to non-commercial 

farms to ensure that these values are not diminished. 

 

Another social dimension that many city dwellers often do not think about, much less talk about, 

is the co-dependence urban dwellers and farmers have on each other. Since is it not possible for 

Singapore to be 100% self-sufficient, it means that we are still going to be dependent on the capacity 

of foreign agricultural lands and the farmers who manage those lands. As Singaporeans continue to rely 

on them, extending our care to their health and well-being should be of concern to us (Davila and 

Dyball, 2015; Dyball, 2015; Porter et al., 2014). That is easier said than done, given how removed we 

are from these landscapes and people. Despite that, it also presents an opportunity for local agriculture 

initiatives to play this educational role first. Local agriculture initiatives can engage Singaporeans with 

local farmers and teach them how and why they should care about the people that produce their food 

first. As local farmers are closer to home, it may make it easier for consumers to relate to them and their 

experiences. Once we have fostered this relation between consumers and local farmers, we can then 

extend this care and awareness to the different regions where the rest of our food comes from (APRU, 

2017).  

 

Thus, though Singapore’s food goals appear to be less focused on social dimensions, it is an 

important aspect that we should not ignore. Besides job creation, the urban agriculture sector will need 

to find more ways to increase its social values. Maintaining engagement with local communities is a 

key factor that has to be addressed. Balancing the presence of commercial and non-commercial farms 

may help in this aspect. Urban agriculture can also play an educational role – making consumers more 

aware of how their food is grown and connect them with the farmers, both local and overseas, that do 

so.     

5.9 Where does Singapore currently stand? 

Having touched on the future potential urban agriculture can provide and concerns over 

maintaining its social dimensions, then comes the question of where does Singapore currently stand 

with regards to the development of its urban agriculture sector? Based on results gathered from the 

MSFA and looking at the different studies, the primary outcome Singapore’s government wants from 

its food system is to increase the volume of local food production. Though sustainability is a key word 

that keeps resurfacing whenever urban agriculture is brought up, upon closer look, sustainability 

principles were never quite integrated into the system’s initial design. Although focusing on increasing 

the local capacity for food production has its benefits, it also comes with some trade-offs. 
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Since the local agriculture system is focused on the outputs, it has not fully accounted for the 

material and energy sources needed if Singapore is to increase the number of indoor high-tech farms. It 

also has not accounted for sinks such as the influx of nutrients into the system. Although it may be part 

of the plan to address these issues after the sector is more developed, Singapore missed the chance to 

create a more sustainable system by designing these aspects into the projects from the beginning. The 

current local farming system is built with the idea of “sustainability”, however there is still much that 

has to be done before it is truly sustainable. Developing this new sector also presented the opportunity 

to establish a close loop farming system. Though we can work towards or incorporate these closed loop 

systems later, it will be more difficult after the system is established as changes in the system is bound 

to cause disruptions.  

 

Looking at the whole food system in a more holistic manner could have resulted in designing a 

more circular food economy in Singapore. Instead of just focusing on the yield, if the inputs were given 

the same priority, the whole system could be developed to be more sustainable. However, given that 

this sector is still relatively new, it may not be too late to change the behaviour of the system without 

causing too much disruptions. There is definitely the opportunity to explore more closed loop 

sustainability outcomes in nutrient recovery. More research and development for industrial symbiosis 

between chemical manufacturing industries and nutrient provision can be done as well. There is also 

potential to explore other sources of water inputs such as rainwater harvesting. As for energy inputs, 

we can enhance the development of renewable energy technologies and find ways to integrate them 

with indoor farming systems. New ways to increase the productivity of rooftop farms can also be 

developed as they require less energy. Overall, if we want to change the behaviour of the system, we 

would need to redesign it. By shifting some of the focus towards addressing the sustainability of the 

inputs and closing material loops, it will benefit the whole system in the long run. 
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Chapter 6: Conclusion 

In a bid to increase food security in cities around the world, urban agriculture activities are likely 

to increase over time. Hence, I set out to estimate the feasibility of using urban agriculture to contribute 

towards the “30 by 30” food target Singapore has set for herself. I did so through i) estimating the 

quantity of food that has to be produced under the “30 by 30” goal, with a focus on leafy green 

vegetables, and ii) estimating the extent of land area required by urban agriculture to meet this target 

and quantify as far as possible the inputs and outputs that will be needed.  

 

For the first aim on quantifying the “30 by 30” goal, I found that the goal was quite ambiguously 

worded with no specific method to calculate how much vegetables it would need to produce locally to 

meet this food production goal. Thus, the calculations made in this paper were based on nutritional and 

food guidelines from the Singapore Health Promotion board. This resulted in the eventual amount 

having quite a large range from 42,000,000kg to upwards of 125,000,000kg.  

 

As for the second aim of estimating the biophysical and energy requirements to meet the food 

production goal using mostly indoor vertical hydroponic systems, I also found a very wide range of 

results. From the MSFA conducted, Singapore would require 

i) 840,000,000L – 2,500,000,000L of water; 

ii) 118,000MWh – 3,500,000MWh of energy; 

iii) 109,000kg – 325,000kg of Nitrogen; 54,000kg – 163,00kg of Phosphorus; and 94,000kg 

– 280,000kg of Potassium fertilisers; 

of inputs per year to produce enough crops to meet the “30 by 30” goal. It would also minimally 

require 210,632m2 and up to 2,792,617m2 of space. There was also a general lack of information on the 

inputs required for indoor hydroponic systems and the way data is reported is inconsistent between 

studies. Furthermore, many studies have only reported on water usage and yields with a minority doing 

more detailed analysis on energy and nutrient inputs. Most of the growing systems in the studies were 

also different variations of hydroponic systems which required vastly different amount of inputs. These 

factors all contributed to the wide range of results I ended up with.       

 

My third aim of this study was to explore the sustainability implications of Singapore’s urban 

agricultural policy. Although the main objective of its policies is mostly to increase local food 

production to boost national food security, the “sustainability” aspects also cannot be ignored. The 

overall “sustainability” claims of indoor hydroponic farming systems are defendable in terms of how 

efficiently they use resources. However, sustainability dimensions go beyond this. It encompasses the 

input sources such farming systems require and their effects on the wider system they sit in. From the 
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discussion section, some key issues that the sector can improve on include i) advancing renewable 

energy technologies to bring down the intensive energy demands of indoor farming, ii) exploring 

rainwater harvesting systems to reduce drawing water from urban water supplies, and iii) recovering 

nutrients at the end of the system. The idea of a circular economy around nutrient recovery was also 

raised. In principle, there is the capacity to capture nutrients at the end of the system and recycle it. This 

changes the linear flow of nutrients through the system into a circular pathway, resulting in cities having 

a more sustainable food economy. In Singapore’s case, it was a missed opportunity to incorporate this 

circularity into the system right from the beginning. However, given the country’s relatively small size 

and how localized its system is, there is potential in the future to recover and circulate these materials. 

A drawback of incorporating circularity into the system later would be that we are retrofitting a solution 

into the system that is already set up. Finally, more speculatively, when there is the capacity and 

infrastructure to recover nutrients from Singapore’s waste stream, surplus nutrients could feed into a 

circular economy operating at a more international scale which allows for nutrient recycling with 

international landscapes Singapore imports nutrients from. Being an international trade hub, ships 

already sailing to relevant ports can carry these nutrients with them.   

 

My final aim of this thesis was to discuss the social and cultural dimensions of food systems in 

cities. Though primarily focused on environmental and sustainability dimensions, food systems and 

their societies are also closely interlinked. Thus, a brief discussion on the associated social-cultural 

dimensions tied my findings back to the wider context of urban cities. Whilst urban agriculture has 

always been strongly associated and lauded for the community values it brings to cities, we may need 

to rethink how commercial high-tech indoor farms add to this. As farms become increasingly 

commercialized and automated, the social values have shifted from community building to just 

purchasing locally produced foods. There is a need to balance these shifting social values as the urban 

agriculture sector in Singapore develops. Another social dimension regarding the wider food system is 

Singaporeans’ concern for the well-being of the overseas farmers and lands much of their food comes 

from. Currently, there is little to no discussion about this issue in Singapore. Urban agriculture can play 

an educational role in fostering better relations between local farmers and consumers which could 

eventually extend to more awareness of these overseas farmers.       

