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Abstract

:

With an expanding population and changing dynamics in global food markets, it is important to find solutions for more resilient food production methods closer to urban environments. Recently, vertical farming systems have emerged as a potential solution for urban farming. However, although there is an increasing body of literature reviewing the potential of urban and vertical farming systems, only a limited number of studies have reviewed the sustainability of these systems. The aim of this article was to understand the environmental impacts of vertical hydroponic farming in urban environments applied to a case study vertical hydroponic farm in Stockholm, Sweden. This was carried out by evaluating environmental performance using a life cycle perspective to assess the environmental impacts and comparing to potential scenarios for improvement options. The results suggest that important aspects for the vertical hydroponic system include the growing medium, pots, electricity demand, the transportation of raw materials and product deliveries. By replacing plastic pots with paper pots, large reductions in GHG emissions, acidification impacts, and abiotic resource depletion are possible. Replacing conventional gardening soil as the growing medium with coir also leads to large environmental impact reductions. However, in order to further reduce the impacts from the system, more resource-efficient steps will be needed to improve impacts from electricity demand, and there is potential to develop more symbiotic exchanges to employ urban wastes and by-products.
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1. Introduction


Recent studies have suggested that the loss of agricultural land [1], and the implications this has for different regions worldwide will become increasingly volatile with the effects of climate change, putting pressure on the agricultural system to provide sufficient quantities of food; see, e.g., [2,3,4]. Sweden is not exempt from such pressure on land and urban sprawl. For example, in the summer of 2018, significant droughts, affecting the Swedish food supply, put food resilience in focus. Sweden has also been found to be increasingly dependent upon imports of food and fossil fuel inputs in the agricultural sector [5,6] and its urban areas continue to increase in size and population. It is thus apparent that to secure food supply in a changing climate, new innovations, techniques and processes are needed. With an ever-expanding population and global food market, it will be important to find solutions for more resilient food production methods closer to urban environments [7,8].



Urban farming has been identified as a promising solution to secure food supplies and reduce pressure on agricultural land; see, e.g., [9,10]. There are many examples and methods for urban farming, although approaches such as vertical and hydroponic farming have been popular options worldwide; see, e.g., [9,11,12]. In a previous study, such systems were found to be promising options for northern regions [13]. The methods for vertical urban farming can be summarized by controlled environments, which are less affected by climate change or other outside factors that might affect the production, typically with the help of LED lighting, a controlled atmosphere and hydroponic systems for nutrient and water management [7,8,9]. Many urban environments have unutilized spaces which have led to the further promotion of such vertical farming methods. Examples include The Plant in Chicago, utilizing an old meat packaging plant [14], UF De Schilde in The Hauge in the former Philips factory [15], and Aero Farms [16] has built their facilities in Newark, New York in an old steel mill. Several initiatives in Stockholm also use the basements of buildings, e.g., Grönska [17] and Urban Oasis [18].



Much of the literature available points to the expectations of the systems and the potential technical solutions for these growing systems [11,19,20]. However, despite the scientific literature focusing on case studies, application and practice are still scarce [21]. Advocates of vertical farming claim that it may increase productivity, reduce environmental footprints from production and transportation and offer many advantages to traditional greenhouses and agriculture by controlling the growing conditions in indoor climate-controlled spaces, typically in urban environments [7]. However, while there is an increasing body of literature reviewing the potential of urban and vertical farming systems and technical solutions, there is a limited number of studies reviewing their sustainability [8,22,23]. It is therefore important to understand the environmental performance of vertical farming to identify case studies and areas for improvement.



The aim of this study was to assess the environmental impacts of vertical hydroponic farming in urban environments applied to a case study vertical hydroponic farm in Stockholm, Sweden. This was carried out by identifying important parameters in the production system and assessing the sustainability of potential options.




2. Methodology


The following sections outline the case study reviewed, the methodology for reviewing the environmental performance and information about the scenarios employed.



