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Tiivistelmä
Väestönkasvu, ilmastonmuutoksen vaikutukset sekä kehittyvissä maissa tapahtuva
ruokavalion muutos kohti lisääntyvää lihan, hedelmien ja vihannesten kulutusta aiheuttavat
merkittävää painetta nykyiselle ruoantuotantoteknologialle. Kasvavan väestön ruokkiminen
ennustettavan ruokavalion mukaisesti edellyttää nykyisten ruoantuotantomenetelmien
maankäytön tehostamista sekä uusia resurssitehokkaita ruoantuotantoteknologioita.
Kerrosviljely edustaa modernia tuotantomenetelmää, jossa perinteisiin kasvatusmenetelmiin
verrattuna erittäin korkea maankäytön tehokkuus mahdollistaa kasvatuksen tuomisen lähelle
ihmistä. Urbaanista ruoantuotannosta onkin puhuttu 2000-luvun megatrendinä.
Tämä tutkimus käsittelee kerrosviljelyä resurssitehokkuuden ja ympäristövaikutusten
näkökulmasta. Tutkimukset osoittavat, että suljettuna systeeminä kerrosviljelmä kuluttaa
tavanomaista viljeljelytekniikkaa vähemmän vettä, hiilidioksidia ja lannoitteita. Toisaalta
fotosynteesin tuottaminen keinovalolla vaatii merkittävän määrän energiaa. Kerrosviljelyn
ja perinteisen viljelyn aiheuttaminen ympäristövaikutusten vertailu edellyttää vertailevan
elinkaariarvioinnin toteuttamista.
Elinkaariarviointi on työkalu tuotteiden ja prosessien ympäristövaikutusten ymmärtämiseen.
Se on ISO-standardoitu prosessi, jonka osaprosessit suoritetaan tarkoin määritetyn
ohjeistuksen mukaan. Tämän työn elinkaariarviointi osoittaa, että kerrosviljelyn
ilmastovaikutus riippuu vahvasti energian tuotantomuodosta sekä osittain myös viljelmän
maantieteellisestä sijainnista. Kerrosviljely on selkeästi perinteistä kasvihuoneviljelyä
energiaintensiivisempää, mutta tuotannon kasvihuonepäästöt vähenevät merkittävästi mikäli
energia perustuu johonkin muuhun tuotantotapaan kuin fossiilisiin polttoaineisiin.
Gobaalilla tasolla kasvavan energiankulutuksen voidaan nähdä kuitenkin hidastavan
fossiilisista polttoaineista eroon pääsyä. Veden- ja hiilidioksidin kulutus ovat vahvasti
kytköksissä ilmanvaihdon tehokkuuteen kasvutilassa ja siten lähes täysin suljetun
kasvihuoneen ja kerrosviljelmän ero niiden kohdalla suhteellisen pieni. Maankäytön
tehokkuudessa, kerrosviljely on kuitenkin ylivoimainen kasvihuoneviljelyyn verrattuna.
Avainsanat kerrosviljely, elinkaariarvio, LCA, ympäristövaikutus, vertikaalikasvatus,
hiilijalanjälki, vesijalanjälki, maankäyttö, maanviljely
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Abstract
Growing population, the effects of climate change, and dietary transition towards higher
consumption of meat, fruits and vegetables are setting pressure to the current food
production technology. The existing production efficiency should be increased significantly,
and in addition, new technologies should be developed to support the existing agriculture
and increase the total food production efficiency. Indoor vertical farming provides a
technology to produce food crops extremely high-efficiently in terms of land use. The
technology has been discussed as one of the megatrends of the 21st century.
This thesis discusses vertical farming from the perspective of resource use efficiency and
environmental impacts. Research shows that as a closed system, vertical farming consumes
less water, CO2 and fertilizers compared to conventional cultivation systems. On the other
hand, performing photosynthesis with artificial light increases the energy consumption. This
study uses Life Cycle Assessment (LCA) for achieving comparable results of the
environmental impacts of vertical farming and conventional farming.
LCA is a tool for understanding environmental impacts of a process or a product. It is an
ISO-standardized procedure that is conducted according to the certain guideline. According
to the results of this study, Global Warming Potential (GWP) of vertical farming depends
highly on the source of the energy and slightly on the location. Vertical farming is
significantly more energy-intensive compared to conventional horticulture but emissions can
be mitigated by applying non-fossil energy. However, in a larger scale, higher energy
consumption may hinder the global transition towards non-fossil energy. Water and CO2
consumption are highly linked to the rate of ventilation and thus the difference between a
closed greenhouse and a vertical farm is relatively small. In the land use efficiency, vertical
farming is outstanding.
Keywords vertical farming, life cycle assessment, LCA, environmental impact, indoor
farming, global warming potential, water footprint, land use, agriculture
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1 Introduction
1.1

