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Abstract: Many studies have investigated the issue of feeding the world’s growing population from 
different perspectives. Conventional agricultural methods usually have small production yields while 
requiring large amounts of scarce and unevenly distributed resources such as farmland and water. 
Furthermore, although produced food may meet the demands, it is still inefficiently delivered among 
different regions. Urban agriculture has been proposed to produce food inside urban areas with higher 
yields and less resource consumption. Hydroponics is one of the urban farming methods that needs further 
research before being applied on large scales. This study aims to investigate the potential lettuce production 
using hydroponic systems to grow lettuce domestically in urban areas in Sweden to lower its lettuce import 
and motivate local food production to become self-sufficient. The study is performed using a literature 
review, theoretical design of a system, and scenario-based assessment of hydroponic lettuce production.  
The detailed analysis is performed via a case study of lettuce production in Uppsala municipality and two 
scenarios considering the reduction of lettuce import to Sweden and related challenges and opportunities 
of the designed system. The analyses demonstrate that the system paves the way to decrease lettuce import 
and dependence on trade. Therefore, applying the system increases self-sufficiency and decreases 
vulnerability to shocks. Nevertheless, the study does not necessarily address issues related to transportation 
and food miles. Moreover, finding suitable places to establish the system needs further studies.  
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Summary: The issue of feeding the world’s growing population has long been investigated from different 
perspectives. Natural resources are either scarce or unequally distributed in divergent regions of the world. 
Therefore, conventional agricultural methods fail in some places. Moreover, dependence on food import 
leaves importer countries’ food supply systems prone to unexpected shocks. For instance, the COVID-19 
pandemic brought issues in the food trade since crossing borders became difficult for transporting vehicles. 
  
As one of the methods of urban agriculture, hydroponics is investigated in this paper to examine its 
advantages and disadvantages through lettuce production in Sweden. The author has designed a 
hypothetical hydroponic system and assessed it based on secondary data. The system can produce 75 
kilograms of lettuce per square meter of land, i.e., approximately 44 times greater than the average yield 
of currently utilized methods of lettuce production, e.g., cultivating outdoors or in greenhouses in Sweden. 
Moreover, to achieve this yield, 10.46 kilowatt-hour of energy, i.e., electricity, is required per kilogram of 
lettuce harvested. The application of this hydroponic system in Sweden is explored via a case study and 
two scenarios following the Swedish government’s national food strategy and its objectives to decrease 
vulnerability in food supply chains and increase self-sufficiency.  
 
For the case study of lettuce production in Uppsala municipality, Sweden, three potential production sites 
have been considered. As a result, the system could cut 23% of Uppsala municipality’s import demand 
from the average annual Swedish lettuce import. However, more production sites are required to increase 
the degree of self-sufficiency. The scenarios aim to analyze the resource demand and impact of applying 
the hypothetical hydroponic system on Sweden’s lettuce self-sufficiency and vulnerability of lettuce 
production and supply systems in Sweden to shocks. Results show that adding hydroponics to conventional 
agricultural methods and imports increases the diversity of lettuce production and supply methods in 
Sweden. Therefore the vulnerability to shocks in production and supply systems, either global or local, 
decreases. Also, increasing lettuce production inside Sweden by the hypothetical hydroponic system 
decreases Sweden’s lettuce import quantity and therefore enhances lettuce self-sufficiency of Sweden. 
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1 Introduction 
 
According to FAO (2017), in a period between 1960 and 2015, agricultural production grew by 300%, 
which expanded the amount of land, water, and other natural resources usage and increased the distance 
between producers and consumers because of food globalization. Several studies estimate that the 
world’s population would surpass 9 billion by 2050 (Cleland 2013; Ehrlich & Harte 2015; Treftz & 
Omaye 2016b; FAO 2017; UN 2019a). On the other hand, statistics show that approximately 68% of 
the world’s population would live in urban areas by 2050 (UN 2019b). Researchers have estimated that 
agricultural production needs to increase by 70% (compared to the first years of the 21st century) to 
meet the global food demand of the larger and more affluent world population by 2050 (Rosegrant et al. 
2002; FAO 2011; Fischer et al. 2014).  

The World Commission on Environment and Development (1987, p.24) characterized ‘sustainable 
development’ as ‘a development that meets the needs of the present generation without compromising 
the ability of future generations to meet their own needs.’ Whether current technologies are proper to 
reach the ambition of global food production advancement to maintain food security (Branca et al. 
2011), and if contemporary practiced procedures by governments, e.g., import, are legitimate to provide 
food demand of communities are questioned. The answers are essential to evaluate if United Nations’ 
sustainable development goals (SDGs) are met in various localities. 

The United Nations’ Population Division (2019b) estimated that 93% of Sweden’s inhabitants would 
live in urban areas by 2050. Statistics show that Sweden imports a considerable share of its food from 
foreign countries to meet its food demand; however, the Swedish government has set a national food 
strategy where its overall objective is: 

[to set up] a competitive food supply chain that increases overall food production while achieving 
the relevant national environmental objectives, aiming to generate growth and employment and 
contribute to sustainable development throughout the country. The increase in production – of 
both conventional and organic food– should correspond to consumer demands. An increase in the 
production of food could contribute to a higher level of self-sufficiency. Vulnerability in the food 
supply chain will be reduced (The Government Office of Sweden 2017, p.10). 
 

This strategy demonstrates a need to research food production and supply systems in Sweden and 
discover more reliable and resilient systems. 

 
 

1.1 Problem Statement 
 
Arable land, freshwater resources, and natural resources are either limited or unevenly distributed among 
different regions and countries (Bruinsma 2009; Kumar et al. 2014) while required by various actors 
and sectors from food to energy (FAO 2011; Cotula 2014). Ergo, neglecting economic motives, to some 
extent, importing seems inevitable to satisfy the food need of inhabitants of countries with immense 
inadequacies in resources.  

‘Virtual water’ indicates water required for the production of products (El-Sadek 2011). The shifts in 
consumption patterns, lifestyle, and demographics, especially in developed countries, add to the pressure 
on global water and energy resources through food import and virtual water trade (Kumar et al. 2014). 
For instance, while at first glance, virtual water import as a means to conserve water from exhaustion in 
the agriculture sector may appear advantageous for water-scarce regions, still empirical findings reveal 
that this trade runs out ‘from water-scarce and land-rich regions to water-rich and land-scarce regions ‘ 
(ibid. p.3). On the other hand, international food trade is a critical determinant that affects land use 
globally, so what, for instance, Swedish people eat, besides affecting themselves, influences the 
environment, people’s lives, and resources beyond the borders of Sweden (Johansson 2005). 
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Nearly 98.8% of humanity’s food production is currently dependent on soil, in contrast, soil itself is a 
limited resource in amount, and its degradation, erosion, salinization, and contamination as results of 
intensive agriculture will restrict global agricultural production, either for eating or energy generation, 
in the following decades (Kopittke 2019). According to Kopittke (2019), croplands cover approximately 
12% of the area of the world’s total ice-free soil. However, the conversion of wetlands and forests into 
croplands endangers the quality of ecosystem services essential for human life and food production 
considering that ‘wetlands retain water during high rainfall and release it during dry periods, purifying 
it of many contaminants. [And] forests reduce erosion’ (Rosegrant et al. 2002, p.7). Also, the 
transformation of natural habitats and ecosystems into agricultural land intensifies the pace of 
biodiversity loss (Reidsma et al. 2006).  

Regarding global climate change, the harvest of crops would become impoverished by universal extreme 
weather conditions (Fischer 2009). To illustrate, although Sweden has a large land area and freshwater 
per capita and climate changes are predicted to extend the growing season in Sweden, the indirect 
consequences of global warming (e.g., increase in pests) could significantly impact Swedish agriculture 
(Fogelfors et al. 2009). The agricultural land under cultivation has decreased in Sweden in recent years 
(Naturvårdsverket 2019a). However, according to the Swedish Environmental Protection Agency 
(Naturvårdsverket 2019b), the agriculture sector emitted 14% of greenhouse gases (GHG) in Sweden in 
2017. Fogelfors et al. (2009) stated that conventional Swedish agriculture is highly dependent on 
external resources, such as fossil fuels for transportation and fertilizers, making it difficult to match this 
agricultural system with resource scarcity in the future and plans to reduce environmental impacts.  

On a broader scale, the most significant impacts of humans on the planet are implemented by food 
production in the forms of GHG emissions, soil degradation, agrochemical runoff, and intensive water 
consumption (Sinclair et al. 2004). However, nowadays, consumers in high-income countries are eager 
to know about the origins of their food and its environmental and social impacts (FAO, IFAD, UNICEF, 
WFP & WHO 2020). To illustrate, according to Johansson (2005, p.16): 

 
To the Swedish consumer, it is not obvious that so many resources come from abroad and it is not 
easy to see the connections between food consumption in Sweden and the environmental and 
social impacts of the agricultural productions systems happening somewhere else.  

 

According to the Swedish Board of Agriculture, i.e., Jordbruksverket (2018), the production of 
vegetables and fruits, including iceberg lettuce, is concentrated in southern Sweden. However, in 
general, Sweden is dependent on importing vegetables and fruits to a large extent (Cederberg et al. 
2019). This study recognizes the dependence on food import (less self-sufficiency) and the limitations 
of conventional agricultural methods to produce local food, mostly in terms of inefficient land use, as 
the major problems of the food sector in Sweden.  
 
 
1.2 Possible Solution 
 
According to FAO (2017, p.5), although ‘the consensus view is that current systems are likely capable 
of producing enough food’ on a global scale, finding an absolute solution for the issues of producing 
adequate food and efficient distribution is not simple. Peters & Pierre (2014) considered food policy a 
‘wicked problem’, a term developed by Rittel & Webber (1973), where the problem cannot be discussed 
or solved independently without giving importance to the interlinkage between different sectors and 
policies. Nevertheless, a shift in agriculture toward novel food production approaches seems inevitable 
to mitigate environmental impacts and meet the increased food demand of future generations without 
dependence on foreign suppliers and excessive pressure on limited resources. 

Controlled environment agriculture (CEA), is a type of urban agriculture (UA). It helps to increase crop 
yields and quality (Gómez et al. 2019) through year-round monitoring of the indoor environment and 
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its climate (Ishii et al., 2016). The evaluation of environmental impacts of divergence CEA methods 
needs thoroughly done life cycle assessments (LCA). However, CEA methods may be appealing to 
motivate local food production and decrease food imports (i.e., increase self-sufficiency). Hydroponics, 
or soilless agriculture, belongs to the category of CEA, where production systems are managed 
regardless of climate conditions (Sardare & Admane 2013) with the potential to produce food 
domestically with enhanced production yields. 
 
 
1.3 Aim of the Study 
 
Ideally, hydroponics may be a supplement for conventional in-soil agriculture methods. Several studies 
have analyzed hydroponics from different perspectives and compared it with conventional agriculture 
in terms of the carbon footprint, production yield, and sustainability or assessed hydroponic systems in 
the context of economic profit. Mainly, researchers have utilized LCA to investigate the environmental 
performance and impacts of hydroponics, e.g., GHG emissions and acidification (Martin & Molin 2019; 
Martin et al. 2019; Barge 2020).  

However, the challenges associated with hydroponic farming and related opportunities to reduce food 
import dependency and distance between producers and consumers in Sweden are less studied. Further, 
as mentioned in the Introduction, the national food strategy of the Swedish governments intends to 
increase food production and self-sufficiency and decrease the vulnerability of food supply chains in 
Sweden. Therefore, this thesis aims to investigate the challenges, opportunities, and consequences of 
using a hypothetical hydroponic system to grow lettuce, as a representative of vegetables, domestically 
in urban areas in Sweden to lower its lettuce import and motivate local production. The specific 
objectives include: 

 
1. Assessing the opportunities and possible challenges associated with hydroponic systems in 

general and lettuce production in particular 
2. Assessing the resource demand such as energy and land for the establishment of a hypothetical 

hydroponic system to grow lettuce in Sweden 
3. Assessing the existing lettuce production capacity (including conventional methods), import 

volume, location, and self-sufficiency rate in Sweden in comparison with the hypothetical 
hydroponic system’s capacity 

 
 
1.4 Research Questions 
 
This study focuses on addressing the following research questions: 
 

1. What are the opportunities related to hydroponic systems in general and lettuce production in 
Sweden in particular? 

2. What are the significant resources (energy and land) demand (in type and quantity) to produce 
lettuce using hydroponic systems in Sweden? 

3. What is the capacity of indoor hydroponics in Uppsala municipality to produce lettuce inside 
the municipality and relate producers to consumers? 

4. How does the application of hydroponics impact Sweden’s lettuce self-sufficiency and the 
country’s vulnerability to shocks in production and supply systems? 
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2.  Literature Review 
 
This section aims to provide a background on issues related to conventional agriculture and how UA, 
especially hydroponics, can theoretically be a solution to address those issues. Further, the results of 
similar studies regarding production yield and energy demand of producing lettuce by hydroponics are 
investigated in this section to be utilized as benchmarks for the hypothetical hydroponic system 
examined in this paper. 
 
 

2.1 General Theory 
 
Conventional agriculture or modern industrial agriculture has many issues, from inefficient water use to 
soil degradation. In Europe, more than one-third of resources consumed for food, e.g., energy, water, 
and land, is wasted in the production phase (Avgoustaki & Xydis 2020). Generally, to address 
sustainability issues related to agriculture, a few considerations are proposed in research papers; some 
of them are (Foley et al. 2011):  

 
a) To cease the expansion of agriculture as this spread threatens biodiversity and carbon-storing 

forests 
b) To narrow the yield gap (the difference between observed yields and potential yields) and 

enhance production acquired from currently cultivated land 
c) To use resources such as scarce water and land efficiently 
d) To change diets and lower wastes during the whole food chain 

 

The possible solution to inadequacies of conventional agriculture, i.e., hydroponics, principally deals 
with proposals (a), (b), and (c) mentioned above throughout the current thesis. As consumers' knowledge 
about environmental impacts of in-soil agriculture and limitations of natural resources increases, the 
tendency to explore hydroponics and its advantages or disadvantages increases (Treftz & Omaye 2016b). 
Ergo, it is beneficial to discover case studies of applying hydroponics or studying the results of 
establishing a hypothetical hydroponic system in a specific region.  

Hydroponics is a way of cultivating plants without soil with the use of nutrient solutions (Aires 2018). 
Plant roots are placed in only solutions or an inert medium like organic wool or coconut husk (Salas et 
al. 2012; Sardare & Admane 2013). An abundance of benefits is investigated for hydroponics, e.g., the 
possibility of gardening in various places without the need for prepared soil, faster growth of plants, 
lesser plant disease, and recirculation of water (Salas et al. 2012). In other words, this system can 
produce continuously throughout the year (Barbosa et al. 2015) to satisfy the food needs of human 
beings while using natural resources efficiently and advancing environmental quality (Treftz & Omaye 
2016b). So, various studies have inspected, through either a literature review or on-field experiments, 
all or a group of factors related to hydroponics such as energy requirement, production yield, land need, 
and water demand, and in some cases, costs of hydroponics and occasionally compared them with those 
values related to conventional agricultural methods (Papadopoulos et al. 2008; Barbosa et al. 2015; 
Treftz & Omaye 2016a; Avgoustaki & Xydis 2020). 