   

In light of these results and discussions, attaining the 20% vegetable target of the “30 by 30” food 

production goal set by the Singapore government appears to be feasible. The cost of doing so, however, 

is much less clear due to how widely the figures range for each input and output. Another thing that 

should be noted is that this paper is mainly looking at the nutritional needs vegetable production can 

contribute to the country. Though local vegetable production is on the rise, there is a limit to the other 

types of agricultural activities that can operate in Singapore. This means that Singapore is unlikely to 
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become 100% nutritionally self-sufficient. In addition, many indoor farms in Singapore choose to grow 

higher value crops to cover the costs of running an indoor farm. Hence, although the amount of 

vegetable production may eventually be able to contribute more significantly towards food security 

efforts, the city would still very much have to rely on imports from other countries to satisfy other 

nutritional needs, notably animal proteins and carbohydrates.     

 

Returning to the human ecology framework, we see how our increasing dependance and reliance 

on technology can influence social and environmental dimensions of cities. High-tech indoor urban 

agriculture systems do increase the capacity to produce more food locally. As this technology continues 

to develop, the overall economic cost needed to run these systems will most likely decline over time as 

well. While this prospect paints a somewhat bright future for an increase in localized agriculture, we 

need to keep in mind that these solutions to the urban food system challenge remains in the high-tech 

industrial space. This means that it is also subjected to related risks of the current technological and 

industrial food production systems. It is not to say that high-tech innovations are generally bad, however 

we should also give more consideration towards how systems can make use of the natural ecosystems 

they sit in in a more benign way rather than pinning all our hopes on technological developments. This 

may be more difficult in Singapore’s case as it does not have the land area for agricultural systems that 

can allow for more natural ecological processes. However, it also creates new opportunities to 

implement circular economies and develop new ways to make better use of the free ecosystem services.    

 

While my study makes important contributions to the discussions around urban agriculture and 

food security of cities, these discussions also sit in the wider context of the justice and social aspects of 

food systems. Hence, there are also some limitations to what I could cover. Crucially, the lack of 

standardized and reliable studies into the inputs and transformations required per unit of output needs 

to be addressed. I relied heavily on Barbosa et al. (2015) as these were the most transparent data I could 

find. Further studies can consider exploring the economic efficiency and desirability of local food 

production systems. More details around the new social-cultural dimensions commercial-scale urban 

agriculture brings to cities are also worth exploring. Besides this, I also found that there was a lack of 

information on outdoor hydroponic systems. This gap can be looked into as outdoor vertical farms may 

help the sector address one of the key drawbacks of indoor farming systems which is the high energy 

usage. Food waste was also not estimated for in this MSFA, although some principle comments were 

made about recovery and reuse 

 

By focusing on Singapore’s food production system in this paper, I hope that it can provide a 

useful comparison for other cities with similar social-ecological systems that are looking to increase 

local agriculture production. Similar cities can learn from the successes and different measures 
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Singapore has used to increase local production while also identifying missed opportunities (e.g. 

increasing nutrient recycling efforts) that can be implemented earlier. If we are looking to increase the 

sustainability values of food production systems in cities, a fundamental shift from the traditional linear 

economic framework to a more circular one is required. Even if food production becomes more 

localized, it will not be truly “sustainable” unless these new industries are built on the foundations of a 

circular economy within the wider systems they sit in. As high-tech urban agriculture activities in cities 

are likely to increase in the future, it is imperative that we gain a deeper understanding of how their 

materials and energy flows interact within the city. Identifying related costs of doing so will also benefit 

the city’s development in the long run. My overall findings suggest that urban agriculture is a feasible, 

and even essential, venture for cities. However, there has to be a better understanding of how 

significantly it can contribute to the nutritional needs of a city’s residents while developing more 

concrete solutions of how it can add to the sustainability aims of a city. 



41 

Urban Agriculture’s capacity to increase a city’s food security: A case study of Singapore vegetable production   

References 

Al-Kodmany, K., 2018. The Vertical Farm: A Review of Developments and Implications for 

the Vertical City. Build. . https://doi.org/10.3390/buildings8020024 

Allen, T., Prosperi, P., 2016. Modeling sustainable food systems. Environ. Manage. 57, 956–

975. 

AlShrouf, A., 2017. Hydroponics, Aeroponic and Aquaponic as Compared with Conventional 

Farming. Am. Sci. Res. J. Eng. Technol. Sci. 27. 

Altieri, M.A., 2009. The Ecological Impacts of Large-Scale Agrofuel Monoculture Production 

Systems in the Americas. Bull. Sci. Technol. Soc. 29, 236–244. 

https://doi.org/10.1177/0270467609333728 

American Overseas Dietetic Association, 2011. Cultural Food Practices: SINGAPORE. 

Amos, C.C., Rahman, A., Karim, F., Gathenya, J.M., 2018. A scoping review of roof harvested 

rainwater usage in urban agriculture: Australia and Kenya in focus. J. Clean. Prod. 202, 

174–190. https://doi.org/https://doi.org/10.1016/j.jclepro.2018.08.108 

APRU, 2017. Sustainable Cities and Landscapes: Our Approach. University of Oregon. 

Arden-Clarke, C., Hodges, R.D., 1988. The Environmental Effects of Conventional and 

Organic/Biological Farming systems. II. Soil Ecology, Soil Fertility and Nutrient Cycles. 

Biol. Agric. Hortic. 5, 223–287. https://doi.org/10.1080/01448765.1988.9755147 

Australian Government Department of Health, 2015. Serve Sizes: What is a serve of 

vegetables? [WWW Document]. URL https://www.eatforhealth.gov.au/food-

essentials/how-much-do-we-need-each-day/serve-sizes 

AVA, 2012. Singapore’s Food Security. Singapore. 

Bai, X., 2016. Eight energy and material flow characteristics of urban ecosystems. Ambio 45, 

819–830. https://doi.org/10.1007/s13280-016-0785-6 

Balasubramanian, R., Victor, T., Chun, N., 2001. Chemical and Statistical Analysis of 

Precipitation in Singapore. Water. Air. Soil Pollut. 130, 451–456. 

https://doi.org/10.1023/A:1013801805621 

Barbosa, G.L., Gadelha, F.D.A., Kublik, N., Proctor, A., Reichelm, L., Weissinger, E., 

Wohlleb, G.M., Halden, R.U., 2015. Comparison of Land, Water, and Energy 

Requirements of Lettuce Grown Using Hydroponic vs. Conventional Agricultural 

Methods. Int. J. Environ. Res. Public Health 12, 6879–6891. 

Batjes, N.H., Sombroek, W.G., 1997. Possibilities for carbon sequestration in tropical and 

subtropical soils. Glob. Chang. Biol. 3, 161–173. https://doi.org/10.1046/j.1365-

2486.1997.00062.x 

Beacham, A.M., Vickers, L.H., Monaghan, J.M., 2019. Vertical farming: a summary of 

approaches to growing skywards. J. Hortic. Sci. Biotechnol. 94, 277–283. 

https://doi.org/10.1080/14620316.2019.1574214 

Begum, S., 2020. Nine high-tech farms in Singapore awarded nearly $40 million to ramp up 

food production. The Straits Times. 

Benis, K., Ferrão, P., 2017. Potential mitigation of the environmental impacts of food systems 

through urban and peri-urban agriculture (UPA) – a life cycle assessment approach. J. 