Background

The food security is becoming an increasingly relevant issue to be concerned of as the world
population is growing, and around half of all the habitable land is already occupied by
agriculture (Roser and Ritchie, 2018). The effects of climate change, such as changing
rainfall patterns, drought and flooding are setting a pressure to the agricultural production,
which should be increased by 70% by 2050 to feed 9.7 billion people (Touliatos et al., 2016;
Al-Chalabi, 2015). In order to avoid a global food crisis, innovations in land use efficiency
for crop production with the respect of environmental, economic and social sustainability
are increasingly important.
Indoor vertical farming represents one of relatively fresh approach to increase land use
efficiency of food crop production by extending cultivation into the vertical dimension.
When practiced indoors within a highly controlled environment, the growth is possible to
enhance significantly and the issues of conventional agriculture, such as polluting runoff and
N2O emissions, can be avoided with an adjusted dosing of fertilizers and possibilities to treat
the wastewaters (Kozai et al., 2016). Instead of using natural light for performing
photosynthesis, indoor vertical farms, discussed in this study, use artificial lighting only.
Along with the fast development of light-emitting diodes (LED) in the 21st century, vertical
farms have improved significantly in terms of energy efficiency and thus it has been seen as
a potential technology for efficient food production, even within an urban environment close
to consumers (Despommier, 2009; Kozai et al., 2016).
Increased awareness of issues regarding food production, technical development of LED
lights and the growing trend of urban agriculture among other phenomena seem to have
raised an interest of vertical farming also among investors (Business Insider, 2017). In 2017,
Plenty raised $200 million USD of an investment which is the largest funding in history in
agriculture technology. Statista (2018) projects vertical farming market to grow from the
current $1.5 billion USD up to $6.4 billion USD until 2023. Some of the projections are yet
higher (Global Market Insights, 2018). Vertical farming seems to be a promising technology
which convinces investors by the concept of efficient urban agriculture.
However, vertical farming has its challenges. Even though the development of LED
technology has taken a huge step forward in recent years, performing photosynthesis with
artificial lighting is still very energy-intensive compared to cultivation under natural light.
This questions the economic and environmental feasibility of the technology. Assessing
environmental feasibility requires multiple factors to be taken into account. Beside energy
consumption, also water use, land use, CO2 use and fertilizers use are indicators determining
the environmental impact of the process.
Due to the complexity of the environmental impacts of vertical farming, the assessment is
conducted through the ISO-standardized procedure Life Cycle Assessment (LCA). It is a
commonly used tool developed for assessing life cycle impacts of products and processes.
Standardization enables comparable results which can be used as a supportive information
in decision making.
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1.2

The aim of the study

The aim of this thesis is to gather together the best existing scientific knowledge and data
regarding vertical farming and conduct a comparative LCA for existing vertical farming
technologies and a conventional agriculture method. The literature review part consists of
two parts: Section 2 discussing vertical farming from a technical perspective and Section 3
focusing on a theoretical framework of LCA. The purpose of the literature review part is to
first introduce the substance of the technology assessed in the study and secondly walk
through the theory of the assessment procedure.
After the literature review, the second part (Sections 4 and 5) put the theory into execution.
Section 4 is the experimental part of the study and it conducts a comparative LCA for vertical
farming. The assessment will be scoped to focus on the most resource-intensive phase of the
process to provide relevant results from the viewpoint of comparison. To achieve the most
accurate results as possible, the study use data from representative peer-reviewed academic
papers, and the quality of the data is ensured by comparing the data and the results to figures
in scientific literature.
Discussion and conclusion (Sections 5 and 6) aims to discuss the results of the assessment
from various viewpoints and compare the technologies from a larger perspective. A question
whether vertical farming can be seen as an appropriate technology to grow food plants from
the viewpoint of environmental sustainability is discussed.