Despite some of its advantages, such as the prohibition of many pesticides, Swedish agriculture is 
culpable for emitting 13% of all GHG emissions in Sweden and a remarkable contribution to nitrogen 
load to sea and ammonia emissions (Röös 2017). LCA may assist in deciding whether establishing a 
new system, here hydroponics, from an environmental impact perspective. However, there is no 
individually comprehensive measurement to assess the sustainability of a system or introduce flawless 
fixed factors to be applied by policymakers (Van Passel 2013). Therefore, it is still beneficial to discuss 
hydroponics in a broader scheme and theoretically investigate opportunities or barriers to applying 
hydroponics as a method of food production in a specific location in terms of inputs and outputs. This 
general vision is a valuable measurement of sustainability in theory since:  
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The key to sustainable agricultural growth is more efficient use of land, labor and other inputs 
through technological progress, social innovation and new business models … the farming 
practices required to conserve and make more efficient use of natural resources will differ 
according to local conditions and needs (FAO 2017, p.48). 

Additionally, to evaluate the sustainability of a food production system, which is a complex process, 
some indicators considering the countries’ priorities toward sustainability should be defined (Röös 
2017) before conducting any assessment such as LCA. As previously mentioned, the overall objective 
of the Swedish government (2017) is achieving a higher level of self-sufficiency in food production and 
lowering vulnerability in the food supply chain. The current study, motivated by the Swedish food 
strategy, tries to theoretically discuss the application of hydroponics in Sweden to cultivate lettuce 
through the lens of energy demand, land requirement, and production yield factors and analyze its impact 
on Sweden’s lettuce self-sufficiency and vulnerability to shocks. 

Fogelfors et al. (2009) found it necessary to urgently research implications and opportunities related to 
changes in agricultural systems and land use in Sweden since the future of the agricultural sector in the 
country is complicated in terms of land use for food production or delivery of other services like 
bioenergy provision and biodiversity conservation. Therefore, this thesis mainly focused on land from 
natural resources and excluded other natural resources such as water.  
 
 
2.2 Land and Water - Limits and Conflicts   
 
In general, land or natural resources are not equally distributed among different regions and nations 
(Cotula et al. 2006; FAO, IFAD, UNICEF, WFP & WHO 2020). Also, climate change and the following 
incidents such as droughts and floods caused by global warming may change the availability of land for 
cultivation and water flow for irrigation in diverse locations in upcoming years (FAO 2011; Fischer et 
al. 2014). Soil characteristics add to the limitations of available-to-cultivate land, and unsustainable 
usage leaves more land to be abandoned through degradation (Tscharntke et al. 2012; Fischer et al. 
2014) and erosion (Kay et al. 2015). Predictions show that soil degradation might decrease global food 
productivity by 12% by 2040 (Kopittke et al. 2019).  
 
According to Fischer (2009), crop production, for food, energy, or other purposes, is accompanied by 
cultivated land and gained yield from the land. Previously, ‘the primary solution to food shortages has 
been to bring more land into agriculture’ (Godfray et al. 2010, p.812). In a 50-year period started in the 
early 1960s, a 12% shift in total cultivated agricultural land has occurred, which in total means 11% of 
the world’s land surface (FAO 2011). Similarly, Sardare and Admane (2013, p.299) state that ‘in 1960 
with 3 billion population over the world, per capita land was 0.5 ha ... it will reach at 0.16 ha’ by 2050. 
However, the rate of growth in cultivated land is much more moderate than the rate of population growth 
in percentage owing to the intensification of agriculture as the consequence of using fertilizers, 
pesticides, advanced irrigation, and improved genotypes at the expense of adverse environmental 
impacts in most cases (Kopittke et al. 2019). 

Despite global population growth and the demand for more food production and land for agriculture, 
the cropland areas in Europe have decreased since 1950, and even reforestation has occurred in some 
parts of Europe (Dao et al. 2015). However, the competition for land to produce food or cultivate crops 
for other purposes, including biofuels, has started in recent decades and may continue and result in 
political or ethnic rivalries if there is no substitution for current agricultural practices (Cotula et al. 2006). 
In the last two decades, especially provoked by the food price crisis in 2007-2008 (von Braun & 
Meinzen-Dick 2009; Hall 2011), this competition triggered private and national investors to grab fertile 
land in poor regions like Africa to get not only financial benefits of trade but also to grow essential food 
and energy crops for their nations’ consumption (Schoneveld 2011; Schoneveld 2014). Hall (2011) 
found this ‘land grabbing’ phenomenon as a kind of neo-colonialism by which the local people are 
deprived of their claimed land and resources, although theoretically, it should enhance opportunities for 
economic growth of investment destination, e.g., Africa, and act against poverty (Cotula et al. 2009).  
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In addition, while currently available land is required to increase food production globally and feed the 
growing population of the world, the competition over land for non-food purposes augments the pressure 
on land through converting forests or grasslands to croplands, and it affects food prices (Bringezu et al. 
2012) that again, evoke land grabbing incident. Cotula (2014, p.12) declared that ‘many investors and 
companies are interested in acquiring farmland as a strategic economic asset’ that become more valuable 
in the time of scarcity. As illustrated by Hall (2011, p.202): 
 

If ‘land grabbing’ is a response to volatility in global food markets, as is widely claimed … what 
is striking in Southern Africa is the prevalence of land acquisitions for purposes other than food 
production. 

 
According to FAO (2017), 33% of global farmland is highly or to some extent degraded, and few left 
options for conversion into agricultural land are not suitable and would impose environmental, social, 
and economic costs. Similarly, using the concept of ‘planetary boundaries’, Rockström et al. (2009) 
warned about converting more land into agricultural land at the cost of losing ecosystem functions and 
services. They determined 15% of the global ice-free land surface as the boundary where exceeding it 
may cause irrecoverable environmental disasters and biodiversity loss. Additionally, urbanization 
regulates land conversion so that urban areas would occupy roughly 4.7% of ice-free land by 2040 
(Kopittke et al. 2019). Urbanization jeopardizes natural habitats, biodiversity, and forests as well (UN 
2019b). Although occurring within a specific region, the consequences of land conversion are not 
regional but rather global via the change in global temperature and GHG emissions (Dao et al. 2015).  
 
Like limited land, water which is essential for food production, food security, drinking, industry, 
sanitation, and so many other purposes, faces scarcity, and this threat is accelerated by water 
contamination, degradation of water ecosystems, and careless use of current water resources (Rosegrant 
et al. 2002). Another serious concern is the use of polluted water for irrigation, which directly threatens 
health via food consumption since the demand for water increases not only by agriculture but also by 
industrial and domestic water use (ibid.). An essential step toward improving water usage habits is to 
save water from agricultural, industrial, and household use with the same outputs, i.e., efficient water 
use (ibid.).  

Land under irrigation is projected to reach 337 million ha in 2050, compared to around 325 million ha 
in 2013 by FAO (2017, p.37). Ergo, finding new resources of water for irrigation seems vital while 
having financial and environmental costs in most cases, e.g., infrastructures like dams induce ‘extensive 
negative impacts on ecosystems including loss of habitat, species, and aquatic diversity’ (Rosegrant et 
al. 2002, P.4), and affect local fisheries (FAO 2017). 70% of total water withdrawal is for agriculture 
(Fischer et al. 2014; Kopittke et al. 2019; FAO 2017). Regarding the population growth and increase in 
cultivated land, it is estimated that water withdrawals by agriculture will noticeably grow in forthcoming 
years (Rosegrant et al. 2002; FAO 2011; Fischer et al. 2014).  

Heck et al. (2018) analyzed two scenarios of land use for feeding the world’s population by 2050 in the 
contexts of risk to biodiversity and terrestrial carbon storage, one scenario with current productivity and 
another with improved crop and livestock productivity. According to their calculations, if the 
productivity of agriculture enhances, a world with 9.1 Billion inhabitants can achieve food security even 
at the higher per-capita daily food supply level of 3000 kcal/cap/d. However, they clarified that the 
trade-off between biodiversity preservation and carbon storage and whether they are weighted higher 
than the other manipulate the decision that which region is suitable for agricultural production. Heck et 
al. (2018) considered the richness of biodiversity minor and the abundance of carbon pools relatively 
high in boreal zones; therefore, any plan to produce food giving higher importance to biodiversity 
conservation than carbon storage means planting more land in boreal zones.  
 
Sweden, or generally Scandinavia, is mainly located in the boreal zone and can be one option to dedicate 
more land for food production purposes. But, as Fischer et al. (2014) illustrated, inadequate water 
drainage is a considerable problem associated with soil in Northern Europe for possible future projects 
to employ more land for cultivation. A problem that causes oversaturation of soil and salinization on 
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irrigated land (Rosegrant et al. 2002) and makes the land less suitable for growing crops. On the other 
hand, boreal forests are great resources for forest products (Ruckstuhl et al. 2008). The Nordic countries 
with vast boreal forests have invested in land grabbing projects in other parts of the world for forestry 
ambitions (Schoneveld 2011).  
 
Furthermore, vegetables are highly perishable, and their cultivation with conventional methods in the 
open fields is reliant on seasonal conditions (Shankar et al. 2017). In Nordic countries, ‘the growing 
season is short and, in many areas, the boreal forest soils are thin, acidic and unsuitable for agriculture’ 
(Ruckstuhl et al. 2008, p.2245). Also, the growing season is almost 100 days shorter in Northern Sweden 
than in Southern Sweden, where vegetables, including lettuce, are produced (Jordbruksverket 2009). 
Regarding lettuce, the crop studied in this thesis, in 2018, 47,199 m2 of land was under cultivation of 
greenhouse potted lettuce, and 9,680,000 m2 of open-air land was under cultivation of iceberg lettuce in 
Sweden, and more than 60% of harvested quantities of lettuce were from open-air land (Jordbruksverket 
2019). 
 
 

2.3 Food Security, Trade, and Transport 
 
Fischer (2009) and FAO, IFAD, UNICEF, WFP & WHO (2020) related the shifted demand for food to 
population rise and economic growth. Although some parts of the world, including Europe, may not 
deal with remarkable population growth, estimated economic robustness, i.e., Real Gross domestic 
product (GDP) long-term forecast (OECD 2018), and, appropriately, change in dietary preferences boost 
food demand. The world has enough food to feed all people, nonetheless, poor food distribution causes 
individuals and countries to suffer from hunger (Havas & Salman 2011).  
 
According to FAO, IFAD, UNICEF, WFP & WHO (2020), statistics show that approximately 690 
million people suffered from hunger in 2019. This number will increase to above 840 million by 2030 
if current trends continue (ibid.). Authorities should stop the tendency toward food insecurity to avoid a 
big failure in achieving United Nations sustainable development goals, e.g., SDG 2 - zero hunger. In 
addition, unpredictable disasters such as the recent Coronavirus disease (COVID-19) pandemic may 
even add to the pace of shifting toward food insecurity and hunger (ibid.). According to FAO (2020a), 
from the first day of the spread of the virus, temporary shortages in basic food have been observed 
worldwide, especially in cities with more than 500,000 inhabitants, due to longer supply chains and 
restrictions. 
 
Studies show that even current agricultural sector investments will not help to eradicate the 
undernourishment trend (FAO 2017). As discussed in Section 2.2, wealthier countries have invested in 
lands in Africa for mainly agriculture and forestry purposes, but statistics (Table 1) show that the number 
of undernourished people in Africa and the world has increased since 2015 (FAO, IFAD, UNICEF, 
WFP & WHO 2020). Daniel (2011 p.40) explained that ‘increased food supply does not automatically 
mean increased food security for all.’ On the other hand, livestock may also become affected by feed 
insecurity if there is insufficient feed (Havas & Salman 2011). 
 
Table 1. Projection of undernourishment prevalence (%) by 2030. Adapted from (FAO, IFAD, UNICEF, WFP & 
WHO 2020).  

Region 2016 2017 2018 2030* 
World 8.8 8.7 8.9 9.8 
Africa 18.5 18.6 18.6 25.7 
Asia 8.5 8.2 8.4 6.6 
Latin America and the Caribbean 6.7 6.8 7.3 9.5 
Oceania 5.9 6 5.7 7.0 
North America and Europe <2.5 <2.5 <2.5 <2.5 

*: Projected values. 
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Scholars define food security in many ways, and the definitions are flexible and liable to different 
interpretations (Peng & Berry 2019). The definition by the World Food Summit (FAO 1996) is highly 
accepted:  
 

Food security exists when all people, at all times, have physical, social and economic access to 
sufficient, safe and nutritious food to meet their dietary needs and food preferences for an active 
and healthy life. 

 
By obtaining data on food import and export from the World Trade Organization, Şahin (2019) 
calculated the average ‘food export dependency index’ (FEDI), ‘food import dependency index’ (FIDI), 
and ‘food trade dependency index’ (FTDI) for 28 European Union (EU) members for a period from 
1999 to 2017. According to his interpretation and calculation results, most EU countries, including 
Sweden, did not have food security since their average FIDI was larger than the average FEDI value 
(Fig. 1). He recommended that EU policymakers should support the agricultural sector to increase 
production. As stated before, the Swedish government’s national food strategy is also to increase overall 
food production.  
 

 
Fig.1. Average food export, import, trade dependency indices of some EU countries. Adapted from (Sahin 2019). 
 
The most simple but meaningful reason to import food is that some products cannot domestically be 
produced (Sahin, 2019). Also, because of ‘improving storage technology and transport infrastructure 
and increasing interest for foreign products’, food trade has become ubiquitous over the last decades 
(Van Passel 2013). In countries such as Sweden, it is challenging to cultivate many vegetables and fruits 
on land and outdoors owing to cold weather. However, Countries’ high dependence on food trade is 
problematic in the time of shocks (FAO, IFAD, UNICEF, WFP & WHO 2020). To illustrate, Kummu 
et al. (2020) believe that the global food trade has assisted in producing food by covering insufficient 
local resources or unsuitable regional weather conditions. Still, connected food systems, as a result of 
globalization and international food trade, have left 80% of the world’s inhabitants prone to global 
shocks due to partial or total reliance on food import (ibid.). According to Kummu et al. (2020), countries 
with high dependence on imports while having a limited number of trade partners are highly affected by 
fluctuations that disturb the welfare of exporters. 
 
Scholars have added stability, i.e., the ability to deal with natural and human-made shocks and crises, 
and most recently, sustainability to three main dimensions, i.e., availability, accessibility, and utilization, 
in early definitions of food security as fourth and fifth elements (Peng & Berry 2019). Kummu et al. 
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(2020) stated that implementing food systems resilient to fluctuations such as raised prices, declined 
quality, and shortage seems unavoidable. Willing to maintain these global instabilities, especially 
economic uncertainties, some communities explore opportunities, e.g., local food production and UA, 
to increase food safety and security and lower the distance between producer and consumer (van 
Leeuwen et al. 2010). Also, local food is defined as ‘the food produced, retailed and consumed mainly 
in the specific area’ (Bosona & Gebresenbet 2011, p.294). For instance, Bosona et al. (2013) investigated 
the area within the road distance of 250 km as the local food zone in Sweden. 
   
From an environmental sustainability point of view, about 25% of GHG emissions related to global 
energy consumption come from the transport sector (Bosona et al. 2013). ‘Food miles’, which has gained 
popularity in Northern Europe, is usually employed as a term to discuss the transport distance from 
producer to customer (Ballingall & Winchester 2010). The concepts of local food and food miles have 
been jointly discussed in policy discourses regarding sustainable agriculture and substitutions for food 
production systems so that local food systems limit food miles and reduce environmental impacts (Coley 
et al. 2009). On the other hand, the perishable nature of vegetables makes the production of vegetables 
near to consumers appealing, i.e., in or around cities and towns, to be transported immediately after the 
harvest (Shankar et al. 2017). 
 