Clean. Prod. 140, 784–795. https://doi.org/https://doi.org/10.1016/j.jclepro.2016.05.176 

Benke, K., Tomkins, B., 2017. Future food-production systems: vertical farming and 

controlled-environment agriculture. Sustain. Sci. Pract. Policy 13, 13–26. 

https://doi.org/10.1080/15487733.2017.1394054 

Benveniste, A., 2020. Elon Musk’s brother wants to transform farming. 

Biskupski, A., Zdunek, A., Malinowski, P., Borowik, M., 2015. Utilization of Industrial Wastes 

in Fertilizer Industry. Possibilities and Implementation 69, 568–571. 

Boyden, S., Millar, S., Newcombe, K., O’Neill, B., 1981. The Ecology of a city and its people : 



42 

Urban Agriculture’s capacity to increase a city’s food security: A case study of Singapore vegetable production   

the case of Hong Kong. Australian National University Press, Canberra, ACT, Australia. 

Calabria, J.L., Lens, P.N.L., Yeh, D.H., 2019. Zeolite Ion Exchange to Facilitate Anaerobic 

Membrane Bioreactor Wastewater Nitrogen Recovery and Reuse for Lettuce Fertigation 

in Vertical Hydroponic Systems. Environ. Eng. Sci. 36, 690–698. 

https://doi.org/10.1089/ees.2018.0439 

Campbell, B.M., Beare, D.J., Bennett, E.M., Hall-Spencer, J.M., Ingram, J.S.I., Jaramillo, F., 

Ortiz, R., Ramankutty, N., Sayer, J.A., Shindell, D., 2017. Agriculture production as a 

major driver of the Earth system exceeding planetary boundaries. Ecol. Soc. 22. 

https://doi.org/10.2307/26798991 

Centre for Liveable Cities, 2020. Seeding a Food-Secure Future. 

Chance, E., Ashton, W., Pereira, J., Mulrow, J., Norberto, J., Derrible, S., Guilbert, S., 2018. 

The Plant—An experiment in urban food sustainability. Environ. Prog. Sustain. Energy 

37, 82–90. https://doi.org/10.1002/ep.12712 

Chenery, S., Gorman, V., 2020. How the regenerative farming movement transformed Charles 

Massy’s sheep station. ABC News. 

Citiponics, 2020. Citiponics AOS [WWW Document]. URL 

https://www.citiponics.com/technology 

Clinton, N., Stuhlmacher, M., Miles, A., Uludere Aragon, N., Wagner, M., Georgescu, M., 

Herwig, C., Gong, P., 2018. A Global Geospatial Ecosystem Services Estimate of Urban 

Agriculture. Earth’s Futur. 6, 40–60. https://doi.org/10.1002/2017ef000536 

Comcrop, 2020. Comcrop: Sustainably farmed [WWW Document]. URL http://comcrop.com/ 

Cordell, D., Jackson, M., White, S., 2013. Phosphorus flows through the Australian food 

system: identifying intervention points as a roadmap to phosphorus security. Environ. Sci. 

Policy 29, 87–102. 

Cordell, D., Rosemarin, A., Schröder, J.J., Smit, A.L., 2011. Towards global phosphorus 

security: A systems framework for phosphorus recovery and reuse options. Chemosphere 

84, 747–758. https://doi.org/https://doi.org/10.1016/j.chemosphere.2011.02.032 

Cropbox, 2017. Greens, Lettuces and Herbs Cropbox [WWW Document]. Vert. Crop Consult. 

URL https://cropbox.co/index.php/cropbox/greens-herbs 

Das, A., Sing Majhi, D., 2009. Low cost hydroponics devices and use of harvested water for 

vegetable and flower cultivation. J. Appl. Hortic. 11, 123–126. 

Davila, F., Dyball, R., 2015. Transforming food systems through food sovereignty: an 

Australian urban context. Aust. J. Environ. Educ. Online Early Version, 1–12. 

https://doi.org/10.1017/aee.2015.14 

De Zeeuw, H., Van Veenhuizen, R., Dubbeling, M., 2011. The role of urban agriculture in 

building resilient cities in developing countries. J. Agric. Sci. 149, 153–163. 

https://doi.org/DOI: 10.1017/S0021859610001279 

Department of Statistics Singapore, 2020. Singapore Population [WWW Document]. URL 

https://www.singstat.gov.sg/modules/infographics/population 

Despommier, D., 2013. Farming up the city: the rise of urban vertical farms. Trends 

Biotechnol. 31, 388–389. 

Despommier, D., 2009. The rise of vertical farms. Sci. Am. 301, 80–87. 

Deutsch, L., Dyball, R., Steffen, W., 2013. Feeding Cities: Food Security and Ecosystem 

Support in an Urbanizing World, in: Elmqvist, T., Goodness, J., Marcotullio, P.J., Parnell, 

S., Sendstad, M., Wilkinson, C., Fragkias, M., Güneralp, B., McDonald, R.I., Schewenius, 

M., Seto, K.C. (Eds.), Urbanization, Biodiversity and Ecosystem Services: Challenges 

and Opportunities: A Global Assessment. Springer Dordrecht Heidelberg New York 

London, pp. 505–537. https://doi.org/10.1007/978-94-007-7088-1 

Dyball, R., 2015. From industrial production to biosensitivity: the need for a food system 

paradigm shift. J. Environ. Stud. Sci. 5, 560–572. https://doi.org/10.1007/s13412-015-



43 

Urban Agriculture’s capacity to increase a city’s food security: A case study of Singapore vegetable production   

0323-z 

Dyball, R., 2014. Paradigms: Ideas that change the world, in: Understanding Human Ecology: 

A Systems Approach to Sustainability. Routledge, pp. 147–156. 

Dyball, R., Newell, B., 2014. Understanding Human Ecology, 1st ed. Routledge, London. 

https://doi.org/https://doi.org/10.4324/9780203109557 

Edgy Universe, 2019. Why Urban Farms are the Future of Food Production [WWW 

Document]. URL https://edgy.app/urban-farms-are-the-future-of-food-production 

EMA, 2020a. Singapore’s Energy Story [WWW Document]. URL 

https://www.ema.gov.sg/ourenergystory (accessed 9.3.20). 

EMA, 2020b. Handbook for Solar Photovoltaic (PV) Systems. Singapore. 

EMA, 2020c. Solar Photovoltaic Systems [WWW Document]. URL 

https://www.ema.gov.sg/Solar_Photovoltaic_Systems.aspx (accessed 9.7.20). 

EMA, 2019. Energy Consumption [WWW Document]. URL 

https://www.ema.gov.sg/cmsmedia/Publications_and_Statistics/Statistics/8RSU.pdf 

(accessed 9.3.20). 

Ericksen, P.J., 2008a. What Is the Vulnerability of a Food System to Global Environmental 

Change? Ecol. Soc. 13. 

Ericksen, P.J., 2008b. Conceptualizing food systems for global environmental change research. 

Glob. Environ. Chang. 18, 234–245. 

FAO, 2018. The future of food and agriculture – Alternative pathways to 2050. Rome. 

FAO, 2016. World fertilizer outlook and trends to 2019. 

FAO, 1996a. The State of Food and Agriculture. Rome. 

FAO, 1996b. Rome Declaration on World Food Security. Rome. 

FAO, 1995. Human nutrition: Key to health and development [WWW Document]. Food people 

Dimens. Need. URL http://www.fao.org/3/u8480e/u8480e04.htm (accessed 5.8.20). 

Farage, P.K., Ardö, J., Olsson, L., Rienzi, E.A., Ball, A.S., Pretty, J.N., 2007. The potential for 

soil carbon sequestration in three tropical dryland farming systems of Africa and Latin 

America: A modelling approach. Soil Tillage Res. 94, 457–472. 

https://doi.org/https://doi.org/10.1016/j.still.2006.09.006 

Feng, Z., 2020. Feeding the City – the Growth of Urban Agriculture [WWW Document]. Urban 

Redev. Auth. URL https://www.ura.gov.sg/Corporate/Resources/Ideas-and-

Trends/feeding-the-city-growth-of-urban-agriculture 

Ferreira, A.J.D., Guilherme, R.I.M.M., Ferreira, C.S.S., Oliveira, M. de F.M.L. de, 2018. Urban 

agriculture, a tool towards more resilient urban communities? Curr. Opin. Environ. Sci. 