2

2 Vertical farming system
2.1

Configuration and function of a vertical farm

2.1.1 General description
Vertical farming is originally defined as a practice of cultivating crops vertically and it can
be applied outdoors and indoors. However, the modern idea of vertical farming utilizes
controlled environment which can be achieved in closed indoor systems only (Poyyamoli,
2017). In the scientific literature this kind of system is also called as plant factory (PF) and
closed plant production system (CPPS) to separate closed production systems from other
kind of systems (Kozai, 2013; Graamans et al., 2018). Since the modern definition of the
terms vertical farming and vertical farm seem to refer particularly to indoor vertical farming,
also this study is discussing indoor cultivation in a closed system as vertical farming.
In this study, vertical farm (VF) is defined as a thermally well-insulated and nearly airtight
room or space including structural elements to install growing beds on where photosynthesis
performs under artificial lighting (Figure 1). According to Kozai (2013), growing beds can
be e.g. stacked horizontal beds, vertical towers or cylinders or other structure which enables
a complete utilization of both horizontal and vertical space for crop cultivation. The structure
is equipped with lighting devices, such as LEDs, and irrigation system to provide plants with
water and nutrients. Appropriate temperature, humidity, and sufficient CO2-level are
managed with air conditioners and CO2 supply. The whole system is run through a control
unit that adjusts the parameters to be optimal for each crop.

Figure 1: Configuration of an indoor vertical farm consisting of the principal components.

2.1.2 Landless cultivation
The most common cultivation methods in vertical farming are hydroponic, aquaponic and
aeroponic cultivation methods (Table 1). They are all so-called landless cultivation methods
in which crops are taking nutrients either via aggregate material in hydroponic and aquaponic
cultivation or mist in aeroponic cultivation. In hydroponic and aquaponic methods, crops are
rooted in e.g. peat, glass or rock wool, gravel or even porous plastic media instead of soil,
and the difference of these two methods is the origin of nutrients: in hydroponic cultivation
3

crops are fed with mineral nutrient solutions in a water solvent while aquaponic cultivation
combines conventional aquaculture with hydroponics in a symbiotic environment (Benke
and Tomkins, 2017; Kozai et al., 2016). In aeroponic cultivation method, plants are growing
without soil or any other aggregate medium. Instead plant stem goes through a lid or other
structure which supports the plant and separates the structure into a root space and
photosynthetic space. Roots are sprayed with nutrient solution and simultaneously they are
exposed with air which stimulates growth and helps to prevent pathogen formation
(Chiipanthenga, 2012).
Table 1: Principals of hydroponic, aquaponic and aeroponic cultivation methods.
Roots

Nutrient source

Hydroponic

Media such as soil, rock wool,
peat or gravel

Mineral nutrient solvent

Aquaponic

Media such as soil, rock wool,
peat or gravel

Fish waste

Aeroponic

Air

Mineral nutrient solvent mist

In all methods, nutrient solution system is a closed loop where the nutrient solution not used
by the plants is recirculating to the system. In a VF system, the water transpired from plants
leaves is also recirculated to the system by condensing the water in air conditioners. This
process is discussed further in Section 2.1.4. Compared to conventional open field
cultivation, the advantage of a closed loop system is the resource efficiency of water,
nutrients, and land, and thus the absence of polluting runoffs to natural water bodies
(Graamans et al., 2018, Kikuchi, 2015, Kozai, 2013).
2.1.3 Indoor cultivation premises
VF can be set up in a thermally insulated and nearly airtight room or premises. It has no
specific requirements for the premises which makes it possible to utilize already existing
buildings. All around the world, there are numerous vertical farming companies which are
utilizing old industrial premises, storages or basements for growing food, for example
Plantagon in Sweden, StaayFoodGroup in the Netherlands and Plenty among others. From
the viewpoint of circular economy, within urban areas, it intuitively makes sense to use
existing premises which have been left without use. However, the majority of life cycle
impacts of vertical farming occur during the operational phase. According to Kikuchi et al.
(2018), only 2.43% of the greenhouse gases is caused by the construction and decomission
phase of a new VF while operational phase covers 97.6% of the greenhouse gases in a cradleto-gate approach. Thus, utilizing old premises does not necessarily decrease the
environmental impact of a system significantly during its life cycle. These challenges are
discussed further in Section 5.
VF of medium and larger scale are currently set up outside urban areas due to high spatial
expenses within urban areas. In Japan, the number of medium-size VFs have been increasing
significantly in the last years, from 35 plants in 2009 to more than 150 in 2017 (Molin and
Martin, 2018). Dickson Despommier has written an article (2009) based on his book The
4