However, the traveled distance alone is neither scientifically nor politically an excellent gauge to 
measure sustainability (Ballingall & Winchester 2010). As an illustration, the quality of roads and 
transportation networks plays a vital role in reducing the transport time from producers to rural and 
urban markets, thus diminishing food losses of especially perishable fruits and vegetables (FAO, IFAD, 
UNICEF, WFP & WHO 2020). Moreover, as discussed in former chapters, sustainability in food 
production encompasses water pollution, landscape conversion, and various other concepts (Coley et al. 
2009). 
 
However, having good connections with international markets and producers is essential for a food 
system to overcome unpredicted disturbances and stay resilient (Kummu et al. 2020), although roughly 
causing dependence on foreign sources and extended transport distances. Therefore, as expressed in the 
following chapters, the hydroponic systems studied in this paper is not considered as a complete 
replacement for food import or a mean to produce food 100% locally. Instead, it sustains the resilience 
of food production and supply in Sweden besides import and conventional planting methods and triggers 
local production with high yields acquired from limited land independent from outdoor weather 
conditions. 
 
 

2.4 Urban Agriculture 
 
In 2007, for the first time, the number of residents in urban areas became greater than those living in 
rural areas (UN, 2019b). This trend has continued consistently in the following years (Fig. 2). According 
to FAO (2017), the difference in numbers of residents in urban areas and rural areas is growing as the 
population increases (the population of cities and towns enhances, and a noticeable number of rural 
inhabitants move to urban areas). They also mentioned that this trend influences dietary preferences and 
food systems. Generally, ‘urban dwellers tend to consume more per capita than rural dwellers’ (UN 
2019b p.4).  
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Fig. 2. Urban and rural populations trend. Adapted from (UN 2019b). * Projections. 

 
As Pearson et al. (2010) stated, considering the need for changes in agricultural practices and food 
transport chains, the structure of cities should encounter some adjustments to deal with urbanization, 
limitation of resources, and climate change effects. Also, the cultivation of vegetables in or around cities 
through conventional methods, especially in developing countries, has been discussed with risks of using 
contaminated water for irrigation or harmful pesticides (Chagomoka et al. 2015). Besides sustainable 
production and consumption habits, urban development should be established through the management 
and planning to avoid potential destructive impacts of the increasing number of city residents (UN 
2019b).  
 
McIntyre et al. (2009, p.567) defined Urban (peri-Urban) agriculture as ‘Agriculture occurring within 
and surrounding the boundaries of cities throughout the world and includes crop and livestock 
production, fisheries and forestry, as well as the ecological services they provide.’ Also, UA has been 
proposed as a step toward sustainability in urban development (Chagomoka et al. 2015). However, as 
Pearson et al. (2010, p.7) stated, the research on sustainable cities and the importance of green space in 
cities ‘usually ignores the opportunities for UA to contribute to urban sustainability’, nevertheless, urban 
agriculture can be a part of the ecosystem of cities through for instance creating job opportunities. 
 
Available infrastructures such as quality roads, piped water, young labor, and more accessible services 
pave the way for innovation and entrepreneurship vital for sustainable development in cities (UN 
2019b). Yet, as the population grows and megacities form worldwide, transportation of fresh food to 
urban areas becomes difficult and time-consuming, and, again, a solution to this problem can be UA by 
way of short supply chains as well as reducing pre-harvest and post-harvest losses in vegetable by 
approximately 30% (FAO, IFAD, UNICEF, WFP & WHO 2020).  
 
In addition, food consumers’ general wish to know more about the origin of their food, traceability of 
food supply, and how it is transported has motivated sustainable local food production (Bosona & 
Gebresenbet 2011). Van Leeuwen et al. (2010) found it possible to have fresh fruits and vegetables 
besides clear traceability through UA. Nevertheless, the idea of establishing UA as a way of 
incorporating greenspaces in urban areas in developed countries may arise primarily from social and 
recreational goals rather than subsistence food production (Pearson et al. 2010; van Leeuwen et al. 
2010).  
 
After several food crises, the cultivation of urban vegetables became appealing in many towns of 
Northern Europe, although in the early 18th century, greenspaces and gardens within towns had mostly 
decorative functions (van Leeuwen et al. 2010). An example of the efficiency of UA is the case of Cuba. 
Cuba, which was historically dependent on food import, lost a significant share of its trade partners and 
could not supply enough food after the collapse of the socialist Eastern Europe block (Cruz & Sánchez 
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Medina 2003). However, by applying UA, the country could partly solve some problems associated with 
food crises and nutritional deficiency (ibid.).  
 
Hydroponic systems are adjustable and can function as recreational activities to commercial businesses 
to conduct UA (Barbosa et al. 2015) in various places from urban to non-arable dry areas and even in 
future space travels. This possibility gives a significant ecological benefit since, as discussed before, the 
number of people living in urban areas is becoming greater every year, while most land surface is in arid 
regions (Treftz & Omaye 2016b). Most hydroponic systems are indoors; ergo, they may not have the 
same level of socio-economic benefits such as recreational advantages that urban green areas have 
(Molin & Martin 2018). However, higher yields of hydroponics than conventional agriculture are still 
possible due to controlling the environment and providing the system with optimal conditions besides 
less plant spacing, which is determined by only lighting (Treftz & Omaye 2016b).  
 
 

2.5 Hydroponic Lettuce - Production Yield 
 
Hydroponic systems are classified based on several criteria. One approach is to put them into two 
primary categories of (Aires 2018, p.57): 
 

1. Closed systems in which the nutrient solutions are constantly recycled, monitored, and adjusted.  
 

2. Open systems in which the nutrient solutions are discarded and stored after each nutrition cycle. 
 
A variety of crops, from leafy vegetables to cucumbers and tomatoes, can be grown hydroponically using 
different techniques. Their cultivation is often profitable since leafy vegetables like lettuce grow well 
hydroponically (Okemwa 2015), and possible high plant density, for instance, for tomatoes, results in 
greater yields (Cardoso et al. 2018). Kaiser & Ernst (2016) and Shrestha & Dunn (2017) declared that 
considering the advantages and disadvantages of each system, for short-term crops like lettuce, utilizing 
Nutrient Film Technique (NFT), which belongs to closed hydroponic systems category (Fig. 3), is a 
frequent choice. However, this system requires repeated monitoring of the flow of the solution (ibid.).  
 

 
       Fig. 3. Water circulating hydroponic system for growing lettuce (Buraphon 2017). 

Arguments against novelties such as hydroponics are mostly emerging when a crop is efficiently grown 
outdoors by conventional methods (Molin & Martin 2018). Lagerberg Fogelberg (2013) stated that 
iceberg lettuce is cultivated outdoors in Sweden and the self-sufficiency of Sweden regarding outdoor 
lettuce is zero in winter.  
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Barbosa et al. (2015) compared the hydroponic production of lettuce by conventional lettuce production 
in Arizona, the United States, in terms of water, yield, and energy use to inspect whether hydroponics 
is more sustainable than conventional lettuce production in that location. As reported by them, annually 
and in Arizona, hydroponic production of lettuce was approximately 11 times greater in terms of yield 
per area, consumed 13 times less water per kilogram produced, and required roughly 82 times more 
energy per kilogram of produced lettuce in comparison with conventional methods. However, Arizona 
has quite different local conditions for conventional cultivation of lettuce compared with Sweden, for 
instance, different average monthly temperature and sunlight.  

 
Owing to ‘reduced pest problems and constant feeding of nutrients to the roots’ and using artificial 
lighting to extend the day, the productivity of hydroponic systems is usually high (Sardare & Admane 
2013, p.302). However, the reported hydroponic yields are inconsistent. So, acquiring the hydroponic 
production yield of different crops from the results of available on-field experiments and literature is 
challenging.  
 
Barbosa et al. (2015, p.6882) standardized the data gathered through a literature review and from 
different programs at Cornell University, Ohio State University, and the University of Kentucky that 
included necessary information regarding yield and production area. They approximated continuous 
year-round production of lettuce by hydroponics under artificial lighting and temperature control. They 
reached a yield of 24 head of lettuce per square meter of hydroponic greenhouse (in one cultivation 
layer) in each cycle (12 harvests per year) with an average fresh mass of 144.6 grams per plant, i.e., 
approximately 288 head/m2 per year or 41 kg/m2 per year. 

 
In another study by Somerville (2017), two low-technology hydroponic systems were established in two 
locations in the Gaza Strip, a self-governing Palestinian territory, with a surface area of 150 m2 (130 m2 
planting area) for each system. Their results were like outcomes of Barbosa et al. (2015) in terms of 
hydroponic water use and annual head of lettuce production per square meter compared with 
conventional lettuce cultivation. The data collected from one of those two low-technology systems 
revealed that 3,600 heads of lettuce could be cultivated per cycle per 150 m2, whereas one year consists 
of 11 cycles. These results mean possible annual production of 264 head/m2 by that system. 

  
Similarly, Fernandes (2017) designed a small hydroponic greenhouse to explore the performance of the 
built greenhouse under optimal growth control algorithms. Based on their calculations and assumptions, 
eight plants could grow in their built greenhouse with a production area of around 0.3 m2 in each cycle 
(i.e., 25 plants per square meter if the system expands), plus the calculated optimal harvest time leading 
to maximum profit was 25 days after cultivation. Although they did not mention the number of possible 
cycles in a year, considering the maximum profitable day for harvest (i.e., day 25), if one considers 12 
harvests per year, the annual production yield of their system would approximately be 300 head/m2.  
 
Finally, Pertierra Lazo & Quispe Gonzabay (2020) calculated the annual harvest yield of their 
hydroponics based on the production results gained during the period that planting carried out in their 
project of actual experiments established in Ecuador. The average harvest weight for each plant obtained 
between January and May 2018 was 139.0 grams. With an annual production of 73,728 units of lettuce 
in 240 m2 of effective and productive area (ibid.) (i.e., annually 307 head/m2), their results are very 
similar to the achievements by Fernandes (2017), Barbosa et al. (2015), and Somerville (2017)         
(Table 2).  
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Table 2. Production yields of a few studies regarding hydroponic lettuce. 
Paper Yield per cycle* 

(Head/m2) 
Number of cycles Annual yield**** 

(head/m2) 
Barbosa et al. 2015 24 12 288 
Somerville 2017 24 11 264 
Fernandes 2017 25 12*** 300 
Pertierra Lazo & Quispe Gonzabay 2020 25.6* 12 307 

* Acquired from one cultivation layer. 
** Reported as after 20% lost in the paper. 
*** Author’s own assumption  
**** Author’s own estimation: (Yield per cycle) × (Number of cycles) 
 
 

2.6 Hydroponic Lettuce - Energy Demand 
 
In general, the energy inputs of hydroponic systems are mainly for artificial lighting, heating/cooling of 
indoor spaces, ventilation, and water pumping purposes (Martin & Molin, 2019). Pertierra Lazo & 
Quispe Gonzabay (2020) stated that lettuce is the main hydroponically grown crop worldwide that 
several studies have analyzed its technical requirements, energy use, and investment costs, but little 
attention has been paid to the fact that lettuce is a cold season plant. For instance, Barbosa et al. (2015) 
calculated the energy demand of production of lettuce in a hypothetical hydroponic greenhouse in Yuma, 
Arizona, where most of the energy was needed for cooling or heating of the greenhouse to keep its 
temperature at 23.9 °C, which was vastly different from the average monthly temperature of Yuma, 
Arizona in most months.  
 
The optimal growth temperature of lettuce is between 18 and 25 °C during the daytime and nightly from 
10 to 15°C (Pertierra Lazo & Quispe Gonzabay 2020). If one considers 8 hours of total 24 hours of a 
day as the nighttime period and the rest as the daytime, the required average optimal growth temperature 
of lettuce in 24 hours will be between 15°C and 22 °C.  
On the other hand, Teli et al. (2019) investigated detailed indoor temperature measurements in 1306 
households in the heating seasons in Sweden, where most of the average temperatures were between 20-
24°C, very similar to the optimal temperature of lettuce growing. In addition, Sweden is a cold-weather 
country, where, for instance, the average monthly temperature of Uppsala city (Table 3) in warm months 
is similar to the preferred temperature of lettuce cultivation which makes the need for cooling or heating 
of the indoor spaces less in the lettuce planting process. Thus, if the theoretical hydroponic system 
studied in this thesis is established in available buildings in urban areas, e.g., unused buildings, heating 
or cooling energy use of the system will not remarkably be different in amount from energy use of 
households in their neighborhood for the same purposes.  

 
Table 3. The average monthly temperature of Uppsala city (Holiday Weather 2021).  

Average 
Temperature 
(°C) 

January February March April May June 
-3 -3 0 4 11 14 

July August September October November December 
16 15 11 6 1 -3 

 
Wahlström & Hårsman (2015, p.9) calculated the average use of energy for heating and cooling of 
homes in Sweden about 115 kWh per square meter of floor area per year based on ‘the energy certificates 
for all Swedish single-family houses sold in 2009 and 2010 and issued by experts approved by the 
Swedish National Board of Housing, Building, and Planning.’ Similarly, Danielski (2014) analyzed 
three case studies of existing residential buildings and observed that annual electric energy demand for 
heating apartments in a twenty-two multi‐story building in Stockholm was between 70 and 121 kWh 
per square meter of the floor. As explained in the Methodology section, the results of these two papers 
are used to calculate the energy demand of the hypothetical hydroponic system studied in this thesis.  
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An essential step in conducting a hydroponic system is to provide lighting for photosynthesis. For indoor 
systems that do not benefit from sunlight, the first option is to use artificial lighting. Through listing 
several studies focusing on the impact of light spectra on plant growth Olle & Alsina (2019) examined 
that blue, green, and red lights are the main light colors that positively affect plant yield and quality. 
Moreover, according to Runkle & Bugbee (2013), although people’s eyes may mislead them to choose 
more luminous green or yellow lights, blue and red-color light-emitting diodes (LED) are the most 
common lights used for planting. They described that measuring the number of photons is the most 
effective way to predict photosynthesis. Blue and red LEDs are popular in planting since (ibid.):  
 

1. They are the most energy-efficient colors of LEDs 
2. They are more photosynthetically efficient 
3. The addition of 10 to 20% blue light to red light results in more normal-shaped plants 

 
Photosynthetically Active Radiation (PAR) is ‘the part of electromagnetic radiation that can be used as 
the source of energy for photosynthesis by green plants’, and it is usually reported in terms of 
Photosynthetic photon Flux Density (PPFD) since ‘the intensity of photosynthesis is better predicted by 
the number of absorbed photons than by the radiant energy received by a leaf’ (Mõttus et al. 2013, pp. 
7902-7904).  According to Brechner & Both (n.d.), the recommended PAR for lettuce production is       
17 mol/m2 per day for the combination of natural and artificial light. One mole stands for                       
6.022 ×10!"	particles or photons here.  
 