2.1. The Case Study: Vertical Hydroponic Farming in Stockholm


This assessment is based on the annual production from a developing vertical hydroponic farming system in Stockholm by Grönska [17] producing roughly 5000 plants monthly, or 60,000 plants annually. The vertical hydroponic farm produces a variety of leafy greens and herbs (primarily basil, but also a minor share of cilantro, mint, thyme, etc.) which are sold to regional supermarkets and distributors. In this study, it was assumed that only basil was produced, as it comprises the largest share of the outputs of the system [17]. Currently, the vertical farm is located in the basement of an urban office and residential building. Further details on the system are provided in the subsequent text and in the Supplementary Material.




2.2. Life Cycle Assessment Method


The environmental performance assessment follows life cycle assessment methodology. Life cycle assessment (LCA) is a broadly applied tool used to assess the potential environmental impacts and resource use of a product/service system throughout its life cycle, i.e., from raw material extraction via production and use phases to waste management and transportation [24].



In this paper, the environmental assessment was limited to greenhouse gas (GHG) emissions, acidification and eutrophication impacts, abiotic resource depletion, and human toxicity in order to provide a screening of the potential environmental hotspots and areas (to assess both local and global environmental impacts for agricultural products) for improvement of the studied system, applying the life cycle impact assessment method CML 2015 [25]. Life cycle inventory (LCI) data was developed from LCI databases such as Ecoinvent [26] and other relevant data from the literature; see below for further details.



The functional unit for the assessment is the annual production of plants available to consumers (i.e., 60,000 plants, as previously specified). As the study compared options for production controlled by the producer, the assessment was conducted using a cradle-to-gate perspective, i.e., up until the plants were available to consumers at the retailer, including all upstream processes in the cultivation, infrastructure, production of the pot systems, seeds, soil and fertilizers, packaging materials, etc. The infrastructure needed, including the LED lights, frames, etc. was included in the assessment (with varying assumptions on their lifetime). Post-purchase transport and waste handling were not included in the assessment, as they were outside the scope (see Figure 1). LCI data for all material and energy inputs were obtained from Ecoinvent v 3.4 [26]. When data was not available, other datasets and similar or corresponding products were used in their place; see subsequent text and Table S1 in the Supplementary Material.



The infrastructure for the vertical farming system includes LED fixtures, steel structural platforms, pumps, tubing, trays, a heater, and a control unit and timers for pumps and lighting; see Table 1 and further information on the assumptions made for the infrastructure in the Supplementary Material.



All energy, including electricity for lighting the LED fixtures, ventilation, pumps and heating was included in the assessment. Heating of the space was assumed only to be regulated by the external heating unit (used primarily during cold months). Other heating from the local district heating system used in the building was not allocated to the assessed system as the hydroponic system produces residual heat from the LEDs. It was assumed that the ventilation systems were running 24 h per day and LED fixtures were assumed to run 12 h per day based on consultation with the producer [17].



The fertilizer used for the hydroponic system was blended into the water bath and recirculated. In this study, the composition was based upon information from the producers and only the major nutrients were included: nitrogen (N), phosphorus (P) and potassium (K) (29%N, 33% P, 38%K). In addition, it was assumed that there were no fertilizer emissions to the environment due to the closed-loop system. LCI data for fertilizers was obtained from Ecoinvent v. 3.4 [26]; see Supplementary Material for further details.



The plants were grown in plastic pots made of polystyrene with a growing medium. Currently, gardening soil is used as the growing medium. Environmental impacts of gardening soil from the Swedish market were obtained from [26]. The final products were harvested, again in their original plastic pots with gardening soil, and thereafter wrapped in a waxed covered paper with labels; see depiction in Supplementary Material (Figure S1). They were then loaded into shipping trays for transportation.



Transportation of all material inputs was assumed to be 100 km for all infrastructural components and other cultivation materials. However, as the growing medium and packaging are sourced locally, the transportation distance was assumed to be 50 km (see Table 1). The transportation of the final products from the vertical farming system is primarily conducted by cargo bike, as the market is primarily local, although deliveries of the products are also conducted by car in the greater Stockholm region, assumed to be 50% of the total deliveries. The deliveries by car are assumed to be conducted by an electric vehicle as the firm owns and employs electric vehicles which can carry roughly 430 plants per delivery. Data for these inputs were provided by respective products in Ecoinvent [25].



See Table 1 for a review of all input and output flows from the system and a listing of LCI data sources used in this assessment, provided in the Supplementary Material (Table S1).