Heal. 5, 93–97. https://doi.org/https://doi.org/10.1016/j.coesh.2018.06.004 

Fischer, C.G., Garnett, T., 2016. Plates, pyramids and planets: Developments in national 

healthy and sustainable dietary guidelines: a state of play assessment. 

Francis, C., Lieblein, G., Gliessman, S., Breland, T.A., Creamer, N., Harwood, R., 

Salomonsson, L., Helenius, J., Rickerl, D., Salvador, R., Wiedenhoeft, M., Simmons, S., 

Allen, P., Altieri, M., Flora, C., Poincelot, R., 2003. Agroecology: The Ecology of Food 

Systems. J. Sustain. Agric. 22, 99–118. https://doi.org/10.1300/J064v22n03_10 

Friis, C., Becker, S., 2020. Thinking through connections in food and energy transitions. Geogr. 

Ann. Ser. B, Hum. Geogr. 102, 1–7. https://doi.org/10.1080/04353684.2020.1739546 

Friis, C., Nielsen, J.Ø., Otero, I., Haberl, H., Niewöhner, J., Hostert, P., 2016. From 

teleconnection to telecoupling: taking stock of an emerging framework in land system 

science. J. Land Use Sci. 11, 131–153. https://doi.org/10.1080/1747423X.2015.1096423 

Galli, F., Brunori, G., 2013. Short Food Supply Chains as drivers of sustainable development. 

Evidence Document. 

Gasperi, D., Pennisi, G., Rizzati, N., Magrefi, F., Bazzocchi, G., Mezzacapo, U., Centrone 

Stefani, M., Sanyé-Mengual, E., Orsini, F., Gianquinto, G., 2016. Towards Regenerated 



44 

Urban Agriculture’s capacity to increase a city’s food security: A case study of Singapore vegetable production   

and Productive Vacant Areas through Urban Horticulture: Lessons from Bologna, Italy. 

Sustain. . https://doi.org/10.3390/su8121347 

Gillingham, A.G., Thorrold, B.S., 2000. A Review of New Zealand Research Measuring 

Phosphorus in Runoff from Pasture. J. Environ. Qual. 29, 88–96. 

https://doi.org/10.2134/jeq2000.00472425002900010011x 

Gómez, C., Currey, C.J., Dickson, R.W., Kim, H.-J., Hernández, R., Sabeh, N.C., Raudales, 

R.E., Brumfield, R.G., Laury-Shaw, A., Wilke, A.K., Lopez, R.G., Burnett, S.E., 2019. 

Controlled Environment Food Production for Urban Agriculture. Am. Soc. Hortic. Sci. 

54, 1448–1458. https://doi.org/https://doi.org/10.21273/HORTSCI14073-19 

Goodman, W., Minner, J., 2019. Will the urban agricultural revolution be vertical and soilless? 

A case study of controlled environment agriculture in New York City. Land use policy 

83, 160–173. https://doi.org/https://doi.org/10.1016/j.landusepol.2018.12.038 

Gorazda, K., Tarko, B., Wzorek, Z., Kominko, H., Nowak, A.K., Kulczycka, J., Henclik, A., 

Smol, M., 2017. Fertilisers production from ashes after sewage sludge combustion – A 

strategy towards sustainable development. Environ. Res. 154, 171–180. 

https://doi.org/https://doi.org/10.1016/j.envres.2017.01.002 

gov.sg, 2020. Every drop counts Singapore’s water story: Our 4 national taps [WWW 

Document]. URL https://www.gov.sg/features/every-drop-counts (accessed 8.25.20). 

Grewal, S.S., Grewal, P.S., 2012. Can cities become self-reliant in food? Cities 29, 1–11. 

https://doi.org/https://doi.org/10.1016/j.cities.2011.06.003 

Gross, K.C., Wang, C.Y., Saltveit, M.E., 2016. The commercial storage of fruits, vegetables, 

and florist and nursery stocks, Agriculture Handbook 66. United States Department of 

Agriculture, Agricultural Research Service, Washington, DC. 

Guitart, D., Pickering, C., Byrne, J., 2012. Past results and future directions in urban 

community gardens research. Urban For. Urban Green. 11, 364–373. 

https://doi.org/https://doi.org/10.1016/j.ufug.2012.06.007 

Hamilton, H., Henry, R., Rounsevell, M., Moran, D., Cossar, F., Allen, K., Boden, L., 

Alexander, P., 2020. Exploring global food system shocks, scenarios and outcomes. 

Futures 123, 102601. https://doi.org/10.1016/j.futures.2020.102601 

Hart, M.R., Quin, B.F., Nguyen, M.L., 2004. Phosphorus Runoff from Agricultural Land and 

Direct Fertilizer Effects: A Review. J. Environ. Qual. 33, 1954–1972. 

https://doi.org/10.2134/jeq2004.1954 

Hecht, A.A., Biehl, E., Barnett, D.J., Neff, R.A., 2019. Urban Food Supply Chain Resilience 

for Crises Threatening Food Security: A Qualitative Study. J. Acad. Nutr. Diet. 119, 211–

224. https://doi.org/https://doi.org/10.1016/j.jand.2018.09.001 

Hendriks, C., Obernosterer, R., Müller, D., Kytzia, S., Baccini, P., Brunner, P.H., 2000. 

Material Flow Analysis: A tool to support environmental policy decision making. Case-

studies on the city of Vienna and the Swiss lowlands. Local Environ. 5, 311–328. 

https://doi.org/10.1080/13549830050134257 

HPB, 2020a. Energy & Nutrient Composition of Food: Vegetable, pale green leafy, 

unspecified, raw [WWW Document]. Singapore Heal. Promot. Board. URL 

https://focos.hpb.gov.sg/eservices/ENCF/FoodAnalysis.aspx?p=1 

HPB, 2020b. Energy & Nutrient Composition of Food: Vegetable, dark green non leafy, raw 

[WWW Document]. Singapore Heal. Promot. Board. URL 

https://focos.hpb.gov.sg/eservices/ENCF/FoodAnalysis.aspx?p=1 

Huang, S.-L., Lee, C.-L., Chen, C.-W., 2006. Socioeconomic metabolism in Taiwan: Emergy 

synthesis versus material flow analysis. Resour. Conserv. Recycl. 48, 166–196. 

Ingram, J., Zurek, M., 2016. Food systems approaches for the future. Agric. Food Syst. to 2050, 

547–568. 

Intergovernmental Panel on Climate Change, 2019. Climate Change and Land: An IPCC 



45 

Urban Agriculture’s capacity to increase a city’s food security: A case study of Singapore vegetable production   

Special Report on climate change, desertification, land degradation, sustainable land 

management, food security, and greenhouse gas fluxes in terrestrial ecosystems. 

JTC, 2020. Industrial symbiosis—why it is a game-changer for recycling [WWW Document]. 

Kaiser, C., Ernst, M., 2016. Hydroponic Lettuce. Center for Crop Diversification, University 

of Kentucky College of Agriculture, Food and Environment, Lexington, KY. 

Kalfagianni, A., Skordili, S., 2018. Localizing Global Food: Short Food Supply Chains as 

Responses to Agri-food System Challenges. Routledge. 

Kaufman, J.L., 2004. Planning for Community Food Systems: Introduction. J. Plan. Educ. Res. 

23, 335–340. https://doi.org/10.1177/0739456X04264897 

Kissinger, G., Herold, M., De Sy, V., 2012. Drivers of Deforestation and Forest Degradation: 

A Synthesis Report for REDD+ Policymakers. Vancouver Canada. 