Various PPFD, red to blue ratio (R:B), and photoperiods influence lettuce plant growth and 
photosynthesis process (Zhang et al. 2018). However, disregarding how the light is delivered over time, 
light recommendations for crops usually elaborate on Daily Light Intensity (DLI). DLI is a function of 
PPFD through a photoperiod which accounts for the total amount of photosynthetic light (i.e., PAR) 
received by a plant in a day (Palmer & van Iersel 2020). Ergo, since the production yield of the 
hypothetical hydroponic system of the current paper is derived from a literature review, it is not clear 
that under which condition of artificial lighting, in terms of PPFD and photoperiod, achieving the 
expected yield is possible. Therefore, it is essential to determine the optimum required DLI, a factor in 
which PPFD and photoperiods are included to grow quality vegetables and leafy greens commercially.  
 
Baumbauer et al. (2019) studied the impact of different DLI, i.e., 8, 10, 12, and 14 mol/m2.d, on the 
growth of lettuce, spinach, and kale and observed a rise in fresh weight, dry weight, and leaf area of 
each lettuce plant as DLI increased. Likewise, Zhang et al. (2018) investigated lettuce production under 
a controlled environment with different PPFD supplied by fluorescent lamps and LEDs with R:Bs of 
1.8 and 2.2 in diverse photoperiods. As they reported, the growth and quality of commercial lettuce 
under PPFD at 250 µmol/m2·s with a photoperiod of 16 h/d under LED with R:B ratio of 2.2 (i.e., DLI 
of 14.4 mol/m2·d) were similar or even higher in some cases in comparison with results acquired by DLI 
of 17.28 mol/m2·d. Therefore, between two DLI of 14.4 and 17.28 mol/m2·d, the former was preferred 
to produce high-quality commercial lettuce with maximum mass since it consumes less power per unit 
of fresh mass (ibid.). Also, Runkle (2011) recommended having a minimum DLI between 12 to 14 
mol/m2·d for lettuce production indoors. The outlines of some studies regarding the DLI related to 
lettuce planting are presented in Table 4.  
 
Table 4. Daily Light Intensity for lettuce cultivation from literature review. 

PBLICATION DLI (MOL/M2·D) REMARKS* 
Runkle, 2011 12 to 14 Minimum 
Zhang et al., 2018 14.4 Sufficient 
Brechner & Both n.d. 17 Recommended 
Paz et al. 2019 6.5 to 9.7 Minimum 
Both n.d. 17 Maximum 
Goto et al. 1997 17 Maximum 

* The information in this table is utilized to approximate the electric energy use for artificial lighting by the 
hypothetical hydroponic system, as discussed in the following sections. 
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Furthermore, for the energy required for circulation of water in the hydroponic systems (required by 
circulating systems, i.e., NFT), Barbosa et al. (2015) adapted a 0.5 horsepower (or 0.373 kW) water 
pump, which is appropriate to circulated water for 4 hours and thirty minutes per day in a hydroponic 
system with an average production of 2,040 heads of lettuce. As explained in the Methodology 
section, this water pump is adjusted to the hypothetical hydroponic system to estimate the final 
energy demand of the hypothetical system. The current thesis does not consider the energy use for 
ventilation. 
 
After defining the sources of the energy demand of the hypothetical hydroponic system, the conditions 
of energy in Sweden, especially electric energy, which is considered the primary type of energy use by 
the system, should be examined. Considering the average annual electricity production and consumption 
values in Sweden for a period from 2016 to 2019 (Table 5), approximately 11% of the total electricity 
is generated by solar and wind energy; meanwhile, almost only 2% of total electricity generation in 
Sweden is used in the agriculture sector.  
 
Table 5. Average annual production and consumption of electricity in Sweden. Modified from (SCB 2020c). 

Electricity in Sweden (GWh) 2016 2017 2018 2019 Average* 

Electricity Production  Solar 143 230 391 663 357 
Wind power 15,479 17,609 16,623 19,847 17,390 
Total 152,499 160,481 159,661 165,629 159,568 

Electricity Consumption  Agriculture 3,227 2,860 2,976 2,560 2,906 
Households  35,071 36,004 35,530 35,115 35,430 
Total within Sweden 140,764 141,489 142,438 139,469 141,040 

Electricity Export 26,022 30,888 29,425 35,231 30,392 
*: Author’s calculation 
 
Although the Swedish economy and population have grown in the last decades, the electricity demand 
increased only slowly, meanwhile, the government seeks to keep improving energy efficiency and 
paving the way for renewable energy (IEA 2019). According to Cruciani (2016), Sweden has an 
excellent wind power potential with the highest terrestrial wind resources and maximum theoretical 
generation capacity among all European countries. Sweden’s wind power has enhanced fast under the 
support for renewables to achieve ambitions of generating electricity 100% from renewables and settling 
a net zero-carbon economy (IEA 2019), and also because of the lower costs of wind power (Cruciani 
2016).  

According to the Swedish Wind Energy Association (2019, p.6), considering that the rapid development 
of wind power technology results in more electricity generation with fewer turbines, ‘the Swedish Wind 
Energy Association projects that [annual] wind power generation will increase from today’s 20 TWh to 
at least 90 TWh in 2040’. However, the slow increase in energy demand and the growth of wind energy 
have resulted in exporting electricity and made Sweden a net electricity exporter in recent years (19 
TWh in 2017), a trade estimated to continue in upcoming decades (IEA 2019). If Sweden allocates a 
percentage of its wind power generation for future innovations and alternative techniques in agriculture, 
e.g., hydroponics, instead of exporting, it will enhance the sustainability of those alternative agricultural 
systems and make them more acceptable. 
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3 Methodology 
 
 

3.1 Research Approach 
 
This study was developed through a literature review, data collection, designing a hypothetical 
hydroponic system, and scenario-based analyses. A qualitative approach was employed to provide a 
background and investigate hydroponics besides the problems of conventional agriculture in terms of 
limitations from already published studies (the Literature Review section). Then, with a quantitative 
method, the requirements and capacity of the hypothetical hydroponic system were determined. Data 
and information handling included meta-data (secondary) gathering from available papers, organizing, 
and analyzing using mainly descriptive statistics, then modifying to the study location of the current 
thesis, Sweden.  
 
Based on these data, for the current paper, a case study for analysis of the application of the hypothetical 
hydroponic system in Uppsala municipality and two scenarios for lettuce cultivation by the system in 
Sweden to replace lettuce import were developed. Scenarios aimed to analyze how applying the 
hypothetical hydroponic system in Sweden affects Sweden's lettuce self-sufficiency. Moreover, 
opportunities and challenges associated with establishing the system in terms of energy, land, local 
production, and dependence on trade were discovered through scenarios. The objective of the case study 
was to assess the capacity of the system to increase Uppsala municipality’s lettuce self-sufficiency and 
opportunities and barriers in the municipality to establish the hypothetical hydroponic system. For this 
case study, the locations of production sites and retailers and the routes from production sites to retailers 
have been shown on the map in Section 4.3. 

 
 
3.1.1  Study Location and Materials 
 
This study focused on the case of lettuce production in Sweden using a hypothetical hydroponic system. 
More specifically, the hypothetical hydroponic production of lettuce was assessed based on conditions 
of Uppsala municipality in terms of available land, energy, and potential retailers as the case study, and 
the status of Sweden for scenarios (Fig. 4). The paper's calculations, results, and discussions were 
primarily founded on literature review, and the study lacked field experiments. The materials were 
mainly electronic articles, scientific papers, and theses accessible through scientific journals or academic 
research databases besides digital maps provided by authorities. The computer software used was Word 
and Excel offered by Microsoft Office 365 for building the paper up and doing calculations, Autodesk 
AutoCAD LT 2019 for drawing illustrations of the system, and ArcGIS Desktop 10.8.1 for mapping and 
geographical analysis. 
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                         Fig. 4. The study location.  
 
 

3.1.2 Data Collection 
 
Major academic research databases used for gathering relevant papers and literature were Google 
Scholar, ScienceDirect, and JSTOR. The geodata sources for the maps depicted in the thesis were from 
the Swedish mapping, cadastral and land registration authority, Lantmäteriet, extracted through Swedish 
University of Agricultural Science’s (SLU) Geodata Extraction Tool (GET). Benchmarks for energy use 
and yield related to the hydroponic production of lettuce were developed via engineering equations, 
descriptive statistics, and values reported in the literature, then were standardized to a hypothetical 
hydroponic system in Sweden. Only the values from publications based on actual experiments or 
scientific literature review were used, and papers with disproved claims were ignored.  
 
For analysis, data acquired from the Food and Agriculture Organization Corporate Statistical Database of 
the United Nations (FAOSTAT) and Statistics Sweden (SCB) were employed, e.g., average value of 
annual lettuce production, supply, and trade. All secondary data regarding production, import, export, 
and supply amounts used for analysis were averaged by the author of the thesis for 2016 to 2019 and 
reported as average annual values. For the assessment of potential lettuce production in Uppsala 
municipality, recommendable available production sites (buildings) were acquired from Uppsala 
municipality administration.   
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3.1.3  Estimation of Inputs and Outputs  
 

The variables involved in determining the energy and yield metrics were:  
 
1. Independent variables:  
 

a) The type of artificial lighting to perform photosynthesis  
b) The type of water circulation pumps and heating/cooling devices (out of scope) 
c) The number of layers for planting 

 
2. Dependent variables: 
 

d) The number of harvest cycles 
e) Land demand 
f) The number of lettuce head per square meter and the growth rate 
g) The energy use 

 
Dependent variables change and happen because of other determinants or mainly independent 
variables (Chukwuedo 2015). The first step was to determine the production yield of the hypothetical 
hydroponic system. From similar papers discussed in the Literature Review section that studied the 
density of lettuce head per square meter, plant weight, and the number of harvests per year, the average 
lettuce yield of the system was estimated and reported year-round. As thoroughly examined in Section 
2.5, Barbosa et al. (2015), Fernandes (2017), Somerville (2017), and Pertierra Lazo & Quispe Gonzabay 
(2020), i.e., four papers used for estimating the production yield of the hypothetical hydroponic 
system, conveyed similar values for hydroponic lettuce yield in terms of head per square meter. 
However, they related different average masses for each head of the plant in their studies, therefore, 
reported divergent yields in terms of kilogram per square meter. This divergence made it challenging 
to decide on the production yield of hydroponically grown lettuce for the current thesis.  
 
However, the results of Barbosa et al. (2015) and Pertierra Lazo & Quispe Gonzabay (2020) were very 
similar, i.e., respectively 288 head/m2 per year with a unit weight of 146.6 grams (roughly 41 kg/m2 per 
year) and 307 head/m2 per year with a unit mass of 139 grams (approximately 43 kg/m2 per year). 
Therefore, those two papers were chosen as the final criteria to predict the lettuce production yield of 
the hypothetical hydroponic system. The linear average of yields in terms of head/m2 per year and fresh 
mass of each plant reported by those two papers were calculated and expressed as the annual yield of 
the hypothetical hydroponic system and fresh weight of lettuce produced by that system.  
 
The energy demand of the system was estimated for a 12-month period. By using the equation below, 
the energy consumption for artificial lighting per day was calculated. The role of natural sunlight in 
operating photosynthesis was neglected since the system was located indoors.  
 
 
The energy of one mole of photon = NA

#.%
&  , (Yadav 2005)                                                                 Eq. 1 

 
Daily energy per area= DLI × NA

#.%
&

 (J/m2
. d)                                                                                     Eq. 2 

 
Where h is Planck’s constant (6.626 × 10-34 J·s), c is the speed of light (3 × 108 m/s), λ is the wavelength 
of light (m), NA is the Avogadro constant (6.022×1023 mol−1), and DLI is daily light intensity (mol/m2·d). 
The optimum DLI was derived from scientific papers and similar studies. Based on the minimum, 
recommended, and maximum DLI discussed in Section 2.6 (notice Table 4), the chosen DLI for the 
hypothetical lettuce production system was equal to 15 mol/m2·d. The red to blue ratio (R:B) of light 
was chosen based on recommendations by Runkle & Bugbee (2013) mentioned in Section 2.6 (addition 
of 20% blue to red color) and the study by Zhang et al. (2018) where red to blue ratio (R:B) of 1.8 (35% 
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blue and 65% red) resulted in higher biomass of lettuce compared to other R:B ratios. Therefore, R:B 
of 3 (25% of light from blue light and 75% of light from red light) was roughly chosen for artificial 
lighting. Moreover, the peak wavelength of 450 nm for blue color and 700 nm for red color was applied 
to calculations by eq.2 based on the study by Goto et al. (1997). According to them, PAR, mentioned in 
Section 2.6, ranges from 400 nm to 700 nm wavelengths. It should be mentioned that the efficiency of 
LEDs was assumed to be equal to 50%, meaning that 50% of consumed electricity is wasted as heat 
(DIAL 2016). 
 
The annual energy demand for water circulation in the hypothetical system was calculated based on a 
theoretical water pump with 1.8 × 10-4 kW power per head of lettuce modified from the water pump that 
Barbosa et al. (2015) adapted in their energy calculations. The average power per plant and the total 
pumping hours (i.e., 4.5 hours × 365 days) were used to estimate the energy use for water circulation in 
units of kWh/kg per year.  The pump delivered water for 4 hours and thirty minutes each day based on 
the study by Barbosa et al. (2015).  
 
Moreover, the annual electric energy use for heating/cooling was equal to 120 kWh per square meter of 
total floor area derived from the results of Wahlström & Hårsman (2015) and Danielski (2014) 
mentioned in section 2.6. The resulting values for energy and land were used in conjunction with the 
predicted yield of the system and presented in required units to harvest per kilogram of lettuce. Since 
different values from divergent sources were often in various units, simple unit conversion formulas 
provided by physics and mathematics have been utilized to convert units (Appendix D).  
 
 
3.1.4 The Hypothetical Hydroponic System Design 
 
Despite the assumption to set up the system indoors, this study did not suggest any considerations to 
construct infrastructures required by the hypothetical system. Instead, the hypothesis was to establish 
the system inside the buildings available for rent or sale. Further, electric energy, which was the only 
type of energy demanded by the system, was assumed to be provided through the national electrical 
grid. Also, the water demand of the system was assumed to be met by national water pipeline 
infrastructures. Stacked cultivation layers, water pump for circulation of water, light-emitting diodes 
(LED) for inducing photosynthesis, electric heat pump for heating or cooling purposes were considered 
the essential equipment to settle the system. 

Graff (2011) stated that TerraSphere Systems applied hydroponics systems with five layers within a 3-
meter floor-to-ceiling height. Considering that lettuce is not a tall plant, and assuming that TerraSphere 
systems provide vertically enough distance between layers to monitor plants easily, add fertilizer and 
growing media, and harvest, for a Swedish minimum 2.6-meter floor-to-ceiling height, the hypothetical 
hydroponic system has was designed in 4 layers with a cultivation area of A1 for each layer in each row 
(Fig. 5). On the other hand, in their vertical hydroponic farm, Touliatos et al. (2016) noticed that PPFD 
remarkably decreased as the distance from the light source increased. Therefore, artificial lighting was 
applied for each layer of the hypothetical system separately to avoid alleviation in PPFD.  
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Fig 5. The illustration of cultivation layers in each cultivation row of the system.  
Note: A1 is the cultivation area of each layer which is the same for all layers in each row since the layers have 
similar dimensions. 
 