Rise of Vertical Farms, where he presents his vision of urban food production in green skyscrapers. Some of the advantages of this are e.g. a possibility to utilize solar light beside
artificial lighting and a high production capacity in a small area. Moreover, the production
would be close to consumers which decreases the transporting distance and the loss
influenced by the long supply chain. Among the researcher of vertical farming, as there is a
lot of skepticism regarding on economic feasibility of vertical farming with existing
technology, high-rise type of VF would be even more radical option in terms of economy.
However, many studies agree that more research should be done to assess the feasibility of
vertical farming from different perspectives (Al-Chalabi, 2015; Harbick and Albright, 2016;
(Graamans et al., 2018; Kikuchi, 2015).
2.1.4 Cultivation under artificial lighting
One significant difference between conventional open field, greenhouse cultivation methods
and VF cultivation lies on the source of the light. Conventional methods are utilizing solar
radiation mainly to perform photosynthesis while VF is utilizing artificial light only.
Therefore, VF cultivation is basically not dependent on the location and climate conditions
of the farm. Greenhouses within areas with limited sunlight are usually using artificial
lighting as a supplementary light source to extend the season. In literature, also systems
which are between a closed VF and a greenhouse are discussed. For example, in
Despommier’s (2009) vision of green sky-scrapers, large window surface play an important
role in terms of lighting. Kikuchi et al. (2018) discuss plant factories with sunlight (PFSL)
and plant factories with artificial light (PFAL). Utilizing solar light in photosynthesis
decreases the energy-intensity significantly but on the other hand, it also requires more space
for solar light reflection. Based on system specifications by Kikuchi et al. (2018), PFAL is
5 times more efficient system to produce food in terms of land use.
Development of lighting technology has taken a huge step forward in terms of the efficiency
of the conversion of electricity to photosynthetically active radiation (PAR) which
wavelength is from 400nm to 700nm. During the last 10 years, LEDs have replaced highpressure sodium lamps and fluorescent lights due to improved conversion efficiency from
electric power to PAR-radiation. During that time, conversion efficiency has approximately
doubled from 0.25 to 0.5 which means that electricity consumption for lighting currently is
approximately half of the consumption in 2008 (Kozai, 2013; Kozai and Fujiwara, 2016).
Even though the lighting technology is improved significantly during the 21st century, energy
consumption of artificial lighting in photosynthesis is still a major issue in the utilization of
VFs (Harbick and Albright, 2016; Graamans et al., 2018). Photosynthetic efficiency is
discussed further in Section 2.2.1.
2.1.5 Climate control & CO2 supply
As shown in Figure 1, VF is equipped with air conditioners, fans and CO2-supply system to
keep a stable and optimal growing environment for crops. These equipment are connected
to a control unit which is receiving information from sensors which again are distributed in
a growing room to provide the control unit with as comprehensive information as possible
(Kozai, 2013; Kozai et al., 2016). The system controlling the temperature and humidity is
called HVAC (heating, ventilation and air conditioning). In the case of a VF, growing room
is usually properly thermally insulated and lighting capacity provides sufficient heating
capacity around the year even in northern locations. Therefore, local climate should be taken
into consideration when planning an HVAC system for a new VF (Eaves and Eaves, 2018;
Graamans et al., 2018).
5