Kneafsey, M., Venn, L., Schmutz, U., Balázs, B., Trenchard, L., Eyden-Wood, T., Bos, E., 

Sutton, G., Blackett, M., 2013. Short Food Supply Chains and Local Food Systems in the 

EU. A State of Play of their Socio-Economic Characteristics. 

https://doi.org/10.2791/88784 

Kosorić, V., Huang, H., Tablada, A., Lau, S.-K., Tan, H.T.W., 2019. Survey on the social 

acceptance of the productive façade concept integrating photovoltaic and farming systems 

in high-rise public housing blocks in Singapore. Renew. Sustain. Energy Rev. 111, 197–

214. https://doi.org/https://doi.org/10.1016/j.rser.2019.04.056 

Kozai, T., Niu, G., Takagaki, M., 2016. Chapter 3 - PFAL Business and R&D in the World: 

Current Status and Perspectives, in: Kozai, T., Niu, G., Takagaki, M.B.T.-P.F. (Eds.), . 

Academic Press, San Diego, pp. 35–68. https://doi.org/https://doi.org/10.1016/B978-0-

12-801775-3.00003-2 

Kriwangko, L., 2018. Sustenir sows the seeds of success [WWW Document]. Bus. Times. URL 

https://www.businesstimes.com.sg/hub-projects/leaders-of-transformation/sustenir-

sows-the-seeds-of-success 

Kuhn, E.A., Sattler, M.A., Magnus, L.D., 2017. Urban metabolism and food flows: the 

municipality of Feliz, State of Rio Grande do Sul, Brazil. Int. J. Sustain. Build. Technol. 

Urban Dev. 163–173. https://doi.org/https://doi.org/10.12972/susb.20170014 

Kumar, R., Pandey, S., Pandey, A., 2006. Plant roots and carbon sequestration. Curr. Sci. 91, 

885–890. 

LaCanne, C.E., Lundgren, J.G., 2018. Regenerative agriculture: merging farming and natural 

resource conservation profitably. PeerJ. https://doi.org/https://doi.org/10.7717/peerj.4428 

Lal, R., 2008. Soils and sustainable agriculture. A review. Agron. Sustain. Dev. 28, 57–64. 

https://doi.org/10.1051/agro:2007025 

Lawrence, R.J., 2020. Food For Thought, in: Creating Built Environments: Bridging 

Knowledge and Practice Divides. Routledge, pp. 78–107. 

Lee, G.-G., Lee, H.-W., Lee, J.-H., 2015. Greenhouse gas emission reduction effect in the 

transportation sector by urban agriculture in Seoul, Korea. Landsc. Urban Plan. 140, 1–7. 

https://doi.org/https://doi.org/10.1016/j.landurbplan.2015.03.012 

Leow, A., 2019. Bold solutions needed for Singapore to be more self-sufficient in food [WWW 

Document]. URL https://www.enterprisesg.gov.sg/media-centre/news/2019/april/bold-

solutions-needed-for-singapore-to-be-more-self-sufficient-in-food 

Liu, V., 2020a. Ensure food supply stays resilient, says Masagos. The Straits Times. 

Liu, V., 2020b. Look out for red logo - to spot and support local food produce. The Straits 

Times. 

Low, B., 2019. Building sustainable urban farms with government support in Singapore. F. 

Actions Sci. Reports. J. F. actions 98–103. 

Maddocks, A., Young, R.S., Reig, P., 2015. Ranking the World’s Most Water-Stressed 

Countries in 2040 [WWW Document]. World Resour. Inst. URL 



46 

Urban Agriculture’s capacity to increase a city’s food security: A case study of Singapore vegetable production   

https://www.wri.org/blog/2015/08/ranking-world-s-most-water-stressed-countries-2040 

(accessed 8.11.20). 

Mahmud, A.H., 2019. Singapore aims to produce 30% of its nutritional needs by 2030, up from 

less than 10%. Channel News Asia. 

Manríquez-Altamirano, A., Sierra-Pérez, J., Muñoz, P., Gabarrell, X., 2020. Analysis of urban 

agriculture solid waste in the frame of circular economy: Case study of tomato crop in 

integrated rooftop greenhouse. Sci. Total Environ. 734, 139375. 

https://doi.org/https://doi.org/10.1016/j.scitotenv.2020.139375 

Martin, M., Poulikidou, S., Mollin, E., 2019. Exploring the Environmental Performance of 

Urban Symbiosis for Vertical Hydroponic Farming. Sustainability 11. 

https://doi.org/https://doi.org/10.3390/su11236724 

Massy, C., 2017. Call of the Reed Warbler. A New Agriculture, A New Earth. 

Matson, P.A., Parton, W.J., Power, A.G., Swift, M.J., 1997. Agricultural Intensification and 

Ecosystem Properties. Science (80-. ). 277, 504 LP – 509. 

https://doi.org/10.1126/science.277.5325.504 

Mazoyer, M., Roudart, L., 2006. A history of world agriculture: from the neolithic age to the 

current crisis. NYU Press. 

McDougall, R., Kristiansen, P., Rader, R., 2019. Small-scale urban agriculture results in high 

yields but requires judicious management of inputs to achieve sustainability. Proc. Natl. 

Acad. Sci. 116, 129 LP – 134. https://doi.org/10.1073/pnas.1809707115 

Mendes, W., Balmer, K., Kaethler, T., Rhoads, A., 2008. Using Land Inventories to Plan for 

Urban Agriculture: Experiences From Portland and Vancouver. J. Am. Plan. Assoc. 74, 

435–449. https://doi.org/10.1080/01944360802354923 

Mendez Perez, V., 2014. Study of the sustainability issues of food production using vertical 

fam methods in an urban environment within the state of Indiana. Purdue University. 

MEWR, 2020. Speech by Mr Masagos Zulkifli, Minister for the Environment and Water 

Resources, at Launch of 2020: Singapore Food Story on Monday, 10 February 2020, at 

Jurong Lake Gardens. 

MEWR, NEA, 2020. Zero Waste Masterplan Singapore. Singapore. 

Miglio, C., Chiavaro, E., Visconti, A., Fogliano, V., Pellegrini, N., 2008. Effects of Different 

Cooking Methods on Nutritional and Physicochemical Characteristics of Selected 

Vegetables. J. Agric. Food Chem. 56, 139–147. https://doi.org/10.1021/jf072304b 

Mihelcic, J.R., Fry, L.M., Shaw, R., 2011. Global potential of phosphorus recovery from 

human urine and feces. Chemosphere 84, 832–839. 

https://doi.org/https://doi.org/10.1016/j.chemosphere.2011.02.046 

Millington, J.D.A., Xiong, H., Peterson, S., Woods, J., 2017. Integrating Modelling 

Approaches for Understanding Telecoupling: Global Food Trade and Local Land Use. L. 

. https://doi.org/10.3390/land6030056 

Ministry of Trade and Industry, 2019. Speech by SMS Koh Poh Koon at the Opening of Asia-

Pacific Agri-Food Innovation Week [WWW Document]. URL 

https://www.mti.gov.sg/Newsroom/Speeches/2019/11/Speech-by-SMS-Koh-Poh-Koon-

at-the-Opening-of-AsiaPacific-AgriFood-Innovation-Week 

Moglia, M., 2014. Urban agriculture and related water supply: Explorations and discussion. 

Habitat Int. 42, 273–280. https://doi.org/https://doi.org/10.1016/j.habitatint.2014.01.008 

MOH, 2020a. My Healthy Plate [WWW Document]. URL 

https://www.healthhub.sg/programmes/55/my-healthy-plate 

MOH, 2020b. Eat Your Veggies! [WWW Document]. Minist. Heal. Singapore Heal. Hub. 