2.3. Scenarios Reviewed


2.3.1. Baseline Production System


The baseline (labeled Baseline-Plastic Pot-Soil) for this study was selected to represent the current production system using gardening soil and a plastic pot for the finished product (see Table 1).




2.3.2. Scenario 2-New Packaging (Paper Pot)


The vertical farming stakeholder reviewed in this article had the intention to shift from the current plastic pot to another material, a pot made of primarily paper and peat due to pressure from customers on removing plastic packaging. A comparison was conducted to show the potential for improvements with this new pot, referred to hereafter as ‘Paper Pot’ in the scenarios (i.e., Paper Pot-Soil and Paper Pot-Coir). As the paper pots were slightly lighter than the plastic pots, only 223 kg of material was needed for them. Data for a mix of peat and paper were used to model the material inputs for the paper pot and assumed to be similar to the production of corrugated paper with data collected from Ecoinvent [26].




2.3.3. Scenario 3-Growing Media


Furthermore, it is envisioned that new growing media will be used to replace the conventional use of gardening soil. For this study, the use of coir, which is a popular option for growing in hydroponic systems for the consumer market, was reviewed. For this substitution, the volume of the growing medium was used, thus reducing the total weight of the medium used requiring roughly 1 tonne less medium; see Supplementary Material for further information on assumptions used for the growing medium replacement. The scenarios including ‘-Coir’ review the use of coir in place of soil, i.e., (Plastic Pot-Coir and Paper Pot-Coir).






3. Results


Figure 2 and Table 2 provide a review of the environmental impacts for the compared scenarios. As illustrated, GHG emissions can be largely reduced by substituting plastic with paper pots and the gardening medium from gardening soil to coir. The largest reductions can be seen in the scenario employing paper pots and coir as the growing medium. The acidification impacts and abiotic resource depletion were reduced for the scenarios utilizing paper pots, (see also Figure 3 and Figure 4). However, not all impact categories followed this trend. No substantial differences in human toxicity impacts and eutrophication impacts were identified when comparing the scenarios.



As illustrated in Figure 3, the growing medium, electricity, transportation and the pots employed had a significant contribution to the GHG emissions for the scenarios reviewed. The growing medium for the scenarios employing conventional soil as the growing medium contributed to the largest share of impacts. The scenarios using coir as the growing medium showed significant emissions reductions, reducing the GHG impacts by over 3000 kg CO2-eq annually. A reduction of GHG emissions by over 700 kg CO2-eq annually is also illustrated from the substitution of plastic pots for paper pots. In all scenarios, the electricity used for pumps, lighting, heating and ventilation contributed from 20% to over 50% of the GHG emissions for the different scenarios assessed. The impacts from electricity were primarily associated with the lighting systems utilized. Other processes, which did not change significantly between the scenarios, such as the seeds, infrastructure, nutrients, water, transportation and deliveries, contributed to less than 30% in all scenarios. See also further details on the GHG emissions from the different processes, material and energy inputs in the Supplementary Material (Table S2).



The acidification and abiotic resource depletion were reduced when using the paper pots in comparison to the plastic pots, as illustrated in Figure 4 and Figure 5, respectively. The major contributing processes for this reduction include extensively reduced acidification and abiotic resource depletion from the substitution of plastic for paper, in addition to replacing conventional soil with coir. For further details on the impacts and contributions from different processes and inputs from different scenarios, see the Supplementary Material (Tables S3–S6).




4. Analysis and Data Sensitivity


4.1. Electricity Mix


As electricity was a major impacting process, the sensitivity to the choice of electricity mix was reviewed (see Figure 6). For this study, the Swedish electricity mix was compared with a Nordic mix, which resulted in large increases in GHG emissions. The Swedish electricity mix consists of a large share of hydropower and nuclear energy with a limited share of fossil sources, whereas the Nordic electricity mix contains a larger share of fossil fuels; see further details in LCI datasets [26]. For each scenario, the GHG emissions increased by nearly 2 tonnes CO2-eq annually. For the scenarios using coir, this choice nearly negated the environmental performance improvements otherwise outlined by using this growing medium.