Part of the irrigation water uptake of the crops is transpiring from crops’ leaves to the room
air. According to Kozai et al. (2016), it is essential to keep the humidity level at an optimal
level to avoid possible physiological disorders of plants which are usually caused by too
high humidity level. Transpired water is condensing in the cooling panel of the air
conditioner and condensed water is recirculated to the irrigation system. Thus, in a VF, the
all water used is stored in crops and there are no runoff or transpiration losses unlike in
greenhouses.
Occurring photosynthesis requires carbon dioxide (CO2), water and light. The concentration
of CO2 has a significant impact on the rate of photosynthesis of plants but it is one of the
least controlled factors in the traditional controlled environment of greenhouses and growth
chambers (Kozai et al., 2016). In a conventional heated greenhouse, heating and CO2
enrichment are usually carried out with a natural gas or a kerosene heater from which CO2rich warm exhaust gas is blown into a greenhouse to increase temperature and CO2concentration (Kozai et al., 2016; Kikuchi et al., 2018). According to Kozai et al. (2016), in
this kind of system, CO2-supply is dependent on the heating capacity and due to the high
ventilation of a greenhouse, a separate CO2-supply does not necessarily make sense. In a
VF, CO2-supply is run individually and due to relatively low ventilation rate, CO2-level can
be kept at around 1000 ppm (Kozai, 2013; Kozai et al., 2016). As a reference, average CO2
level in the atmosphere is a bit above 400 ppm and in a CO2-enriched greenhouse around
700 ppm (NOAA, 2018; Ohyama et al., 2002). According to Kozai et al. (2016), CO2enrichment increases yield significantly and it makes economic sense in most cases.

2.2

Performance efficiency

2.2.1 Photosynthetic efficiency
Plants are receiving energy via photosynthesis in which photons on the range of PAR (400700nm) reach the leaf area of a plant. In other words, in a photosynthetic reaction, plants
convert light energy into chemical energy in the existence of carbon dioxide. Based on Kozai
(2016), photons are measured in moles as photosynthetic photon flux density (PPFD, also
called light intensity) which unit is μmol m s . According to Zhu et al. (2008) and Kozai
(2016), only a small fraction of the photons’ energy is converted into chemical energy and
this ratio is called photosynthetic efficiency. The ratio is highly dependent not only on the
spectrum of the light but also the optical characteristics of each cultivation space and plant
canopy.
From solar light, around 47% of the radiation is within the PAR spectrum and therefore only
53% of the solar radiation is available for the photosynthesis (Zhu et al. 2008). However,
due to multiple reactions and losses in the reaction chain of photosynthesis the total
efficiency for converting solar energy into biomass for a multicellular plant (photosynthetic
efficiency) is only a few percents. According to Zhu et al. (2008), the theoretical maximum
of photosynthetic efficiency for C3 photosynthetic crops (including about 85% of plant
species) is 4.6% (Figure 2) and the highest reported efficiency for these crops is about 2.4%.
This efficiency is measured across a full growing season based on solar radiation intercepted
by the leaf canopy. Beside discussing the relation of lighting and temperature, and
photosynthetic rate, the study also discusses the potential of closing the gap between
theoretical and achieved efficiency by improving canopy architecture and increasing
photosynthetic capacity per unit of leaf area. Based on the study, also the maximum
efficiency can be increased by adjusting the microbiological photosynthesis reaction from
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C3 to C4, which is a more efficient photosynthetic reaction in terms of photon energy into
biomass conversion.

Figure 2: Minimum energy losses in cultivation with solar light. Modified from Zhu et al. (2008).

When using artificial lighting for cultivation, the spectrum can be adjusted to be almost
completely within the PAR range (400-700nm). In LED lights designed for horticultural
purposes, usually over 90% of the spectrum is within the PAR range. According to Kozai
(2016), there is no significant physiological matter on how the spectrum is distributed within
the PAR range but in most cases, the spectrum is red-rich in order to save on electricity costs
for lighting. This is due to the physical law for photon energy:
𝐸=
where h is the Planck constant, c is the speed of light in vacuum and λ is the photon’s
wavelength.
According to Kozai (2013) and Graamans et al. (2018), the photosynthetic efficiency seems
to depend highly on the conversion efficiency from electricity into PAR radiation and the
configuration of lighting. For the system in Chiba University (Kozai, 2013) the factor is as
low as 0.007 (Figure 3) which seems to be due to the poor efficiency of fluorescent lights
which configuration is not optimal to get the plants to receive the maximum quantity of
photons. In the base model (Graamans et al., 2018), the conversion factor for the LED system
is 0.025 (Figure 3). In both studies by Graamans et al. (2018) and Kozai (2013) the energy
content of a multicellular plant e.g. lettuce is estimated to be 20 MJ/kg.
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Figure 3: Energy-photon conversion efficiencies for VF systems with fluorescent lights and LED lights.