URL https://www.healthhub.sg/live-healthy/1347/eat-your-veggies 

Montesclaros, J.M.L., Liu, S., Teng, P.P.S., 2018. Scaling Up Commercial Urban Agriculture 

to Meet Food Demand in Singapore: An Assessment of the Viability of Leafy Vegetable 



47 

Urban Agriculture’s capacity to increase a city’s food security: A case study of Singapore vegetable production   

Production Using Plant Factories with Artificial Lighting in a 2017 Land Tender (First 

Tranche). 

Montesclaros, J.M.L., Teng, P.P.S., 2018. Ensuring a Successful Singapore Urban Food 

Cluster. 

Moran, D., Cossar, F., Merkle, M., Alexander, P., 2020. UK food system resilience tested by 

COVID-19. Nat. Food 1, 242. https://doi.org/10.1038/s43016-020-0082-1 

Mougeot, L.J.A., 2000. Urban agriculture: Definition, presence, potentials and risks, and policy 

challenges. Ottawa. 

Nah, K.A., 2019. Singapore - The Next Great Place for Urban Agriculture [WWW Document]. 

URL https://www.enterprisesg.gov.sg/blog/agritech/singapore-the-next-great-place-for-

urban-

agriculture?utm_source=website&utm_medium=blog&utm_campaign=Indoor+Ag-

Con+2019 

Neff, R.A., Parker, C.L., Kirschenmann, F.L., Tinch, J., Lawrence, R.S., 2011. Peak oil, food 

systems, and public health. Am. J. Public Health 101, 1587–1597. 

https://doi.org/10.2105/AJPH.2011.300123 

Neville, W., 1992. Agribusiness in Singapore: a capital-intensive service. J. Rural Stud. 8, 241–

255. 

Newell, B., 2014. Building shared understanding: Systems and sustainability, in: 

Understanding Human Ecology: A Systems Approach to Sustainability. 

O’Sullivan, C.A., Bonnett, G.D., McIntyre, C.L., Hochman, Z., Wasson, A.P., 2019. Strategies 

to improve the productivity, product diversity and profitability of urban agriculture. Agric. 

Syst. 174, 133–144. https://doi.org/https://doi.org/10.1016/j.agsy.2019.05.007 

Ober Allen, J., Alaimo, K., Elam, D., Perry, E., 2008. Growing Vegetables and Values: 

Benefits of Neighborhood-Based Community Gardens for Youth Development and 

Nutrition. J. Hunger Environ. Nutr. 3, 418–439. 

https://doi.org/10.1080/19320240802529169 

Parnell, S., Elmqvist, T., McPhearson, T., Nagendra, H., Sörlin, S., 2018. Situating Knowledge 

and Action for an Urban Planet, in: Griffith, C., Maddox, D., Simon, D., Watkins, M., 

Frantzeskaki, N., Romero-Lankao, P., Parnell, S., Elmqvist, T., McPhearson, T., Bai, X. 

(Eds.), Urban Planet: Knowledge towards Sustainable Cities. Cambridge University 

Press, Cambridge, pp. 1–16. https://doi.org/DOI: 10.1017/9781316647554.002 

Pelletier, N., Audsley, E., Brodt, S., Garnett, T., Henriksson, P., Kendall, A., Kramer, K.J., 

Murphy, D., Nemecek, T., Troell, M., 2011. Energy Intensity of Agriculture and Food 

Systems. Annu. Rev. Environ. Resour. 36, 223–246. https://doi.org/10.1146/annurev-

environ-081710-161014 

Péquignot, G., Vinit, F., Chabert, C., Bodard, M., Perles, S., 1976. Changes in weight of fresh 

and dried vegetables on cooking. Ann. Nutr. Aliment. 29, 439–458. 

Polack, R., Wood, S., Bradley, E., 2008. Fossil Fuels and Food Security: Analysis and 

Recommendations for Community Organizers. J. Community Pract. 16, 359–375. 

https://doi.org/10.1080/10705420802255114 

Porter, J.R., Dyball, R., Dumaresq, D., Deutsch, L., Matsuda, H., 2014. Feeding capitals: Urban 

food security and self-provisioning in Canberra, Copenhagen and Tokyo. Glob. Food Sec. 

3, 1–7. https://doi.org/https://doi.org/10.1016/j.gfs.2013.09.001 

Power, A.G., 2010. Ecosystem services and agriculture: tradeoffs and synergies. Philos. Trans. 

R. Soc. B Biol. Sci. 365, 2959–2971. https://doi.org/10.1098/rstb.2010.0143 

Pryor, M.R., 2017. Productive Green Roofs, in: World Sustainable Built Environment 

Conference 2017. Sustainable Built Environment Conference Series. 

PUB, 2020a. NEWater [WWW Document]. URL 

https://www.pub.gov.sg/watersupply/fournationaltaps/newater (accessed 8.11.20). 



48 

Urban Agriculture’s capacity to increase a city’s food security: A case study of Singapore vegetable production   

PUB, 2020b. Water Treatment [WWW Document]. URL 

https://www.pub.gov.sg/watersupply/watertreatment (accessed 8.11.20). 

PUB, 2020c. Singapore Water Story [WWW Document]. URL 

https://www.pub.gov.sg/watersupply/singaporewaterstory (accessed 8.11.20). 

PUB, 2016. Our Water, Our Future. Singapore. 

Pure Greens Arizona LLC, 2020. Top 10 Benefits of Hydroponic Farming. 

Ray, D.K., West, P.C., Clark, M., Gerber, J.S., Prishchepov, A. V, Chatterjee, S., 2019. Climate 

change has likely already affected global food production. PLoS One 14, e0217148. 

Reddy, V.R., Singh, S.K., 2016. Food Supply Chain Disruption due to Natural Disasters: 

Entities, Risks, and Strategies for Resilience. 

Redmart, 2020. Redmart “Caixin” Prices [WWW Document]. URL 

https://www.lazada.sg/catalog/?spm=a2o42.lazmart_channel.red-mart-

search.1.2e5d48a6JsmTHC&q=caixin&_keyori=ss&from=suggest_normal&m=redmart

&sugg=caixin_0_1 

Richa, A., Touil, S., Fizir, M., Martinez, V., 2020. Recent advances and perspectives in the 

treatment of hydroponic wastewater: a review. Rev. Environ. Sci. Bio/Technology. 

https://doi.org/10.1007/s11157-020-09555-9 

Rimas, A., Fraser, E., 2010. Empires of food: feast, famine and the rise and fall of civilizations. 

Simon and Schuster. 

Romeo, D., Vea, E.B., Thomsen, M., 2018. Environmental Impacts of Urban Hydroponics in 

Europe: A Case Study in Lyon. Procedia CIRP 69, 540–545. 

https://doi.org/https://doi.org/10.1016/j.procir.2017.11.048 

Rufí-Salís, M., Calvo, M.J., Petit-Boix, A., Villalba, G., Gabarrell, X., 2020. Exploring nutrient 

recovery from hydroponics in urban agriculture: An environmental assessment. Resour. 

Conserv. Recycl. 155, 104683. 

https://doi.org/https://doi.org/10.1016/j.resconrec.2020.104683 

Rut, M., Davies, A.R., 2018. Transitioning without confrontation? Shared food growing niches 

and sustainable food transitions in Singapore. Geoforum 96, 278–288. 

Sartison, K., Artmann, M., 2020. Edible cities – An innovative nature-based solution for urban 

sustainability transformation? An explorative study of urban food production in German 

cities. Urban For. Urban Green. 49, 126604. 

https://doi.org/https://doi.org/10.1016/j.ufug.2020.126604 

Schnitzler, W.H., 2013. Urban Hydroponics for Green and Clean Cities and for Food Security, 

in: Acta Horticulturae. International Society for Horticultural Science (ISHS), Leuven, 

Belgium, pp. 13–26. https://doi.org/10.17660/ActaHortic.2013.1004.1 

Schwarz, D., Grosch, R., Gross, W., Hoffmann-Hergarten, S., 2005. Water quality assessment 

of different reservoir types in relation to nutrient solution use in hydroponics. Agric. Water 

Manag. 71, 145–166. https://doi.org/https://doi.org/10.1016/j.agwat.2004.07.005 

Seto, K.C., Reenberg, A., Boone, C.G., Fragkias, M., Haase, D., Langanke, T., Marcotullio, P., 

Munroe, D.K., Olah, B., Simon, D., 2012. Urban land teleconnections and sustainability. 