 
The width of passages between growing rows was determined 1.3 m due to the minimum clear width of 
passages in common facilities by the Swedish National Board of Housing, Building, and Planning 
(Boverket 2018). The width of cultivation rows also has been chosen 1.3 m to make it possible to 
monitor, touch, and harvest plants without difficulty. Since the arm span of a human being is slightly 
more than their height (Alam et al. 2016) and noticing the average height of Swedish adult (175 cm) 
(THE LOCAL 2018), roughly 1/3 of the average arm span of Swedish people was assumed as the width 
that most labors work without difficulty, i.e., 65 cm. Therefore, because walkway passages were 
assumed to be located on both sides of cultivation rows, twice of 65 cm (i.e., 1.3 m) was calculated as 
the width of planting rows (Fig. 6). Again, since the dimensions of neighbor walkways and cultivation 
layers were identical, their areas were also equal (i.e., A1). The walkway passages and cultivation rows 
were determined to stretch all over the length of the buildings where the hypothetical system was 
established, excluding free spaces at two ends of rows and passages to connect walkway passages. 
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                   Fig. 6. The plan of the hypothetical hydroponic system. 
 
 
As shown in Fig. 6, the building's floor area where the hypothetical system was established 
encompassed different components explained by the equations below. 

Total area on the floor occupied by cultivation rows:     AR = n × A1                                              Eq. 3 

Total area on the floor occupied by walkways:               AW = AR = n× A1                                     Eq. 4 

Extra space for equipment, facilities, and walking:         AE = A2 + A3 + A4 ≈ 0.25 × AR             Eq. 5 

Total floor area of the building/Land use of the system: AL = AR + AW + AE = 2.25 AR                 Eq. 6 

A1 was the area that each row of cultivation or walkway passage occupies from the whole floor area of 
the building. n was the number of rows/walkways. It should be mentioned that AE, i.e., the sum of areas 
of two passages at the ends of cultivation rows/walkways, working space, facilities (e.g., toilet), and 
other possible surplus spaces, was roughly estimated to be 25% of AR by the author. As previously 
shown in Fig. 5, each row had four cultivation layers. Therefore, the total area available for cultivation 
(AC) was as below. 

AC = 4 × AR                                                                                                                                                                                                                      Eq. 7 

With regard to Eq.6 and Eq.7, for a four-layer system, regardless of the number of planting rows or 
walkways (n) and the plan of the building, the total surface available for cultivation (AC) was roughly 
1.8 times greater than the floor area of the building (AL). Depending on the building's height and the 
number of layers, this proportion might change. 
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3.1.5 Hydroponic Lettuce Production in Uppsala Municipality 
 
According to Statistics Sweden (SCB 2021), Uppsala Municipality was the fourth most populous 
municipality in Sweden with 233,839 inhabitants on 31 December 2020, whereas the population of 
Sweden was 10,379,295 on the same date, i.e., 2.3% of the total population. If one speculated that 
imported lettuce was divided between regions as a linear function of population, Uppsala municipality’s 
share would be approximately 2.3% of the total Swedish lettuce import value.  

The first step to evaluate the capability and capacity of the hypothetical system within the borders of 
Uppsala municipality to reduce Swedish lettuce import and practice local production was to find a place 
to apply the system. The principle in this thesis was to conduct the system in available buildings with 
minimum changes in their partitions and avoid constructing new structures. To find vacant buildings for 
rent or sale, the author contacted Uppsala Municipality (i.e., Uppsala Kommun) via email. In general, 
they recommended a few companies through whose website it was possible to discover property for rent 
or sale; for instance, a real estate staff responded that the municipality rented buildings through 
companies within “Kommunkoncernen” or private companies (Holmquist 2021). Finally, among 
recommendations, IHUS company, owned 100% by Uppsala Stadshus AB, was selected to locate 
buildings for hydroponic production sites.  

The criteria to decide among different options on IHUS’s website were to choose buildings with similar 
floor areas. Therefore, from 5 possible choices, Skebogatan 1 (890 m2), Björkgatan 4 (795 m2), and 
Sågargatan 17 (775 m2) were selected. ArcGIS software was used to locate chosen buildings in Uppsala 
city and the retailers in Uppsala municipality on the map. Then the potential of each production site 
(i.e. building) to sell products to the market regarding the number of retailers and their distance from 
production sites was discussed. Via the Closest Facility tool of ArcGIS, a network analysis was 
conducted to find the nearest production site to each retailer. The Closest Facility tool of ArcGIS finds 
the closest facility (here production sites) to an incident (here retailers) based on travel time or distance 
and shows the routes between facilities and incidents. The production sites were assumed to act as 
distribution centers as well. Since considering all food shops was time-consuming and complicated, 
from all groceries in Uppsala municipality, only five popular retailers, i.e., ICA, Coop, Lidl, Willys, and 
Hemköp stores, were considered in this paper.   
 
 
3.1.6  Scenario-based Assessment of Hydroponic Lettuce Production in 
Sweden and Analysis 

 
According to Jeong and Hmelo-Silver (2015), the questions about the correlational relationships of 
determinants proceed by descriptive studies. To descriptively evaluate the system on a big scale, 
calculated values for energy and land demand were analyzed through developing two scenarios for the 
whole of Sweden. Then, based on the scenarios, the potential of the system and its influence on the 
Swedish food production industry (i.e., agriculture) and food trade were discussed in the contexts of 
energy, land, local production, and dependence on trade.  
 
The average annual ‘Independency from trade’ index for lettuce for 2016 to 2019 was calculated for 
Sweden in a similar manner that Kummu et al. (2020) did in their study (Eq.8). Then, with the help of 
the estimated annual production capacity of the hypothetical hydroponic system, the same index was 
computed for scenarios one by one.  The objective of calculating this index was to analyze whether and 
how planting lettuce locally by the hypothetical hydroponic system would affect the lettuce self-
sufficiency of Sweden.  

Independency from trade (IFT) = 
!"
!#

                                                                             Eq. 8 
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Where LP represented the average annual lettuce produced in Sweden (in tonnes), and LS accounted for 
the average lettuce supplied inside Sweden (in tonnes), i.e., annual lettuce production and supply values 
in Sweden in average from 2016 to 2019. The description of the scenarios is mentioned below. 
 
a) Scenario 1:  
 
In this scenario, the share of Uppsala county from lettuce imported by Sweden was replaced entirely by 
hydroponic lettuce. The logic behind this scenario was to assess the requirements of Uppsala county to 
become self-sufficient in meeting its lettuce demand by hydroponics in terms of energy and land. Also, 
the impact of Uppsala county’s lettuce self-sufficiency on Sweden’s production diversity and lettuce 
IFT (i.e., self-sufficiency) was analyzed. 
 
b) Scenario 2:   
 
In this scenario, hydroponics was considered as a method to replace 50% of Swedish lettuce import. The 
rationale behind this scenario was to decrease dependence on trade (i.e., increase self-sufficiency) and 
execute a local system of lettuce production yet, maintain connections with trade partners to keep the 
resilience of the lettuce supply and decrease vulnerability to shocks. In other words, hydroponics was 
considered as an approach besides conventional lettuce cultivation and import to preserve the diversity 
of methods and crops in lettuce provision and supply systems in Sweden. 
 
 

3.2 Conceptual Framework 
 
 

3.2.1  Definition 
 
Imenda (2014, p.189) defined ‘conceptual framework’ as ‘an end result of bringing together a number 
of related concepts to explain or predict a given event, or give a broader understanding of the 
phenomenon of interest – or simply, of a research problem.’ In other words, Ravitch & Riggan (2017) 
found the conceptual framework fundamental to understand why and how research should be done.  The 
conceptual framework assists in a better literature review to understand relative issues (Imenda 2014). 
Therefore, researchers gather diverse concepts and variables according to the aim of their study, then 
build the conceptual framework of the research (Chukwuedo 2015). 
 
Most of the variables studied in this thesis were dependent variables (notice Section 3.1.3). For instance, 
the energy use of the hypothetical system was directly related to independent variables, e.g., the type of 
artificial lighting and water pumps. On the other hand, to achieve a commercially viable yield, minimum 
DLI, and optimum temperature besides other demands of the system that were out of the system 
boundaries and scope of this study, such as seeds, fertilizer, water, and infrastructures (Fig. 7), were 
assumed to be met. 
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Fig. 7. System boundaries of the study (Dashed lines represent the boundaries and scope of the study).  
 
As Chukwuedo (2015, p.88) explained, concepts mentioned in the research are generally interpreted in 
terms of ‘their context, especially in a situation where a particular phenomenon is studied in different 
dimensions and perspectives.’ The interpretation of concepts of, for instance, food security, sustainable 
agriculture, efficiency, and food dependency mentioned in this thesis was highly influenced by the 
framework that they were analyzed in. To illustrate, either carbon-efficient or not, cheap or expensive, 
indoor or outdoor, and finally, either in one layer or multiple layers, a surface area is required to cultivate 
a specific crop and harvest it. So, considering land limitations and conflicts discussed in Section 2.2, 
analysis of the system from a land perspective was helpful although not comprehensive.  
 
One crucial point to notice is that local food production on a small scale will be inefficient in terms of 
transportation if trucks are not fully loaded or if transportation is done by small trucks and vans (Bosona 
& Gebresenbet 2011). Similarly, a freight transportation system may incorrectly be considered as 
unsustainable merely based on long-distance whereas it can sustainably be a better option based on the 
type of vehicle or mode of transport (air, water, and land) and its relevant environmental costs. 
Therefore, the focus of the current thesis was on the consequences of applying hydroponics to produce 
lettuce in Sweden regarding energy, land, and trade, and it did not elaborate on hydroponic systems as 
sustainable alternatives just because they shorten transportation distances. 
 
 
3.2.2 Wicked Problems and Systems Theory 
 
According to Elia & Margherita (2018, p.279), wicked problems are ones that ‘have no single or definite 
computational formulation or a set of valid solutions or right answers, but only answers that are better 
or worse from different angles.’ Similarly, Ritchey (2002) explained that building up and analyzing 
scenarios for the future deal with numerous complexities and problems since most of the factors are 
social-political and hard to be assessed by conventional quantitative methods. Elia & Margherita (2018, 
p.281) identified relative activities to solve a problem and make a decision which are ‘problem setting, 
problem examination, solutions generation, solutions evaluation, and decision taking.’ 

 
Regarding the relative activities mentioned above, the current thesis realized current and feasible future 
inadequacies of contemporary food production methods and dependence on imports, then evaluated 
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hydroponics as a possible solution to these problems for the lettuce crop in Sweden. However, as 
mentioned before, the corresponding variables in this paper were highly interdependent and subject to 
the context and interpretation. Ergo, the identified problems were treated as wicked problems without 
solid solutions.  
  
Moreover, Peters & Pierre (2014) designated food policy as a wicked problem because of its 
multidisciplinarity and contradictions of its resolutions to problems, i.e., the concern is not just the 
production of food; it compromises with food allocation, marketing, safety, security, and so many other 
factors (ibid.). They explained the example of food crops and land that can be cultivated for either eating 
or energy generation as bioenergy, a trade-off between energy policy and food policy, whereas, if the 
choice is to produce food, again, energy (or enthusiastically sustainable energy) is required to distribute 
the product; not to mention social and economic complexities. Similarly, on a global scale, as Wynen & 
Vanzetti (2008) stated, lowered imports by, for instance, Europe does not necessarily mean a decrease 
in international trade. To illustrate, due to Europe’s preference to grow food locally, the price of the 
products by exporters may fall, and then, dropped prices attract importers from other regions such as 
South East Asia (ibid.). 
 
Meadows (2009, p.2) defined systems as: 
 

a set of things—people, cells, molecules, or whatever—interconnected in such a way that they 
produce their own pattern of behavior over time. The system may be buffeted, constricted, 
triggered, or driven by outside forces. But the system’s response to these forces is 
characteristic of itself, and that response is seldom simple in the real world. 

 
From food production to energy generation, transportation, and international trade, all could have been 
considered independent or dependent systems in the current paper considering the definition of a system 
provided above. These systems can respond diversely to shocks, disruptions, and interventions occurring 
within the system's boundaries or applied from the outside. Walker & Salt (2006, p.1) gave a simple 
definition of the ‘resilience’ of a system as ‘the ability of a system to absorb disturbance and still retain 
its basic function and structure.’ Thus, in a world with an increasing number of uncertainties, including 
population growth, future food demand, extreme weather conditions, and limited resources, it is crucial 
to make systems resilient.  
 
One key aspect of adding up to the resilience of a system is increasing its ‘diversity’ which means having 
diverse options to act against disturbance (Walker & Salt 2006). On the other hand, extremely 
interdependent food systems, as the results of global trade and high dependence on food imports, are not 
resilient (Kummu et al., 2020). As an illustration, Walker & Salt (2006, p.121) state that in highly 
connected systems, ‘shocks tend to travel rapidly through the whole system.’ Therefore, countries that 
are highly dependent on one method, such as importing, are vulnerable to shocks in global trade or 
exporter countries in meeting their demands. 
 
Peters & Pierre (2014) found one potential approach to deal with wicked problems described as to follow 
policies and social priorities. Sweden is highly dependent on food imports to meet its demand (notice 
Section 2.3). As mentioned before, one of the priorities of the Swedish government is to increase self-
sufficiency and produce local food. Therefore, this thesis found hydroponics a means to lower food 
importing and grow vegetables inside the borders of Sweden. Plus, hydroponics was proposed to 
function besides conventional agricultural methods (i.e., in-soil cultivation) and food import to increase 
the diversity of the food production system or, in general, the food provision system in Sweden, as 
mentioned in the explanation of Scenario 2 to decrease vulnerability. Beyond the scope of this thesis, 
before establishing any long-term local food production plan toward resilience and sustainability, first, 
availability of local resources, opportunities, and challenges should be analyzed, then, policymakers 
ought to develop schemes regarding, for instance, infrastructures buildings, waste management, and land 
zoning (FAO 2020a). 
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3.3 Assumptions and Delimitations 
 
In the case of Sweden, the production yields of different crops by conventional agriculture techniques 
were simply acquired from the Food and Agriculture Organization Corporate Statistical 
Database (FAOSTAT). Since Sweden is stretched from north to south, local condition varies in different 
regions. However, the reported yields by FAOSTAT are not divided for different regions of Sweden. 
Major assumptions of this paper were: 
 

a) The hypothetical hydroponic system was feasible, and the economic factor was not a barrier.  
b) Electricity generated through wind power was the primary type of energy to meet the demand 

of the system. 
c) For scenario 1, self-sufficiency was just defined as cutting the share of Uppsala county from the 

total annual lettuce import of Sweden, meaning that Uppsala county produced enough lettuce 
conventionally additional to hydroponic lettuce to meet its total demand. 

d) The author assumed the extra area inside buildings required for walking, working, or equipment 
as 25% of the total area on the floor that was occupied by cultivation rows or walkway passages.  

e) The statistics derived from FAOSTAT for contemporary employed techniques were mainly for 
in-soil planting methods, either greenhouse-based or open-field production approaches. 
 

Regarding the scope of the study (Fig. 7), the type of seeds, fertilizer, growing media, and water demand 
of the system was not discussed in this study. Further, the energy required for ventilation purposes in 
indoor spaces was not added to energy equations. The logic behind deriving the production yield of the 
hypothetical hydroponic system from similar papers, which were for divergent regions rather than 
Sweden, was that since the system was established indoors without soil, it was independent of the 
climate outdoors and soil fertility. Therefore, the lettuce production yield was free from the location 
impact.  
 