4.2. Functional Unit Choice


Agricultural products are typically compared using various functional units. This can be related to the environmental impacts per given area, kg of product, hectare, nutritional value, etc. In the case reviewed, the plants were delivered in their pot with growing medium. An average plant weighs roughly 290 g, roughly 140 g of which is the edible portion. Although this study reviewed the impacts per annual production, the results may have been significantly influenced by the choice of functional unit when reviewing and comparing the impacts per plant with conventional production systems such as greenhouses and for similar systems, providing only the edible portion in plastic. This could include the impacts per plant per kg or per kg herbs.



As shown in Table 3, the results can vary considerably when using different functional units. When reviewing the different plant-based functional units, the results for nearly all the scenarios can vary by a factor of 7, comparing the impact per plant with that of the edible portion and stressing the requirement for transparency when comparing with other products.




4.3. Methodological Choices for Infrastructure


The infrastructure used in this assessment was illustrated to contribute only to minor impacts in all impact categories reviewed. However, it was shown to have a higher impact in [8], despite shorter lifetimes for the infrastructure reviewed in this study, due to the construction of a new greenhouse in the aforementioned study. In order to show the sensitivity, the assumptions for the largest impacting inputs in the infrastructure and lifetime choices were also analyzed in the sensitivity analysis. For the sensitivity assessment, only the scenario with paper pot and soil (Paper Pot-Soil) was assessed. The sensitivity was tested by halving the lifetime assumed (Infrastructure-50% Lifetime) and by tripling the number of LEDs assumed (Infrastructure Triple LEDs). The significance of employing unused spaces was also reviewed by adding a greenhouse structure (and not using the basement area), although additional heating was not included. Impacts for a greenhouse structure were obtained from Ecoinvent v. 3.4 [26], which includes a lifetime of 25 years. The size of the greenhouse was assumed to be 20 m2.



As shown in Table 4, the impacts of the infrastructure can be influenced by the methodological choices made. Decreasing the lifetime by half resulted in a doubling of the GHG emissions from the infrastructure. If the number of LEDs were assumed to triple, this would only increase the emissions of GHGs by 98%. However, if a greenhouse structure was also produced, the GHG emissions would increase by 260%. When considering the contribution of the infrastructure to the different scenarios, the best (Paper Pot-Coir) and worse (Baseline Plastic Pot-Soil) were reviewed. As illustrated in Table 4, the infrastructural choices could influence on the overall impacts. However, in the Paper Pot-Coir scenario, a more significant share of impacts can be illustrated from the infrastructural choices, especially if a greenhouse structure is added.




4.4. Data Choices


The gardening soil was illustrated to have the largest significance for the impacts in scenarios employing it as the growing medium, despite the modeled gardening soil based on soil produced by a more environmentally friendly producer, i.e., using less peat by employing more fiber mulch. The sensitivity to employing more conventional blends with higher shares of peat and no industrial by-products was reviewed (labeled Gardening Soil-Incr. Peat), employing data from [27], as no other studies on gardening soil impacts were identified; see Figure 7.



As the results suggest, the GHG emissions would increase by over 1000 kg for each scenario utilizing gardening soil with more peat. This exemplifies the sensitivity for this choice, especially when comparing to the baseline to show the impact reductions from improvement options.





5. Discussion


The results from this study highlight the environmental performance of a developing vertical hydroponic farming system in Stockholm. The results suggest that electricity demands, growing medium, packaging materials and transportation have a large influence on the environmental performance of the system. In order to provide resilient, sustainable and competitive food systems, there are potential improvement options which can directly reduce the environmental impacts associated with the aforementioned processes for the vertical hydroponic farming system reviewed.