Proc. Natl. Acad. Sci. 109, 7687 LP – 7692. https://doi.org/10.1073/pnas.1117622109 

SFA, 2019a. Singapore Food Story R&D Programme [WWW Document]. URL 

https://www.sfa.gov.sg/food-farming/singapore-food-story/r-and-d-programme 

SFA, 2019b. Food Farms in Singapore [WWW Document]. URL https://www.sfa.gov.sg/food-

farming/food-farms/farming-in-singapore 

Shamshiri, R., Kalantari, F., Ting, K.C., Thorp, K.R., Hameed, I.A., Weltzien, C., Ahmad, D., 

Shad, Z.M., 2018. Advances in greenhouse automation and controlled environment 

agriculture: A transition to plant factories and urban agriculture. Int. J. Agric. Biol. Eng. 

11, 1–22. https://doi.org/10.25165/j.ijabe.20181101.3210 

Sharma, N., Acharya, S., Kumar, K., Singh, N., Chaurasia, O.P., 2018. Hydroponics as an 



49 

Urban Agriculture’s capacity to increase a city’s food security: A case study of Singapore vegetable production   

advanced technique for vegetable production: An overview. J. Soil Water Conserv. 17, 

364–371. https://doi.org/http://dx.doi.org/10.5958/2455-7145.2018.00056.5 

Siddiqi, M.Y., Malhotra, B., Min, X., Glass, A.D.M., 2002. Effects of ammonium and 

inorganic carbon enrichment on growth and yield of a hydroponic tomato crop. J. Plant 

Nutr. Soil Sci. 165, 191–197. https://doi.org/10.1002/1522-

2624(200204)165:2<191::AID-JPLN191>3.0.CO;2-D 

Singapore Food Agency, 2020. Levelling up singapore’s food supply resilience [WWW 

Document]. Food Thought. URL https://www.sfa.gov.sg/food-for-

thought/article/detail/levelling-up-singapore-s-food-supply-resilience 

Singapore Land Authority, 2020. Total Land Area of Singapore [WWW Document]. URL 

https://data.gov.sg/dataset/total-land-area-of-singapore 

Sky Greens, 2014a. About Sky Greens [WWW Document]. URL 

https://www.skygreens.com/about-skygreens/ 

Sky Greens, 2014b. Technology. 

Sorenson, R., Relf, D., 2009. Home Hydroponics. 

Specht, K., Siebert, R., Hartmann, I., Freisinger, U.B., Sawicka, M., Werner, A., Thomaier, S., 

Henckel, D., Walk, H., Dierich, A., 2014. Urban agriculture of the future: an overview of 

sustainability aspects of food production in and on buildings. Agric. Human Values 31, 

33–51. https://doi.org/10.1007/s10460-013-9448-4 

Square Roots, 2020. Square Roots: Fresh, local greens, grown for flavor [WWW Document]. 

URL https://squarerootsgrow.com/our_produce/ 

Sunderland, T.C.H., O’Connor, A., Muir, G., Nerfa, L., Nodari, G.R., Wildmark, C., Bahar, 

N., Ickowitz, A., 2020. SDG 2: Zero Hunger - Challenging the Hegemony of Monoculture 

Agriculture for Forests and People, in: Katila, P., Colfer, C.J.P., Jong, W. De, Pacheco, 

P., Winkel, G. (Eds.), Sustainable Development Goals: Their Impacts on Forests and 

People. Cambridge University Press, pp. 48–71. 

Sundkvist, Å., Milestad, R., Jansson, A., 2005. On the importance of tightening feedback loops 

for sustainable development of food systems. Food Policy 30, 224–239. 

Tan, A., 2020. Addendum to President’s Address: 55,000 new jobs to be created in 

sustainability sector in next 10 years, says Grace Fu. The Straits Times. 

Tan, A., 2019. Singapore to ramp up solar energy production to power 350,000 homes by 2030. 

The Straits Times. 

Techno Farm, 2020. Innovation Vegetable Factory [WWW Document]. URL 

https://technofarm.com/en/innovation/ 

Teng, P., Escaler, M., Caballero-Anthony, M., 2011. Urban food security: Feeding tomorrow’s 

cities. Significance 8, 57–60. https://doi.org/10.1111/j.1740-9713.2011.00486.x 

The World Bank, 2020. Urban population (% of total population) - Singapore [WWW 

Document]. URL 

https://data.worldbank.org/indicator/SP.URB.TOTL.IN.ZS?locations=SG 

Thomaier, S., Specht, K., Henckel, D., Dierich, A., Siebert, R., Freisinger, U.B., Sawicka, M., 

2015. Farming in and on urban buildings: Present practice and specific novelties of Zero-

Acreage Farming (ZFarming). Renew. Agric. Food Syst. 30, 43–54. https://doi.org/DOI: 

10.1017/S1742170514000143 

Tittonell, P., 2014. Ecological intensification of agriculture—sustainable by nature. Curr. Opin. 

Environ. Sustain. 8, 53–61. https://doi.org/https://doi.org/10.1016/j.cosust.2014.08.006 

UMASS, 2020. Hydroponic Systems [WWW Document]. Cent. Agric. Food Environ. URL 

https://ag.umass.edu/greenhouse-floriculture/fact-sheets/hydroponic-

systems#:~:text=Although almost any crop can,supported in the nutrient solution. 

Umesha, S., Manukumar, H.M.G., Chandrasekhar, B., 2018. Chapter 3 - Sustainable 

Agriculture and Food Security, in: Singh, R.L., Mondal, S.B.T.-B. for S.A. (Eds.), . 



50 

Urban Agriculture’s capacity to increase a city’s food security: A case study of Singapore vegetable production   

Woodhead Publishing, pp. 67–92. https://doi.org/https://doi.org/10.1016/B978-0-12-

812160-3.00003-9 

UN, 2018. 68% of the world population projected to live in urban areas by 2050, says UN 

[WWW Document]. United Nations Dep. Econ. Soc. Aff. URL 

https://www.un.org/development/desa/en/news/population/2018-revision-of-world-

urbanization-prospects.html#:~:text=News-,68%25 of the world population projected to 

live in,areas by 2050%2C says UN&text=Today%2C 55%25 of the world’s,increase to 

68%25 by 2050. 

Van Ginkel, S.W., Igou, T., Chen, Y., 2017. Energy, water and nutrient impacts of California-

grown vegetables compared to controlled environmental agriculture systems in Atlanta, 

GA. Resour. Conserv. Recycl. 122, 319–325. 

https://doi.org/https://doi.org/10.1016/j.resconrec.2017.03.003 

Velasco-Muñoz, J.F., Aznar-Sánchez, J.A., Batlles-delaFuente, A., Fidelibus, M.D., 2019. 

Rainwater Harvesting for Agricultural Irrigation: An Analysis of Global Research. Water 

. https://doi.org/10.3390/w11071320 

Vermeulen, S.J., Campbell, B.M., Ingram, J.S.I., 2012. Climate Change and Food Systems. 

Annu. Rev. Environ. Resour. 37, 195–222. https://doi.org/10.1146/annurev-environ-

020411-130608 

Verschuuren, J., 2017. The Impact of Soil Carbon Sequestration on Adaptation in Europe’s 

Agricultural Sector and the Potential Role of Regulatory Instruments. 

https://doi.org/https://dx.doi.org/10.2139/ssrn.2979261 

VICE, 2020. Can Vertical Farms Fix the Future of Food? 