The production yields from different papers were assumed to be reported as the production per square 
meter of cultivation area, not total land use. Therefore, additional areas regarding working space, 
walkway passages, equipment, and extra unforeseen space have been anticipated in calculating total 
land use. This assumption was to make the calculations safer since it resulted in increased land use and 
decreased production yield. Moreover, for heating or cooling purposes, electricity has been chosen and 
added to energy calculations, whereas, in some regions, most Swedish buildings benefit from the district 
heating system.   
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4 Results 
 
 

4.1 Hypothetical Hydroponic Lettuce Production System 
 
In this section, the values for annual yield and energy demand of hydroponic lettuce production in 
Sweden have been determined based on parameters discussed in the Literature Review section.  
 
 
4.1.1 Production Yield  
 
After calculating the linear average of annual head/m2 and weight of each head of lettuce reported by 
Barbosa et al. (2015) and Pertierra Lazo & Quispe Gonzabay (2020), the annual production yield of the 
system would be 297 head/m2 with an approximate weight of 142.8 grams per plant, i.e., 42 kg/m2 (per 
square meter of AR or the area only occupied by cultivation rows) per year. In other words, 0.024 m2 of 
AR was required to plant one kilogram of lettuce in a year. It should be noticed that 42 Kg/m2 per year 
was possible to be achieved when there was only one layer as the cultivation surface. By installing 
vertically stacked floors (see Fig. 8 as an example), the surface area for planting increased while land 
consumption (i.e., AL) was the same.  
 

 
Fig. 8. A vertical hydroponic system by BySpire in Oslo, Norway (Neweth 2018). 

 
 

Therefore, for the 4-layer hypothetical system, the annual production yield was 168 kg per square meter 
of the area only occupied by the cultivation rows (i.e., AR). In other words, 0.006 m2 of AR was required 
by the system to cultivate one kilogram of lettuce in a year. Regarding the design of the system, and as 
determined in Section 3.1.4, for the hypothetical indoor system where labor could walk between 
cultivated rows to, for example, observe the system, do controls, add inputs, and harvest, 2.25 times more 
of this amount was demanded. Therefore, in terms of total land use (i.e., AL), 0.0540 m2/kg per year for 
a single-layer and 0.0135 m2/kg per year for a 4-layer system were required (Table 6). Moreover, the 
final annual production yield of the 4-layer hypothetical hydroponic system was 75 kg per square meter 
of total land use (AL). 
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Table 6. Description and estimated values of yield and floor area required for the hypothetical hydroponic lettuce 
production.  

Description  Value  Unit  Remark  
Cultivation area of each layer AR m2 = area of passages (AW) 
Total area of each layer (with extra space & passages) AL m2 = 2.25 × AR 
Number of layers 4 Number Considering floor to ceiling 2.6 m 
Number of cycles per year 12 Number  12 harvests per year 
Yield from each layer per cycle 3.5 Kg/m2 Per square meter of AR 

Total Yield (from 4 layers and 12 cycles) per year 168 Kg/m2 Per square meter of AR 
Final yield (from 4 layer and 12 cycles) per year 75 Kg/m2  Per square meter of AL (floor area) 
Final land use to produce 1kg per year 0.0135 m2/kg Considering 12 harvests, 4-layers 
 
 

4.1.2 Energy Demand 
 
Considering DLI of 15 mol/m2·d, R:B of 3, and the wavelength of different lights (Table 7), i.e., 450 nm 
as the representative wavelength for blue and 700 nm as the representative wavelength for red color, 
and after applying 50% efficiency for LEDs recommended by DIAL company (2016), the annual energy 
demand for supplement lighting was 572 kWh per square meter of cultivation surface (i.e., one layer of 
cultivation, AR). The artificial lighting should have been applied to each layer separately in a 4-layer 
system. The efficiency of LEDs means the energy rate that converts to light, and the rest is wasted as 
heat (Zeb et al. 2016). Therefore, for 50% efficiency, the calculated energy demand for artificial lighting 
by Eq.2 was doubled.  
 
                              Table 7. The wavelength of different lights. Adapted from (Malacara 2011). 

Color Wavelengths (nm) 
Violet 380-430 
Blue 430-500 
Cyan 500-520 
Green 520-565 
Yellow 565-580 
Orange 580-625 
Red 625-740 

 
After adding 2.1 kWh/kg as the energy required for water circulation and 120 kWh/m2 as the energy 
demand for cooling/heating indoors, the final value for the annual energy demand of the hypothetical 
hydroponic system for lettuce cultivation in Sweden was examined (Table 8). Accordingly, to produce 
annually one kilogram of lettuce inside buildings in Sweden with the 4-layer hypothetical hydroponic 
system, 10.46 kilowatt-hour of electric energy was required. 
 
Table 8. The annual energy demand of the hypothetical hydroponic lettuce production system in Sweden. 

Description* Value Unit Remarks 
Artificial Lighting  13.6 kWh/kg Applied to each cultivation layer separately (1) 
Heating/Cooling (single-layer system) 6.4 kWh/kg Considering total floor area or land use (2) 
Heating/Cooling (4-layer system) 1.6 kWh/kg Considering total floor area or land use 
Water Circulation  2.1 kWh/kg 4.5 hour circulating per day (3) 
Total Energy Use (single-layer system) 22.1 kWh/kg Considering (1), (2), and (3) 
Total Energy Use (4-layer system) 17.3 kWh/kg Considering (1), (2), and (3) 

*The values were first estimated on an annual basis, then presented in kWh/kg.   
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4.2 Existing Lettuce Cultivation and Trade in Sweden 
 
Comparing the average values of area harvested and the annual yield of current lettuce production 
methods in Sweden (Table 9) with the total yearly yield of the 4-layer hypothetical hydroponic system, 
hydroponics can produce approximately 44 times more lettuce in terms of weight than current techniques 
in Sweden. Similarly, 44 times smaller amounts of land are required by the hydroponic system to achieve 
a production range equal to current annual Swedish lettuce production. i.e., the hypothetical hydroponic 
system’s capacity is producing lettuce equal to current Swedish production in terms of the mass of edible 
plant from 420,000 m2 of land. 
 
Table 9. The annual Swedish lettuce production, import, export, area harvested, and yield by current techniques. 
Modified from FAOSTAT’s data (FAO 2020b). 

Description Value in Unit 
2016 2017 2018 2019 Average* 

Export 6,126 5,018 5,104 5,444 5,423 tonnes 
Import 34,829 34,819 35,999 36,002 35,412 tonnes 
Production 32,720 30,760 28,410 32,140 31,008 tonnes 
Area Harvested 16,300 17,000 18,100 22,500 18,480 1000 m2 

Yield 2,0 1,8 1,6 1,4 1.7 kg/m2 
* Average of annual quantities for 2016 to 2019 calculated by the author of the current paper 
 
 
According to FAO (2021), Spain, United States, Mexico, the Netherlands, and China were respectively 
the leading lettuce exporters in 2019, meanwhile, Sweden was the 13th most significant lettuce importer 
among 172 countries included in the import quantity data. On average, Sweden has yearly imported 
35,412 tonnes of lettuce, including chicory, between 2016 and 2019 (Table 9). The annual value of 
independency from trade index (IFT) for lettuce was 0.51 on average for 2016 to 2019. This means that 
Sweden was a net lettuce importer from 2016 to 2019. Any action to add up to the value of IFT and 
make it close to IFT=1 (i.e., the state of self-sufficiency) is following the national food strategy of the 
Swedish government. Scenarios in Section 4.4 analyze this. 
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4.3 Case study Based Analysis - Hydroponic Lettuce 
Production in Uppsala Municipality 

 
As stated before, the average yearly Swedish lettuce (including chicory) import for a period between 
2016 to 2019 was approximately 35,412 tonnes, where the share of Uppsala municipality was 798 tonnes 
(linear relationship based on population). The chosen buildings mentioned in Section 3.1.5 were in 
Uppsala city center (Fig. 9) and collectively had a floor area of 2,460 m2. Regarding the potential 
production yield, energy demand, and design of the hypothetical hydroponic system, the system had a 
capacity of growing 23% of Uppsala municipality’s demand from average annual Swedish lettuce 
import locally within the borders of the municipality, i.e., 184.5 tonnes of total 798 tonnes (Table 10). 
As discussed before, the main type of energy required by the system was considered electricity generated 
by wind power. To achieve this aim, annually, 3.2 GWh more electricity, equal to 0.11% of total 
electricity consumption of Uppsala county in 2019 (2932 GWh) (SCB 2020b), should be generated. 
 

 
    Fig 9. Location of production sites and retailers. 
 
 
The locations of production sites and potential grocery retailers are displayed in Fig. 9 (notice Appendix 
A and Appendix B for coordinates of production sites and retailers). Based on the nearest route distance 
(Fig. 10), it was examined which production site can be the potential partner of each retailer (see 
Appendix C for routes). In this case study, it is feasible to locally grow 23% of Uppsala municipality’s 
demand from average annual Swedish lettuce import within the municipality's borders (Table 10). 
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Map (a) 

 

 
Map (b) 

 
Fig. 10. Nearest routes from production sites to retailers. Map (a): Uppsala municipality. Map (b): Uppsala City 
center, where most retailers are concentrated. 
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Table 10. Annual potential lettuce production capacity, energy use, and retailers to receive products from 
hydroponic lettuce cultivation in 3 sites within Uppsala municipality. 

Description Value Unit Remarks Potential partner 
retailers 

Most far 
distance from 

production 
site (m) 

Nearest 
distance from 

production 
site (m) 

Name Number 
Production  
Site 1 
 
(Skebogatan 1) 

Production 
per harvest 

5,563 Kg Annually 12 
harvest 

ICA 7 4,395.2 601.1 

Annual 
production 

66,750 kg 4-Layer 
system 

Coop 3 5,346.4 1,374.8 

Annual 
energy use 

1.15 GWh Electricity Hemköp 2 5,301.7 5,300.3 

Cultivation 
surface 

1,602 m2 4 Layers Willys 2 4,164.3 3,943.0 

Land use 890 m2 Floor area Lidl 0 - - 
Production  
Site 2  
 
(Björkgatan 4) 

Production 
per harvest 

4,969 Kg Annually 12 
harvest 

ICA 12 43,403.2 1,208.1 

Annual 
production 

59,625 kg 4-Layer 
system 

Coop 6 29,926.0 1,400.9 

Annual 
energy use 

1.05 GWh Electricity Hemköp 3 1,858.2 1801,5 

Cultivation 
surface 

1,431 m2 4 Layers Willys 2 4,013.3 406.8 

Land use 795 m2 Floor area Lidl 2 3,514.5 1,303.8 
Production  
Site 3  
 
(Sågargatan 17) 

Production 
per harvest 

4,844 Kg Annually 12 
harvest 

ICA 4 6,336.3 3,450.9 

Annual 
production 

58,125 kg 4-Layer 
system 

Coop 2 7,782.5 1,777.1 

Annual 
energy use 

1.05 GWh Electricity Hemköp 2 3367.7 3367.0 

Cultivation 
surface 

1,395 m2 4 Layers Willys 2 6,110.4 696.2 

Land use 775 m2 Floor area Lidl 1 6,110.9 6,110.9 
Total Production 

per harvest 
15,375 Kg Annually 12 

harvest 
ICA 23 43,403.2 601.1 

Annual 
production 

184,500 kg 4-Layer 
system 

Coop 11 29,926.0 1,374.8 

Annual 
energy use 

3.2 GWh Electricity Hemköp 7 5,301.7 1,801.5 

Cultivation 
surface 

4,428 m2 4 Layers Willys 6 6,110.4 406.8 

Land use 2,460 m2 Floor area Lidl 3 6,110.9 1,303.8 
 
Notice that all retailers were considered to have equal possibility to order products from production 
sites. They decide how much they purchase from the producer and provide to the customer. In general, 
most retailers were between 1and 4 km far from the production sites (Fig. 11).  
 

 
Fig. 11. The ranging of the distance of retailers from production sites in Uppsala municipality. 
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4.4 Scenario-based Analysis - Hydroponic Lettuce Production 
in Sweden 

 
In this section, lettuce production by the hypothetical hydroponic system has been studied based on two 
scenarios. One should notice that despite the case study of hydroponic lettuce production in Uppsala 
municipality, the total annual lettuce production by the system was known for the scenarios. Instead, the 
requirements of the system in terms of energy and land were discussed. The locations where the system 
can be established were not considered for the scenario-based assessment.  
 
 
4.4.1 Scenario 1  
 
In this scenario, the hypothetical hydroponic system assisted in reducing lettuce import to provide 
Sweden with its lettuce demand. Again, considering the share of each region from the average total 
annual Swedish import from 2016 to 2019 as a linear function of population, the portion of Uppsala 
county was 3.7% or 1,325,120 kg (Table 11). Neglecting hydroponic systems contemporarily operating 
within Sweden, the hypothetical hydroponic system increased the diversity of lettuce production 
methods, i.e., conventional on open-field and in greenhouse production methods. On the other hand, the 
rate of Swedish lettuce import was still high in this scenario. In the case of lettuce supply, import itself 
was determined to advance the diversity of supply methods besides hydroponics and conventional 
agriculture.  
 
Table 11. Requirements and impacts of applying hydroponic lettuce production to make Uppsala county self-
sufficient.  

Description Value Unit Remarks 
Population 388,394 Number Uppsala county 
Total demand from lettuce import  1,325,120 kg Per year 
Total Annual Hydroponic Production 1,325,120 kg 4-layer system 
Total Energy Use 23 GWh Electricity 
Total Land Use 17,668 m2 Floor area of buildings 
Total Cultivation Surface 31,414 m2 In 4 layers 
Total annual lettuce supply in Sweden 60,997,000 kg Production + Import -Export 
Total annual lettuce production in Sweden 32,364,128 kg Conventional + Hydroponics 
Independency from trade of Sweden 0.53 number For lettuce 

 
If one assumes that Uppsala county has enough lettuce production by conventional techniques, 
hydroponics can act as a supplement manner to replace imports and help conventional methods to satisfy 
total lettuce demand by Uppsala county. For this, based on the results (Table 11), 23 GWh or 
approximately 0.8% would be added to Uppsala county's total annual electricity consumption in 2019 
(SCB 2020b) if Uppsala became self-sufficient in the case of lettuce through enhancing production by 
the hypothetical hydroponic system. In other words, Sweden could devote 0.08% of its average annual 
electricity export (for 2016 to 2019) to this case. As a result, in the scale of the whole country, the IFT 
index of Sweden increased by 3.9% in this scenario which means an improvement in the country's self-
sufficiency for providing its lettuce requirement.  
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4.4.2 Scenario 2 
 
As discussed before, one of the priorities of the Swedish government is to reduce vulnerability in the 
food supply chain through the increase in self-sufficiency by the development of production inside 
Sweden. On the other hand, as calculated in section 4.2, Sweden’s independency from trade index for 
lettuce (IFT) was 0.51 on average from 2016 to 2019. In other words, averagely, Sweden’s annual lettuce 
import was higher than its production in terms of weight from 2016 to 2019, i.e., Sweden was reliant 
upon lettuce import to meet more than 50% of its demand. Hydroponics is among the techniques that 
can contribute to local food production by reducing lettuce import, in this scenario by 50% (i.e., 
17,7,06,000 kg), which in turn reduces the dependence on import (Table 12).  
 