2.2.2 Resource use efficiencies (RUE)

Figure 4: System chart of a vertical farm. Modified from Kozai (2013).

In this study, a vertical farm is considered as a closed system which has resources as inputs
and product as an output. Beside these, there may be a flow of by-products such as heat or
CO2, which are removed from the system in order to keep an optimized growing climate
inside the room (Figure 4). Resource efficiency is determined for each resource as a ratio of
this certain resource present in the output and input. In other words, the more some resource
exists in the “waste flow” the smaller the resource efficiency is for that certain resource.
Kozai (2013) defines resource efficiencies for water use efficiency (WUE), carbon use
efficiency (CUE), light energy efficiency (LUEL and LUEP) for lamps and plant community
separately, and electricity use efficiency (EUE).
Resource use efficiencies are calculated in a similar logic, where resource content in the
output and recirculation loop is divided by the resource content in the input (Kozai, 2013).
RUE =
where Rproduct refers to the amount of each component of resource in the product and Rinput
refers to the amount of that same resource component in the input.
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For example, in the case of water, Rproduct includes the water contained in the product such
as lettuce and Rinput includes the water pumped to the irrigation system. Inside the system,
the water which is transpired from the leaf surfaces is collected in the cooling panel from
where it recirculates back to the irrigation system (Kozai, 2013).
Table 2: Resource use efficiencies for water, CO2, lighting, and electricity (Kozai, 2013).
Resource
efficiency

Vertical
farm

Greenhouse with
ventilators closed and
enriched CO2

Greenhouse with
ventilators open

Theoretical
maximum value
for a vertical farm

Water

0.97

N/A

0.02-0.03

1.00

CO2

0.88

0.4-0.6

N/A

1.00

Light on lamps

0.027

N/A

N/A

About 0.1

Light on plants

0.037

N/A

0.017-0.032

About 0.1

Electricity

0.007

N/A

N/A

About 0.1

2.2.3 Potential improvements in resource use efficiency (RUE)
Based on Kozai’s (2013) research and consideration (Table 2), there are various methods to
improve light use efficiency and thus electricity use efficiency. Kozai (2013; 2016) discusses
interplant lighting and upward lighting which have both enhanced the photosynthetic
efficiency due to lighting for lower leaves which photosynthesis rate is often negative or
close to zero. The photosynthetic rate can be enhanced also with well-designed light
reflectors, reduction of the distance between lamps and plants and increasing distance
between plants.
2.2.4 Economic viability
One of the main critics to vertical farming is related to economic viability. Even though the
resource efficiencies are relatively high on many resources, capital costs of the labour and
operating costs of the faculty and electricity may raise the expenses significantly. According
to Eaves and Eaves (2018), labour causes clearly the biggest single cost which is more than
double of the costs for the lighting electricity and the study concludes vertical farming to be
even more profitable than greenhouse for lettuce production in Canada. This study assumes
that both production systems provide 1171 square meters growing space, VF on 6 levels and
greenhouse on one level and they are both located in rural area. With the same yield
prediction, VF’s gross profit is calculated to be $194,334 while for a greenhouse it is
$184,920. The lettuce wholesale price is assumed to be 7.62 $/kg.
Banarjee and Adanaeuer (2014) analyzed the viability of a large high-rise type of VF. For
the model, they used a building locating in Berlin, occupying 0.25 ha and having 37 floors,
25 of which are dedicated to the production of different types of fruits and vegetables such
as carrot, radish, potato, tomato, pepper, strawberry, pea, cabbage, and lettuce. 3 floors
underground are dedicated to fish cultivation and the rest are used for equipment, waste
management, and food processing. With the estimation of €200M project budget and
production capacity of 3573 tons of fruits and vegetables and 137 tons of fish fillets, the
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value for the cost of producing 1 kg of edible biomass is determined to be between 3.50 and
4 €.
Many startups has launched recently a vertical farming business based on a facility in a
shipping container (Freight Farms; Cropbox; Growtainers). Karhula et al. (2018) calculated
the profitability of a shipping container VF producing lettuce in Finland. Based on the
findings, labour is the highest single cost followed by the cost of a shipping container
including all the farming facility. Energy expenses cover about one-third of the labour costs.
The conclusion of the study is that a plug-in type of VF in a shipping container is too
expensive to make the business profitable.
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3 Life Cycle Assessment (LCA) procedure
Life cycle assessment (LCA) is a tool developed for analyzing environmental impacts of
product and processes comprehensively through its life cycle from raw material acquisition
through production, use, end-of-life treatment, recycling, and final disposal (Kozai et al.
2016; International Organization for Standardization, 2006). For example, constructing and
setting up an indoor farm requires a significant amount of materials and devices when
comparing to conventional horticulture (Kozai, 2013). However, when assessing
environmental impacts of a product grown in an indoor farm, the environmental impact
influenced by the construction is relatively small compared to environmental impacts of
electricity consumed by the lighting for the photosynthesis (Graamans et al., 2018; Kikuchi
et al., 2018). Kikuchi (2018) assumes that the life cycle of plant factories and installed
devices is 15 years and hence the environmental impacts caused by the construction phase
are allocated along the production of the life cycle. LCA can be used for identifying the
points in the life cycle to be improved in order to achieve a better performance in terms of
environmental impacts (Kozai et al., 2016).
There are various frameworks for conducting LCA but the most commonly used and globally
accepted is ISO (International Organization of Standardization) standardized LCA
framework (Matthews et al., 2015). Standardization of the LCA procedure is essential to
make the results comparable, which is usually the case when using LCA as a supporting tool
for decision making (Matthews, et al., 2015). LCA is included in the ISO 14000
environmental management standards as two standards: 14040:2006 and 14044:2006, from
which 14040:2006 includes principles and a framework while 14044:2006 includes
requirements and guidelines on performing LCA. In the ISO 14040 (2006), LCA is defined
as a way to model the life cycle of a product as a product system, which performs one or
more defined functions. This procedure is supposed to be conducted in a certain order and
with the certain criteria to achieve comparable results. Figure 5 shows the framework of
LCA, which is discussed further in the following sections.
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Figure 5: The framework for Life Cycle Assessment (ISO 14040, 2006).