5.1. Energy


Electricity for the different processes at Grönska was found to be a major influencing input. This was primarily due to lighting, i.e., LED lighting systems employed, which accounted for the largest share of GHG emissions, although pumping for irrigation, heat and ventilation were also of substantial influence. These results concur with previous research and stipulations on the environmental (carbon footprint) of urban farming in indoor environments [8,14,28]. Similarly, [8] also found that the electricity mix employed may influence the results. This study reviewed only the use of the Swedish electricity mix compared to the Nordic electricity mix, showing significant divergence in the results obtained. However, the producer involved purchases electricity from only renewable sources, and although this was not reviewed, the impacts from such sources may have much lower environmental impacts. Thus, the results for the impacts of the electricity demand may be overestimations. This is important to highlight in the context of urban farming, as the major impact processes reviewed in this article, i.e., electricity for automation, lighting, heating, etc. are rarely exemplified in the discourse used to promote their sustainability. Also, heating for the reviewed hydroponic farming system was assumed to be only controlled by an electric heating unit. Our results for energy consumption for heating are much lower than stand-alone systems such as that reviewed in [8] due to use of gas and other fuels for heating the greenhouses, showing the significant benefits of employing residual heat from buildings and connection to the district heating grid for the primary heating demand. In the future, it is also envisioned that the electricity used to operate the lighting system, i.e., LEDs, will be fully powered by solar energy. Furthermore, at Grönska a large number of diodes are used for lighting. To reduce impacts from the lighting, new compositions of diodes and changing the output and timing can further reduce electricity demand.




5.2. Growing Medium and Packaging


While previous assessments have generally not focused on the design choices for the final products but focused primarily on comparing with conventional growing systems, this study illustrates the importance of design decisions on the sustainability of the products, i.e., the growing medium and packaging materials employed. From the review of the potential implications of replacing conventional soil with coir, and plastic pots for paper-based counterparts, the results suggest that the impacts of the system can be greatly reduced across a number of environmental impact categories.



The growing media was shown to have a significant contribution to the environmental performance of the system. While this study also employed soil with less peat than conventional gardening soil based on [27], a larger share of peat would substantially increase the emissions, as shown in the sensitivity analysis above. Replacing conventional soil with other media was shown to reduce the environmental impacts greatly. Similar results were stipulated by [29], who suggested that using reliable industrial by-products, such as coir, bark, fiber and compost, growers can improve the sustainability of their systems. However, employing new growing media may require added infrastructure for handling automated processes (machines) employed for filling the pots and to the fertilization and irrigation requirements. This study assumed that these changes were negligible for the system based on dialogue with the producer, although this may underestimate the environmental impacts from using coir as a growing medium.



Furthermore, the hydroponic system reviewed employs the growing medium in the final product. In conventional hydroponic systems, the growing medium is reused in the growing trays, which may greatly reduce the contribution of these to the overall impacts. This is exemplified in a study by [30] in which rockwool was used as the growing medium, with a non-significant impact for the life cycle of growing tomatoes. Similarly, in previous studies, the contribution of the growing medium was also very low, primarily due to it not being a part of the final product see e.g., [8,31]. This may also have had implications on the final waste handling for the products assessed in this study. In the Stockholm region, they may end up in municipal waste treatment (i.e., incineration), composting or biogas production, depending on choices made by the consumer in their disposal [32], although this was not reviewed in this study.



The pots used for the plants were also found to be a significant impacting input for the system. By replacing plastic pots with paper pots, substantial reductions of GHG emissions, in addition to large acidification impacts and abiotic resource depletion reductions can be realized, which shows the importance for regional impacts and resource efficiency. Nonetheless, very few assessments of environmental sustainability have been attempted for reviewing different choices of planting containers and their waste handling, although consumers may prefer alternatives to plastic in order to improve the perceived sustainability [33]. Previous studies, such as [34,35], suggested that addressing materials such as the growing medium and packaging may also appeal to consumers, improving their willingness to purchase products which employ more sustainable products.




5.3. Final Product


The analysis also included a review of the impact per kg of the edible portion of the plants delivered. The results suggest that this could amount to roughly 0.27–0.74 kg CO2-eq per kg of edible plant material, depending on the growing medium and pot used. These results were slightly lower than the results for growing spinach as highlighted in [28] but are comparable with findings for producing conventional lettuce from urban farming [22] and hydroponic farming systems [8]. Thus, these findings illustrate that the vertical farming system can provide resource-efficient food production in urban environments.



However, the impacts could be further reduced by addressing design choices for the product, production system and energy demand. It may be interesting to review how the results may be influenced by the presentation of the products to the consumer. The impacts from the sold plants may be reduced further if the product is provided without the growing medium, thus avoiding a share of the impacts. Similar findings have been stipulated in more traditional greenhouses and hydroponic systems where the products did not include the growing medium but were harvested and packaged, and the growing medium was reused for plant production [8,30], showing low impacts for the growing medium.