Table 12. Requirements and impacts of applying hydroponic lettuce production to cut 50% of Swedish annual 
lettuce import. 

Description Value Unit Remarks 
Population 10,379,295 Number Sweden 
Total demand from lettuce import  35,412,000 kg Per year 
Total Annual Hydroponic Production 17,706,000 kg 4-layer system 
Total Energy Use 307 GWh Electricity 
Total Land Use 236,080 m2 Floor area of buildings 
Total Cultivation Surface 424,944 m2 In 4 layers 
Total annual lettuce supply in Sweden  60,997,000 kg Production + Import -Export 
Total annual lettuce production in Sweden 48,714,000 kg Conventional + Hydroponics 
Independency from trade of Sweden 0.80 number For lettuce 

 
From the results in Table 12, 307 GWh or approximately 0.25% would be added to Sweden's total annual 
electricity consumption in 2019 (SCB 2020b) if Sweden enhanced its lettuce self-sufficiency through 
production by the hypothetical hydroponic system to reduce lettuce import by 50%. In other words, 
Sweden could dedicate 1% of its average annual electricity export (average of the values for 2016 to 
2019) to this case. Also, 1.3 % of the land that on average was under lettuce cultivation by conventional 
methods from 2016 to 2019 in Sweden was required. If buildings with an average floor area of 
constructions examined in the case of lettuce production in Uppsala municipality (section 4.2.2) became 
chosen to establish the hypothetical system, nearly 300 buildings should have been explored, mostly in 
cities and urban areas that their consumption rate of lettuce was higher than other regions.  

In this scenario, the IFT index of Sweden increased by 57%, which was an excellent step toward self-
sufficiency. Moreover, the application of hydroponics resulted in increasing the diversity of methods in 
lettuce production and supply systems in Sweden. Ergo, Sweden would become theoretically less 
vulnerable to local and global shocks and their impacts on food availability during production disasters 
by applying this scenario. 
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5 Discussion  
 
Although food production within cities is not a newly innovated activity in economically developed or 
developing countries, it is usually applied with different ambitions, for example, while being practiced 
for increasing food security in developing countries, it has usually considered as a fun hobby in the 
developed world (Pearson et al. 2010). However, urbanization trends accompanied by population growth 
and expanding demand for food have made UA an appealing concept for contemporary research. 
Hydroponic systems, a method within the broad category of UA, have also been studied from different 
angles to cultivate various crops in divergent locations.  

The author of this paper tried to have a modest contribution to previous studies regarding the application 
of hydroponics. The study assessed hydroponics and their application in Sweden to cultivate lettuce to 
decrease dependence on lettuce import and motivate local lettuce production from a systems theory and 
wicked problem perspective. The Swedish government’s food strategy to increase production to 
decrease the vulnerability of food supply chains and increase self-sufficiency motivated the assessments. 
The procedure was to discuss issues related to current agricultural methods and reliance on food import, 
then present opportunities and requirements of hydroponics to operate as a supplement to conventional 
techniques.  
 
In this section, answers to the research questions within the boundaries of the scope of the study are 
discussed. Then, the way that results come with the findings of similar studies and the issues raised in 
the Introduction and Literature Review sections are elaborated. Finally, the author suggests some 
concepts for future research related to the topic of the current study. 
 
 

5.1 Addressing Research Questions 
 
As discussed in this paper, due to the poor yield of conventional agricultural methods, limited croplands 
are inefficiently used for cultivation. Furthermore, converting other types of land into croplands 
threatens biodiversity and forests that help mitigating climate impacts by storing carbon along with other 
benefits. Hydroponic systems’ potential high yield due to being independent of the outdoors climate and 
regular monitoring offers an opportunity to address these problems related to limited land. In this study, 
the hypothetical hydroponic system could produce 44 times more lettuce, as a representative of 
vegetables, from the same quantity of land in Sweden. This potential is an important advantage since 
comparing to the lettuce production yield of, for example, Puerto Rico, which has had the highest yield 
in 2019 by 8.6 kg/m2 (FAO 2020b), the hydroponic lettuce producing system still would have almost 
nine times greater yield. 

In general, the high yield achieved by hydroponics can be primarily because of the potential of producing 
crops throughout the year and independent from weather conditions. The system considered in this paper 
was assumed to be established indoors; therefore, it could benefit from the possibility of operating year-
round in desirable conditions. Nevertheless, in open-field cultivation, the yields may become highly 
affected by climate and weather conditions in Sweden. For instance, shown in section 2.6, the average 
monthly temperate of Uppsala city is lower than the average optimal daytime temperature of lettuce 
cultivation (18 °C) in all 12 months of the year. In addition, the short period from planting seeds to 
harvesting lettuce in hydroponic methods extends the number of cultivation cycles which was 12 
harvests per year for lettuce production by the hypothetical hydroponic system in Sweden. Moreover, 
the hypothetical system had four cultivation layers meaning that the acquired yield was four times 
greater than similar systems with one cultivation layer. 

Section 2, the Literature Review, mentioned that statistics of undernourishment prevalence show that 
while globally adequate food to feed all world’s population is available, poor distribution of food and 
economic motivations hinder acting against food insecurity on a global scale. The circumstances become 
more severe when the countries, which are the destination of land investors for food production and 
forestry, need to import food to meet their own demands; as an illustration, west African countries where 
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rice is a prevalent agricultural crop still import vast amounts of rice (Schoneveld 2014). Investor 
countries are looking for land to cultivate their own demand and export it back home without having a 
noticeable positive impact on the life of poor rural natives (Daniel 2011). On the other hand, producers 
in the exporter regions, to boost products’ yields and sell them to international markets with higher 
prices, not only overexploit local resources but also lower the resilience of the food production system 
through monoculture practices and reduction of the diversity of cultivated crops (Kummu et al., 2020). 
By hydroponics, local people can produce their food demand locally and distribute it efficiently to resist 
hunger and food insecurity. The case study of lettuce production by hydroponics in Uppsala municipality 
was an example to show how production sites could be established in a city center and close to retailers. 
In poor or less developed countries where local people suffer from hunger, such hydroponic systems in 
buildings with rent rates much lower than in Sweden can be conducted. 

Although consumers' preference has not been studied in this paper, the author predicts that 
hydroponically grown lettuce may be appealing for Swedish consumers because of, for instance, the 
cleanliness of vegetables due to lack of soil in the production process. To illustrate, clean and ready-to-
eat hydroponically produced vegetables can be a preference for European parents who ‘cope with time 
pressures, and lack time to shop ingredients, prepare and cook food (FAO, IFAD, UNICEF, WFP & 
WHO 2020, p.130). 

Aside from these opportunities, the application of hydroponics needs some inputs. This study examined 
the hypothetical hydroponic system's energy and land demand to produce lettuce in Sweden. Regarding 
the high possible yields, to annually produce one kilogram of lettuce 0.0135 m2 land was required by a 
4-layer system. i.e., much less land demand was required comparing to the contemporary land demand 
of lettuce cultivation in Sweden by a yield of 1.7 kg/m2 mentioned in Table 9, which was 0.6 m2 per 
kilogram of lettuce. However, the studies regarding the energy use of hydroponic systems were 
inconsistent. Regarding the Methodology section, this thesis calculated the energy demand for 
producing one kilogram of lettuce by a 4-layer hypothetical hydroponic system in Sweden equal to 17.3 
kWh and assumed that this energy would be met by electricity.  

Sweden had an average yearly lettuce production capacity of 31,008 tonnes and, on average, annually 
imported 35,412 tonnes from 2016 to 2019. The application of hydroponics can increase the value of 
production and diminish the amount of importing. However, this capacity is highly impacted by the 
availability of sustainable energy and buildings. For instance, to cut 50% of total Swedish lettuce import 
and replace it with hydroponic lettuce, approximately average annual electricity consumption by the 
agriculture sector in Sweden (Table 5) would need to increase by 10.6%. Moreover, nearly 300 buildings 
with an average surface area of 800 m2 should be detected, which may not be accessible without policy 
support and requires techno-economic feasibility assessments. Like other wicked problems, answering 
the food sector’s issues is subject to different interpretations and priorities. Also, as mentioned before, 
possible solutions should give importance to the nexus of different sectors and policies. This thesis 
explored hydroponics for lettuce production in Sweden regarding one of the priorities of the Swedish 
government, i.e., increasing production inside Sweden, and focused on land from natural resources based 
on uncertainties about whether land should be cultivated for food production or other purposes such as 
bioenergy.  

Local hydroponic systems could lower the distance between producers and consumers. However, 
according to Bosona et al. (2013), loading vehicles efficiently and introducing clean fuels enhance the 
sustainability of energy use in the transportation sector and lower GHG emissions. Bosona & 
Gebresenbet (2011) clustered food producers in different parts of Sweden based on their nearness to 
each other, then analyzed the efficiency of their proposed system where products are coordinately 
collected from producers, and stored in a collection center, then transported from the collection center 
to the market. Their results depicted 68%, 50%, and 48% improvement in the number of routes, driving 
distance, and total time.  

Furthermore, in conventional agricultural methods, ‘perishable nutritious foods, including fruits, 
vegetables’ are highly susceptible to be lost in all steps of the food supply chain, so reducing these losses 
besides efficient supply chains will decrease costs in all forms (FAO, IFAD, UNICEF, WFP & WHO 
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2020, p.124). On the other hand, as Bosona & Gebresenbet (2011, p.294) stated, ‘the decision on the 
location of a facility should be requirements-driven.’ Therefore, the hydroponic production sites are 
desirable to be near potential customers. However, in Section 4.3., the case study of lettuce production 
by the hypothetical hydroponic system in Uppsala municipality and geographical analyses revealed that 
establishing production systems in regions where retailers are concentrated and labeling the systems as 
local production systems do not necessarily mean bringing producers close to consumers. According to 
geographical analyses in Section 4.6, 6% of retailers were even more than 20 km far from production 
sites. In such circumstances, the type of vehicle (train, truck, van, or other vehicles) and the efficiency 
of filling vehicles are decisive determinants. 

From the viewpoint of trade, countries overly reliant on food trade, especially imports, are vulnerable 
to shocks in exporter countries and global trade. Local production assists in loosening dependence on 
trade (i.e., vulnerability to shocks) and heighten self-sufficiency. According to Lagerberg Fogelberg 
(2013), Sweden’s degree of lettuce self-sufficiency was 54% in 2005. Similarly, in the current thesis, 
this degree was 51% on average for 2016 to 2019. Through scenarios, self-sufficiency (or independency 
from trade) could increase to 53% and 80% for the same period after replacing Uppsala county's share 
from average Swedish lettuce import and 50%.of average Swedish lettuce import by hydroponic lettuce, 
respectively. However, as mentioned, maintaining the diversity of trade partners is also vital to advance 
resilience. In 2019, Sweden imported lettuce from 14 partners (Table 13) (FAO 2020c). More than 65% 
of imported lettuce was only from Spain. Regarding the benefits of substituting a share of imported 
lettuce with hydroponically grown lettuce, the author suggests cutting lettuce import rates from Spain 
and keeping trade bounds with other partners to retain the resilience of the lettuce sector in Sweden. 

Table 13. Lettuce trade partners of Sweden in 2019. Adapted from (FAO 2020c). 
Exporter Country Value (tonnes) Exporter Country Value (tonnes) 
Spain 23,682 Hungary 121 
Germany 3,724 Turkey 70 
Italy 2,863 Belgium 63 
Netherlands 2,841 Finland 25 
Denmark 1,400 Norway 8 
Poland 702 Lithuania 5 
France 494 Greece 3 

 

5.2 Further Description of Some Results 
 
The Literature Review section provided a comprehensive background about conventional agriculture 
issues in which outdoor croplands are limited in amount or restricted by external conditions such as 
climate and soil fertility. As van Leeuwen et al. (2010) mentioned, the feasibility of restoring abandoned 
industrial areas and conducting urban farms without so much need for land or soil heighten ambitions 
toward UA. However, according to Pearson et al. (2010), issues related to the scale in UA (macro, meso, 
and micro) should be well understood in terms of, for instance, regulations, economic incentives, and 
restrictions. Although the current thesis did not consider the costs of the hypothetical hydroponic system 
or regulations regarding local UA in Sweden, finding potential buildings that could be used for 
hydroponic systems in the Uppsala municipality was problematic. As an illustration, in an email dated 
21 April, GIS engineer Paul Padoan (2021) from Uppsala Kommun, Sweden, stated that ‘Uppsala is 
expanding fast, many older central industrial areas are being converted to residential areas.’ On the other 
hand, rents are high and increasing year by year in Sweden, where, average rent in rented dwellings in 
Uppsala municipality has grown from 1,185  Swedish krona (SEK) in 2016 per square meter of floor to 
1,384 SEK per square meter of the floor in 2020 (SCB 2020a). It seems that the issue of cultivation land 
and its limitations, at least in the case of Sweden, still will exist if the decision is to produce food locally 
inside urban areas on a big scale and the problem will appear in another form even though at first glance 
UA methods like hydroponics need much less amount of land.  

However, in the case of lettuce production in Sweden, the author suggests urban areas accessible to 
retailers as the best locations to establish hydroponic farming facilities when only shortening the distance 
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between producers and consumers is concerned. Other factors, such as economics, might make other 
locations preferred places to establish hydroponic systems. Moreover, the locations of production sites 
should be scattered in different regions as much as possible to act as distribution centers and cover all 
parts of the urban areas while minimizing traveling distances to retailers. The chosen buildings should 
have minimum width and height due to the design of the systems, which for the hypothetical system 
studied in this paper, the minimum width (one cultivation row + one walkway and working passage) 
was 2.6 meter, and the minimum height to establish the system in 4 layers was 2.6 meter of the ceiling 
to floor. Above all, this thesis considered electricity generated through sustainable wind energy as the 
feasible option to meet the energy demand of the hypothetical hydroponic system. So, the connectedness 
of chosen buildings to sustainable electrical grids is another critical determinant of locations. Otherwise, 
the possibility of going off-grid to generate electricity demand of the buildings and become self-
sufficient through technologies such as solar panels and wind turbines should be studied (Björkman & 
Lundqvist 2020). 

The energy use of hydroponic systems has been the interest of several researchers (Mathias 2014; 
Barbosa et al. 2015; Okemwa 2015). According to Sinclair et al. (2004), some uncertainties related to 
CEA, including hydroponics, such as energy need, persuade authorities to await more experience before 
putting this industry forward. Barbosa et al. (2015) stated that producing lettuce by hydroponics requires 
82 times more energy than conventional agriculture, where based on their calculations, more than 80% 
of this energy was expected for colling or heating of the hydroponic greenhouse. The current thesis 
discussed that this cooling or heating energy is subject to the average outdoor temperature and the 
optimal growth temperature of the crops. Ergo, it is essential to determine which plant is beneficial to 
be hydroponically cultivated in which location. To illustrate, as Wynen & Vanzetti (2008) discussed, 
the energy needed for growing warm-weather crops in greenhouses located in cold countries may offset 
the energy saved through opting for local production instead of importing from foreign producers. 
Similarly, Avgoustaki & Xydis (2020, p.6) declared that energy costs were tightly ‘depended on the 
latitude and external climate conditions’ in their study.  