3.1

Goal and scope

Defining goal and scope is the first introductory phase in LCA procedure. Matthews et al.
(2015) define the goal as a short unambiguous statement which includes the intended
application, the reason for carrying out this study, the audience, and whether the results will
be used in comparative assertions released publicly. The scope is a more specific definition
of the product to be assessed and it discusses the conditions of the analysis including system
boundary, functional unit, impact categories to be evaluated and objective of LCA execution
(Matthews et al., 2015).
System boundaries are selected based on the aim of the assessment. According to Kozai
(2016) system boundary is the target scope of LCA where the unit processes to be evaluated
in the LCA are included. Matthews et al. (2018) discuss in the book Life Cycle Assessment:
Quantitative Approaches for Decision That Matters, about different views for a life cycle:
cradle-to-gate and cradle-to-grave. Cradle-to-gate considers only environmental impacts
associated with the product stages from raw material extraction to manufacturing leaving
out the stages after the gate of the factory. Cradle-to-grave covers the whole life cycle from
raw material extraction to disposal or recycling. Based on Hospido et al. (2009), the life
cycle view can also be cradle-to-RDC which limits the analysis between raw material
extraction and regional distribution center (RDC). This view takes into account the logistics
from manufacture to the regional distribution center.
Functional unit is the basic aspect to products to be compared in LCA, e.g. in food
production, 1 joule per produced kilogram of the food product or 1 liter of water per
produced kilogram of food product (ISO 14044, 2006). As shown in Figure 5, the goal and
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scope definition may be conducted with feedback information from other phases through
interpretation. Therefore, the phases can be conducted iteratively if necessary (Kozai 2016).

3.2

Life cycle inventory analysis (LCI)

Inventory analysis is a phase in which data requirements are determined and data is collected
according to the data requirements (ISO 14040, 2006). Based on Kozai (2016), one critical
aspect in the data quality requirements (DQR) is the selection between foreground and
background data. Foreground data is the data attributed to the target product while
background data can be extracted from averages (Kozai, 2016; Matthews et al., 2015). In
other words, foreground data is usually measured from a target process to get as accurate
values for the assessment as possible. Background data is usually extracted from literature
or database and it may be used when measured data is lacking or measured data is compared
to other values (Kozai 2016, Matthews et al. 2014).
Once the data is collected based on the DQR, it is related to the unit process by scaling the
data into a representation of the output of the unit process. The data should be also converted
into the functional unit which allows performing analyses properly (ISO, 2006).