Furthermore, more comparative studies will be needed for this sector. Currently, there are few assessments of the environmental impacts of vertical farming beyond carbon footprints, which is similar to suggestions by [30,36] for environmental assessments of traditional greenhouse farming techniques. It will be important to include these impact categories to understand the implications these systems have both globally and regionally and for comparisons to similar conventional (land-based) systems. For example, as [36] suggests, vertical hydroponic farms may have considerably less impacts on water consumption and eutrophication.




5.4. Urban Context


The results of this study highlight the environmental performance of an urban farming system using vertical hydroponic systems for a niche market of herbs and leafy greens in urban contexts. As highlighted in several previous studies, urban farming has been promoted as an approach to provide more locally produced food sources, often citing the transportation of foods as a major impacting source and reason for choosing these approaches. Once again, these claims have been found by a number of authors to be unsubstantiated, see, e.g., [37,38,39].



This study found that the transportation of materials to the system outweighs the impacts from the product deliveries, although this depends on the specific context being reviewed, and the low impacts from the regional logistics by bike and electric vehicles. As [8] suggest, with shorter supply chains, this could lead to improving losses during transportation and keeping the freshness of the products. While the studied system was relatively small, expansion may require improved logistics to avoid these potential rebound effects.



Many of the products delivered by the vertical farming system (e.g., herbs and leafy greens) are also produced in Sweden by competitors using greenhouse systems. However, we have found no previous studies of these systems to compare with; thus, further research will be required for comparison to conventional systems.



This study also highlights the importance of utilizing existing space and synergies with urban systems. For example, it was found that the environmental impacts of the infrastructure are greatly reduced in this system. This is due primarily to the use of unused spaces in buildings, while previous studies have reviewed the construction of new greenhouse structures in addition to the platforms required for hydroponic farming, requiring new buildings and infrastructure; see, e.g., [8,40]. The sensitivity analysis further exemplifies these assertions.



In urban areas, the impacts from material inputs and energy could be further reduced through more circular approaches to take advantage of residues and urban wastes for growing media, nutrients, water requirements and energy demands and waste handling; see e.g., [23,30,40]. Further research will also be needed to understand the potential for this type of urban symbiosis.





6. Conclusions


As urban environments explore more resilient options for food security, vertical farming methods have become increasingly popular worldwide as a solution to viably provide urban populations with sustainable food supplies. This study reviewed the environmental performance of a vertical hydroponic system in Stockholm and illustrates that it is important to address a number of processes to improve the sustainability of these systems. These include electricity demand, growing medium, location, and packaging material. The results of the scenarios suggest that design choices, such as replacing plastic pots with paper pots, can contribute to large reductions in GHG emissions, in addition to extensive reductions in acidification impacts and abiotic resource depletion. Many hydroponic systems also do not employ conventional gardening soil as the growing medium. By replacing this with fibrous by-products, such as coir, significant environmental impact reductions are possible. A large share of the impacts originates from electricity for lighting systems. Furthermore, it is important to highlight that these results are sensitive to the electricity mix employed.



In order to further reduce the impacts of the system, more resource-efficient steps will be needed to improve the impacts of electricity demand. As shown in this study, by utilizing unused spaces, i.e., synergies with the office building, the system can take advantage of residual heat from the building and reduce the impacts of added infrastructure. However, there is potential to develop more symbiotic exchanges to employ more residual energy and products in the urban environment.
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Figure 1. System boundaries of the study (the dashed line represents the system boundaries). 
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Figure 2. Environmental impacts associated with the different scenarios, normalized to compare with impacts from the baseline scenario (Plastic Pot-Soil). Shown in percentage normalized to the baseline scenario (100%). Greenhouse gas (GHG) impacts, Acid.-Acidification Impacts, Eutrop.-Eutrophication impacts, Human Tox.-Human Toxicity Impacts, ABD-Abiotic Resource Depletion. 
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Figure 3. Contributions of different processes to the GHG emissions annually for the different scenarios. 
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Figure 4. Contribution of the processes to the acidification impacts annually for the different scenarios. 
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Figure 5. Contributions of different processes to the Abiotic Resource Depletion (ABD) annually for the different scenarios. 
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Figure 6. Sensitivity to the choice of electricity mix. 
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Figure 7. Reviewing the sensitivity to the data choice for gardening soil. 
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Table 1. Material and energy inputs for the annual production of 60,000 plants.
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Main Category