The hypothetical hydroponic system in this thesis was assumed to be in 4-layers and established inside 
the buildings in urban areas with a greater yield than a single-layer system while the amount of land and 
energy consumed for cooling or heating would be the same. Therefore, considering, as mentioned 
before, the resemblance of the optimal growth temperature of lettuce and the average temperature of 
households in heating season in Sweden, the author, despite Barbosa et al. (2015), did not utilize 
thermodynamics and heat transfer equations to examine the heating/cooling energy. Instead, Swedish 
households' average annual energy use for heating/cooling purposes was applied to energy calculations. 
The result was 17.3 kWh/kg of lettuce per year as the total energy use by the 4-layer hypothetical 
hydroponic system, which is nearly 30% less than the total energy use that Barbosa et al. (2015) 
calculated (i.e., 90,000 kJ/kg or 25 kWh/kg). 

Van Passel (2013) stated that food miles are not solely related to import or export but also the location 
of supermarkets, distribution centers, consumers, and their distance from each other are determinative. 
Based on their calculations for two different food distribution systems in the UK, Coley et al. (2009) 
found that if large-scale vegetable box suppliers storage, pack and transport organic vegetables to their 
customers, the carbon emissions would probably be less than the emissions when customers drive more 
than 7.4 km round-trip distance to purchase organic vegetables. Plus, transporting on roads, rails, cargo 
ships, and airplanes have diverse environmental, social, and economic effects (Wynen & Vanzetti 2008; 
Van Passel 2013). In the case study of lettuce production in Uppsala municipality in section 4.3, 
production site 2 was near to 25 retailers where if one assumes retailers purchase equal amounts of 
lettuce in terms of weight, the share of each retailer would be 200 kg in each harvest. However, some 
retailers were even more than approximately 30 km away from the production sites (Appendix C). 
Therefore, only limited retailers could be supplied during each harvest to increase the efficiency of 
transport. As Ballingall & Winchester (2010) declared, the results of several studies show that importing 
goods is more energy-efficient and sustainable in some cases in terms of energy consumption compared 
to producing the same products locally.  
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The possibility of achieving higher yields by hydroponic systems could be a noticeable step towards 
sustainable agriculture if the hydroponic system acts similarly in actual experiments and the cultivation 
of other crops. In such conditions, the system assists in achieving some of the SDGs, for instance, SDG 
2 Zero Hunger and SDG 12 Responsible Consumption and Production. Also, by satisfying the system's 
energy demand by renewable energies, e.g., wind energy, the system's sustainability may increase. 
 
Local production could reduce import quantity and transport costs and increase food quality and 
customer satisfaction. However, again, transportation sustainability, as a significant GHG emissions 
contributor, is subject to the transporting system, i.e., car, train, airplane, or ship. Also, how efficiently 
vehicles are filled and how to deliver goods to retailers play a crucial role in assessing the sustainability 
of the local productions’ transportation. Another key factor in evaluating local production systems' 
efficiency is determining how far distance from production centers the retailers are considered local 
retailers. For lettuce production in Uppsala municipality by hydroponics in this paper, some of the 
possible retailers were very far from the production sites, while most retailers were concentrated around 
the production centers.  
 
 

5.3 Recommendations for Further Studies 
 
Techno-economic feasibility analyses combined with legal regulations can help understand the local 
hydroponic lettuce farming obstacles and occasions. For instance, incorporating costs of establishing 
the system such as rents of buildings, costs of labor, energy, water, and facilities, and comparing those 
costs with selling prices of lettuce reveals whether it is economically beneficial or not to produce lettuce 
by the hypothetical hydroponic system.  

As discussed, on a big scale, if Sweden decides to produce food locally with UA methods such as 
hydroponics, the issue of limited land will possibly appear in the form of limited buildings and 
infrastructures to establish UA systems. Assessing this issue can be a relevant topic for future research. 
Moreover, studies considering how to reform the indoor environments to promote production meanwhile 
decrease energy use will be beneficial, for instance, research on improving building insulation and using 
mirrors inside buildings to reflect light and their impacts on final energy consumption and plant growth. 

During the current COVID-19 pandemic, ‘cross-border mobility restrictions’ and its upcoming food 
accessibility issues (Chiwona-Karltun et al. 2021, p.795), besides losses of perishable products such as 
vegetables owing to disruptions in transportation and controls over trade (FAO 2020a), has reflected 
some of the apparent deficiencies of food supply chains. Fei et al. (2020) studied the lessons that China 
acquired from the circumstances caused by the pandemic, and accordingly, declared that intensifying 
the interlinkage between urban and rural areas and developing local food production is a necessity. 
Similarly, according to FAO (2020a, p.3):  

Overall, COVID-19 impacts observed, underscore the need to ensure and strengthen urban–rural 
interlinkages in times of crises and, beyond that, underlines the importance of shortening food 
supply chains and incorporating urban and peri-urban food production considerations into 
municipal contingency plans as well as long-term food security strategies. 

However, Béné (2020) stated that the current COVID-19 shock has cast a shadow of doubt on the 
resilience of not only national but also local food systems and economies, whereas, few formal analyses 
about the consequences of COVID-19 on local food systems and their actors was available at the time 
of their research. Shortage of labor in local agriculture due to restrictions to act against the pandemic 
has been reported from many cities (FAO 2020a). The impacts of COVID-19 on local production and 
availability of food, especially regarding hydroponic systems, where the workers could not come to 
production sites due to lockdown regulations or getting affected by the virus, can be further explored by 
researchers.  
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6 Conclusions 
 
This study analyzed the production capacity, land, and energy use of a hypothetical hydroponic system 
in Sweden to produce lettuce locally. This analysis aimed to determine how hydroponics reduces 
dependence on food import and mitigates issues of conventional agricultural methods mostly related to 
land limitations.  

Uncertainties of urban agriculture methods, including hydroponics, have made them appealing topics 
for research. This study developed a hypothetical hydroponic system to assess the potential of lettuce 
production using hydroponic systems in Sweden. The hypothetical hydroponic system had a 
theoretically high yield of lettuce production from less land than conventional agricultural methods. On 
average, the 4-layer hydroponic system for lettuce production in Sweden annually required 17.3 kWh/kg 
(62,280 kJ/kg) of energy and 0.0135 m2/kg (1.35 × 10-3 ha/tonne) of land use. The results of this study 
indicated that the annual lettuce import of Sweden is about 35,412 tonnes on average. This import 
quantity could be reduced using the hydroponic lettuce production method. About 50% of annual import 
could have been reduced if 307 GWh (1,105,200 GJ) of energy and 236,080 m2 (23.6 hectares) 
production area were allocated for the hydroponic system.  

However, while acquiring higher yields from less amount of land use and relating producers to 
consumers were theoretically examined as the significant conveniences of the hypothetical hydroponic 
system, it was discovered that finding available places for establishing the system could be costly. In 
other words, limited land might appear as an issue in other forms like scarcity of buildings to establish 
the system or high rent rates. For lettuce production in Uppsala municipality, only a few options were 
identified as physically potential buildings for establishing the hydroponic system. However, legal, 
technical, and economic barriers were not assessed in detail.  

The resilience of food systems against unexpected circumstances was thoroughly discussed throughout 
this thesis. Enhancing the diversity of production methods while keeping bounds with various trade 
partners maintains the resilience of food supply and production systems in a country. The hydroponic 
lettuce production methods could reduce dependence on imports and lead to a more sustainable and less 
vulnerable lettuce supply chain. Moreover, the application of hydroponics increases the diversity of 
methods and resilience of food production. This type of local production could also help address food 
shocks due to the COVID-19 pandemic.  More research on the effect of the COVID-19 pandemic is 
encouraged to assess how local production techniques such as hydroponics act. Whether those 
alternative production systems boosted or hindered food security and safety in Sweden during the 
pandemic may trigger further studies. 
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9 Appendices 
 
 
Appendix A. The coordinates of production sites in Uppsala city in the WGS84 system. 
 

Production site Latitude Longitude 
1 59.871 17.603 
2 59.866 17.662 
3 59.847 17.656 

 
 
Appendix B. The coordinates of Retailers in Uppsala municipality in the WGS84 system. 
 

a) ICA markets 
ICA Store name Latitude Longitude 
1 ICA Supermarket Luthagens Livs 59.864 17.627 
2 ICA Supermarket Tunabackar 59.877 17.624 
3 ICA Nära Hörnan 59.849 17.630 
4 ICA Heidenstams Square 59.881 17.646 
5 Ica nära Stabby 59.868 17.609 
6 ICA Supermarket Torgkassen 59.866 17.646 
7 ICA Supermarket City 59.864 17.637 
8 ICA Folkes Livs 59.859 17.618 
9 ICA Supermarket Väst 59.854 17.587 
10 ICA Nära Rosendal 59.837 17.634 
11 ICA Nära Råbyvägen 59.879 17.655 
12 ICA Supermarket Norby 59.829 17.619 
13 ICA Vretgränd 59.860 17.644 
14 ICA Supermarket Sävja 59.822 17.698 
15 ICA Kvantum Uppsala 59.881 17.674 
16 ICA Kvantum Gottsunda 59.813 17.628 
17 ICA Supermarket Årstahallen 59.868 17.685 
18 ICA Nära Brantingstorg 59.872 17.672 
19 ICA Maxi Stormarknad Stenhagen Uppsala 59.851 17.560 
20 ICA Nära Lindbacken 59.915 17.739 
21 ICA Supermarket Solen 59.955 17.692 
22 ICA Krysset, Almunge 59.875 18.071 
23 ICA Nära Knuten, Knutby 59.915 18.267 
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b) Coop markets 
Coop Store Latitude Longitude 
1 Coop1 59.859 17.649 
2 Coop2 59.851 17.605 
3 Coop3 59.864 17.615 
4 Coop4 59.886 18.047 
5 Coop5 59.859 17.657 
6 Coop Konsum 59.841 17.603 
7 Coop Sunnersta 59.797 17.657 
8 Coop Storvreta 59.960 17.705 
9 Stora Coop 59.846 17.695 
10 Uppsala Coop/IKEA 59.846 17.694 
11 Coop Stationsgallerian 59.859 17.649 

 
 

c) Willys markets 
Willys Store Latitude Longitude 
1 Willys1 59.849 17.564 
2 Willys2 59.893 17.661 
3 Willys3 59.869 17.661 
4 Willys4 59.853 17.659 
5 Willys5 59.815 17.630 
6 Willys6 59.857 17.567 

 
 

d) Hemköp markets 
Hemköp Store Latitude Longitude 
1 Hemköp1 59.841 17.602 
2 Hemköp2 59.858 17.644 
3 Hemköp3 59.839 17.640 
4 Hemköp4 59.841 17.602 
5 Hemköp5 59.858 17.644 
6 Hemköp6 59.839 17.640 
7 Hemköp7 59.858 17.643 

 
 

e) Lidl markets 
Lidl Store Latitude Longitude 
1 Lidl1 59.873 17.656 
2 Lidl2 59.845 17.696 
3 Lidl3 59.812 17.626 
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Appendix C. The routes from production sites to retailers. 
 
Route: Production site 1 - Willys1 3943,0 m 3 min 
Route: Production site 1 - Willys6 4164,3 m 4 min 
Route: Production site 2 - Willys2 4019,3 m 4 min 
Route: Production site 2 - Willys3 406,8 m < 1 min 
Route: Production site 3 - Willys4 696,2 m 1 min 
Route: Production site 3 - Willys5 6110,4 m 7 min 
Route: Production site 2 - Lidl1 1303,8 m 2 min 
Route: Production site 2 - Lidl2 3514,5 m 3 min 
Route: Production site 3 - Lidl3 6110,9 m 7 min 
Route: Production site 1 - ICA Supermarket Luthagens Livs 2196,0 m 2 min 
Route: Production site 1 - ICA Supermarket Tunabackar 2413,3 m 2 min 
Route: Production site 1 - ICA Nära Hörnan 3773,2 m 4 min 
Route: Production site 2 - ICA Heidenstams Square 2150,0 m 2 min 
Route: Production site 1 - Ica nära Stabby 601,1 m < 1 min 
Route: Production site 2 - ICA Supermarket Torgkassen 1208,1 m 2 min 
Route: Production site 2 - ICA Supermarket City 2158,7 m 2 min 
Route: Production site 1 - ICA Folkes Livs 1848,3 m 2 min 
Route: Production site 1 - ICA Supermarket Väst 2663,1 m 2 min 
Route: Production site 3 - ICA Nära Rosendal 3450,9 m 4 min 
Route: Production site 2 - ICA Nära Råbyvägen 1787,6 m 2 min 
Route: Production site 3 - ICA Supermarket Norby 4538,5 m 5 min 
Route: Production site 2 - ICA Vretgränd 1565,0 m 2 min 
Route: Production site 3 - ICA Supermarket Sävja 4283,8 m 5 min 
Route: Production site 2 - ICA Kvantum Uppsala 2289,4 m 2 min 
Route: Production site 3 - ICA Kvantum Gottsunda 6336,3 m 7 min 
Route: Production site 2 - ICA Supermarket Årstahallen 2484,8 m 3 min 
Route: Production site 2 - ICA Nära Brantingstorg 1214,2 m 2 min 
Route: Production site 1 - ICA Maxi Stormarknad Stenhagen Uppsala 4395,2 m 4 min 
Route: Production site 2 - ICA Nära Lindbacken 7233,5 m 7 min 
Route: Production site 2 - ICA Supermarket Solen 12881,1 m 10 min 
Route: Production site 2 - ICA Krysset, Almunge 30309,2 m 30 min 
Route: Production site 2 - ICA Nära Knuten, Knutby 43403,2 m 43 min 
Route: Production site 1 - Hemköp 1 5300,3 m 4 min 
Route: Production site 2 - Hemköp 2 1858,2 m 2 min 
Route: Production site 3 - Hemköp 3 3367,6 m 4 min 
Route: Production site 1 - Hemköp 4 5301,7 m 4 min 
Route: Production site 2 - Hemköp 5 1853,8 m 2 min 
Route: Production site 3 - Hemköp 6 3367,0 m 4 min 
Route: Production site 2 - Hemköp 7 1801,5 m 2 min 
Route: Production site 2 - Coop1 1366,9 m 2 min 
Route: Production site 1 - Coop2 2955,3 m 3 min 
Route: Production site 1 - Coop3 1374,8 m 1 min 
Route: Production site 1 - Coop Konsum 5346,4 m 4 min 
Route: Production site 3 - Coop Sunnersta 7782,5 m 7 min 
Route: Production site 2 - Coop Storvreta 13678,8 m 11 min 
Route: Production site 2 - Stora Coop 3263,4 m 3 min 
Route: Production site 3 - Coop5 1777,1 m 2 min 
Route: Production site 2 - Coop Stationsgallerian 1400,9 m 2 min 
Route: Production site 2 - Uppsala Coop/IKEA 3171,0 m 3 min 
Route: Production site 2 - Coop4 29926,0 m 29 min 
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Appendix D. Unit conversion. 
 
1 Kilogram (kg) = 10 Hectograms (hg) 

1 Tonne (t) = 1,000 Kilograms (kg) 

1 Nanometer (nm) = 1 × 10-9 meter (m) 

1 Hectare (ha) = 10,000 m2 

1 Kilowatt-hour (kWh) = 3,600,000 Joules (J) 

1 Gigawatt-hour (GWh) = 1,000,000 Kilowatt-hour (kWh) 

1 Gigawatt-hour (GWh) = 3,600 Gigajoules (GJ) 

1 Horsepower (hp) = 0.7475 Kilowatt (kW) 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