Walters, S.A., Stoelzle Midden, K., 2018. Sustainability of Urban Agriculture: Vegetable 

Production on Green Roofs. Agric. . https://doi.org/10.3390/agriculture8110168 

Warren-Rhodes, K., Koenig, A., 2001. Escalating trends in the urban metabolism of Hong 

Kong: 1971–1997. AMBIO A J. Hum. Environ. 30, 429–438. 

Weber, C.L., Matthews, H.S., 2008. Food-Miles and the Relative Climate Impacts of Food 

Choices in the United States. Environ. Sci. Technol. 42, 3508–3513. 

https://doi.org/10.1021/es702969f 

WHO, 2020. Healthy diet [WWW Document]. URL https://www.who.int/news-room/fact-

sheets/detail/healthy-diet (accessed 5.8.20). 

World Food Future, 2020. World Food Future - Table Talks: Urban Farm-ily. 

Wyngaard, S.R., Kissinger, M., 2019. Materials flow analysis of a desert food production 

system:The case of bell peppers. J. Clean. Prod. 227, 512–521. 

https://doi.org/https://doi.org/10.1016/j.jclepro.2019.04.139 

‘Yotti’ Kingsley, J., Townsend, M., 2006. ‘Dig In’ to Social Capital: Community Gardens as 

Mechanisms for Growing Urban Social Connectedness. Urban Policy Res. 24, 525–537. 

https://doi.org/10.1080/08111140601035200 

Zhang, W., Ricketts, T.H., Kremen, C., Carney, K., Swinton, S.M., 2007. Ecosystem services 

and dis-services to agriculture. Ecol. Econ. 64, 253–260. 

https://doi.org/https://doi.org/10.1016/j.ecolecon.2007.02.024 

Zhao, C., Liu, B., Piao, S., Wang, X., Lobell, D.B., Huang, Y., Huang, M., Yao, Y., Bassu, S., 

Ciais, P., Durand, J.-L., Elliott, J., Ewert, F., Janssens, I.A., Li, T., Lin, E., Liu, Q., Martre, 

P., Müller, C., Peng, S., Peñuelas, J., Ruane, A.C., Wallach, D., Wang, T., Wu, D., Liu, 

Z., Zhu, Y., Zhu, Z., Asseng, S., 2017. Temperature increase reduces global yields of 

major crops in four independent estimates. Proc. Natl. Acad. Sci. 114, 9326 LP – 9331. 

https://doi.org/10.1073/pnas.1701762114 
 

  



51 

Urban Agriculture’s capacity to increase a city’s food security: A case study of Singapore vegetable production   

Appendix 1: Table of collected data with 
processed values 

O: Original data from source 

C: Converted data to more standardized units 

Indoor vertical farms 

Farm/ Company Yield Water Energy usage Nutrient 

Cropbox 

(company selling 

shipping 

container vertical 

farms) 

O: 1347 tonnes/ 

320 sq ft (lettuce) 

 

C: 332.85kg/ m2 

of lettuce 

O: 27,000 

gallons/ year 

 

C: 102,206.12L/ 

year 

O: 140 kWh/ day 

 

C: 0.14MWh 

O: 

18lb N/ acre 

35lb P/ acre 

20lb K/acre 

 

C: 

0.00202kg N/ m2 

0.00392kg P/ m2 

0.00224kg K/ m2 

Sustenir 

Agriculture 

(Singapore) 

O: 3.2 tonne of 

lettuce/ 54sqm 

(Source from 

Kriwangko 

(2018)) 

 

C: 60kg lettuce/ 

sqm 

Unknown Unknown Unknown 

La Petite Ferme 

du Grand Lyon 

(Lyon) 

Study by Romeo 

et al. (2018) 

O: 44.7 kg/ m2/ 

year (conversion 

not required) 

5.96 L/ kg 

(conversion not 

required) 

Unknown 0.0026kg N/ kg 

0.0013kg P/ kg 

0.0036kg K/ kg 

(conversion not 

required) 

Nick Greens 

(Chicago, USA) 

Study by Chance 

et al. (2018) 

O: 36.0 lbs 

lettuce (area of 

farm not stated) 

 

C: ~16.33kg of 

lettuce 

O: 30 gallons 

 

C: 113.56L 

Unknown O: 0.2lbs (total) 

 

C: 0.0907kg 

(total) 

Atlanta shipping 

container farm 

(Atlanta, USA) 

197.5kg/ m2/ 

year of lettuce 

(conversion not 

required) 

1.65 L/ kg 

(conversion not 

required) 

O: 19.5 kWh/ kg 

 

C: 0.0195MWh/ 

kg 

Unknown 
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Study by Van 

Ginkel et al. 

(2017) 

Figures from 

Barbosa et al. 

(2015) paper 

41 ± 6.1 kg/ m2/ 

year of lettuce 

(conversion not 

required) 

20 ± 3.8 L/ kg/ 

year (conversion 

not required) 

O: 90,000 ± 

11,000 kJ/ kg/ 

year 

 

C: 

0.025±0.003MWh/ 

kg/ year 

 

Unknown 

Techno Farm, 

Japan 

O: 648 heads/ 

m2/ year 

 

C: 97.2 – 

103.68kg/ m2/ 

year (assuming 

each head of 

lettuce weighs 

between 150g – 

160g (Perez, 

(2014)) 

O: 0.11L/ head 

 

C: 0.77 L/ kg 

O: 0.57kWh/ head 

 

C: 0.004MWh/ kg 

Unknown 

Indiana Vertical 

Farming 

Analysis  

Study by Mendez 

Perez (2014) 

O: 8482 tonnes/ 

year, grown in a 

10-storey vertical 

farm of 100m x 

100m = 100,000 

m2 

 

C: 84.82kg/ m2/ 

year 

237L/ kg O: 133 million 

kWh (for all the 

lettuce produced 

on the farm) 

 

C: 0.0175MWh/ 

kg 

Unknown 

 

Outdoor vertical farms 

Farm/ Company Yield Water Energy usage Nutrient 

Citiponics 

(Singapore, Aqua 

Organic System) 

O: 4000kg/ 

1800sqm/ month 

 

C: 26.64kg/ m2/ 

year 

Unknown Unknown Unknown 

Sky Greens 

(Singapore, low 

carbon vertical 

5000kg – 

10,000kg of 

vegetables can be 

produced per day 

Unknown for 

crop growing 

 

40W (0.04 kW) 

of electricity 

required to power 

a 9m tall growing 

Unknown 
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hydraulic farming 

system) 

when the farm is 

at full capacity 

0.5 litres of water 

is required to 

rotate the 1.7 ton 

vertical structure 

tower that holds 

38 troughs 

 

 

 


	Candidate's Declaration
	Acknowledgements
	Abstract
	Table of Contents
	List of Figures

	Chapter 1: Introduction
	Chapter 2: Literature Review
	2.1 Sustainable Food Systems
	2.2 Commercial Urban Farming Systems
	2.2.1 Indoor Hydroponics Systems
	2.2.2 Outdoor Hydroponics Systems

	2.3 The less talked about side of Urban Agriculture

	Chapter 3: Singapore’s Urban Agricultural Policies
	Chapter 4: Methodology
	4.1 Material Stocks and Flow Analysis (MSFA)
	4.1.1 Study Area
	4.1.2 Inputs
	4.1.3 Transformation
	4.1.4 Outputs

	4.2 Data Collection

	Chapter 5: Results and Discussion
	5.1 Quantifying “30 by 30”
	5.2 Vertical Hydroponic Farm Data
	5.3 Water Usage
	5.4 Energy Usage
	5.5 Nutrient Usage
	5.6 Yield and Land Area
	5.7 Future Potential of Urban Agriculture
	5.8 Social Dimensions of Urban Agriculture in cities
	5.9 Where does Singapore currently stand?

	Chapter 6: Conclusion
	References
	Appendix 1: Table of collected data with processed values