	
Process/Flow

	
Amount

	
Unit

	
Transport

(km)

	
Lifetime

(Years)






	
Infrastructure

	
Steel Structure

	
242

	
kg

	
100

	
30




	
LEDs

	
8640

	
units

	
100

	
15




	
Trays (PET)

	
36

	
kg

	
100

	
15




	
Tubing/Other Plastics

	
10

	
kg

	
100

	
5




	
Pumps

	
2

	
units

	
100

	
10




	
Heater and Other Electronics

	
3

	
units

	
100

	
10




	
Raw materials

	
Pot

	
240

	
kg

	
100

	
-




	
Seed

	
6

	
kg

	
100

	
-




	
Growing Medium (Soil)

	
12,350

	
kg

	
50

	
-




	
Nitrogen (N)

	
10

	
kg

	
100

	
-




	
Phosphate (P)

	
12

	
kg

	
100

	
-




	
Potasium (K)

	
14

	
kg

	
100

	
-




	
Paper

	
449

	
kg

	
100

	
-




	
Wrapping Paper

	
38

	
kg

	
50

	
-




	
Label

	
480

	
m2

	
50

	
-




	
Water

	
144,890

	
liters

	
-

	
-




	
Energy

Inputs

	
Lighting

	
26,490

	
kWh

	
-

	
-




	
Ventilation

	
490

	
kWh

	
-

	
-




	
Heating and Electronics

	
3290

	
kWh

	
-

	
-




	
Pumps

	
2190

	
kWh

	
-

	
-




	
Outputs

	
Plants

	
60,000

	
plants

	
-

	
-




	
Distribution

	
1390

	
km

	
-

	
-
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Table 2. Environmental impacts associated with the different scenarios.






Table 2. Environmental impacts associated with the different scenarios.





	Impact Category
	Unit
	Baseline

(Plastic Pot-Soil)
	Paper Pot-Soil
	Plastic Pot-Coir
	Paper Pot-Coir





	GHG
	kg CO2-eq./year
	6105
	5387
	2954
	2236



	Acidification
	kg SO2-eq./year
	44.5
	15.0
	43.1
	12.9



	Eutrophication
	kg PO4-eq./year
	7.5
	7.6
	7.0
	7.2



	Human Toxicity
	kg 1,4-DCB eq. /year
	4111
	4 105
	3 989
	3 920



	Abiotic Resource Depletion
	MJ-eq./year
	48,093
	31,758
	44,952
	28,616
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Table 3. Comparing sensitivity to GHG emissions for functional unit choice. Shown in kg CO2-eq.
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	Baseline (Plastic Pot-Soil)
	Paper Pot-Soil
	Plastic Pot-Coir
	Paper Pot-Coir





	Annual Impact

(kg CO2 eq/plant /year)
	6105
	5387
	2954
	2236



	Impact per plant

(kg CO2 eq/plant)
	0.10
	0.09
	0.05
	0.04



	impact per kg

(kg CO2 eq/kg plant)
	0.35
	0.31
	0.17
	0.13



	Impact per edible portion (kg CO2 eq/edible kg plant)
	0.74
	0.65
	0.36
	0.27
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Table 4. Reviewing the sensitivity to infrastructure assessments in the paper pot-soil scenario (measured in kg CO2-eq annually).
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	Materials and Inputs
	Infrastructure
	Infrastructure-50% Lifetime
	Infrastructure (Triple LEDs)
	Infrastructure

(Greenhouse)





	LEDs
	61
	122
	183
	61



	Steel
	38
	77
	38
	38



	Plastic Trays
	7
	14
	7
	7



	Pump
	2
	3
	2
	2



	Tubing and other Plastics
	4
	8
	4
	4



	Heater, Controls and other Electronics
	12
	25
	12
	12



	Other (Greenhouse)
	-
	-
	-
	333



	Total
	125
	249
	247
	458











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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