3.3

Life cycle impact assessment (LCIA)

The impact assessment phase of LCA evaluates the significance of potential environmental
impacts, and similarly to the previous phases, also impact assessment is iterative as seen in
Figure 5 (ISO 14040, 2006). Therefore, it is possible to adjust the study parameters or
improve the data quality in order to achieve results which are relevant from the viewpoint of
the scope. In the impact assessment, the inventory data is associated with specific
environmental impact categories and impact models which outputs are informing the impacts
of each category (Kozai et al., 2016). The most commonly used impact categories are shown
in Table 3 which also includes the scale of the impact and some examples of inventory data
(The U.S. Environmental Protection Agency, 2006). LCIA models (Table 4) are chosen
based on the relevant impact categories for each study. Usually, studies are using multiple
models to achieve accurate results (Matthews et al., 2015; ISO 14040, 2006).
Impact assessments are conducted through dedicated LCIA models (Table 4) which are
encompassing multiple impact categories in order to figure out the impacts of some certain
life cycle comprehensively (ISO 14040, 2006; Matthews et al., 2015). According to
Matthews et al. (2015), many studies related to multiple impact categories are using multiple
LCIA models to increase the reliability and comprehensiveness of the study. Each impact
category is considered as midpoint impact or endpoint impact. Midpoint impact refers to the
impact occurring during the life cycle of some certain product and they are quantifiable
effects that can be linked to the original emissions but are not directly linked to the eventual
impacts in the chain (Matthews et al., 2015). Endpoint impact can be considered as damages
which arise from the end of the chain and they represent as inevitable effects of the chain
(Matthews et al., 2015). Endpoint impacts can be divided into three main categories: human
health ecosystems health, and resource depletion (Table 3). Matthews et al. (2015) discuss
global warming as an example which midpoint effects may be rising CO2 concentration in
the atmosphere and endpoint effect may be e.g. rising sea level or destructing coral reefs.
These effects are obviously related to ecosystem health.
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Table 3: Life cycle impact categories (The U.S. Environmental Protection Agency, 2006).
Impact Category

Mid-/Endpoint

Scale

Examples of LCI Data
Carbon Dioxide (CO2), Nitrous Oxide
(N2O) Methane (CH4),
Chlorofluorocarbons (CFCs)
Hydrochlorofluorocarbons (HCFCs),
Methyl Bromide (CH3Br)
Chlorofluorocarbons (CFCs),
Hydrochlorofluorocarbons (HCFCs),
Halons Methyl Bromide (CH3Br)
Sulfur Oxides (SOx), Nitrogen Oxides
(NOx) Hydrochloric Acid(HCl),
Hydrofluoric Acid (HF) Ammonia
(NH4)

Global Warming

Midpoint

Global

Ozone Depletion

Midpoint

Global

Acidification

Midpoint

Regional, Local

Eutrophication

Midpoint

Local

Phosphate (PO4), Nitrogen Oxide
(NO), Nitrogen Dioxide,(NO2),
Nitrates, Ammonia (NH4)

Ozone formation

Midpoint

Local

Non-methane hydrocarbon (NMHC)

Terrestrial Toxicity

Midpoint

Local

Toxic chemicals with a reported lethal
concentration to rodents

Aquatic Toxicity

Midpoint

Local

Toxic chemicals with a reported lethal
concentration to fish

Human Health

Endpoint

Global,
Regional, Local

Total releases to air, water, and soil.

Resource Depletion

Endpoint

Global,
Regional, Local

Quantity of minerals used, Quantity of
fossil fuels used, Water footprint

Land Use

Midpoint/
Endpoint

Global,
Regional, Local

Quantity disposed of in a landfill or
other land modifications
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CED

Water footprint

consumption
Land use

Resource

Human
toxicity

Ecotoxicity

eutrophication
Ozone formation

Eutrophication
Aquatic

Terrestrial

Acidification

Ozone
depletion

Model

Global warming

Table 4: The most commonly used models for Life Cycle Impact Assessment. Modified from Matthews et al.
(2015).
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CML2002

X

X

X

X

X

X

Eco-indicator 99

X

X

X

X

EDIP
2003/EDIP978

X

X

X

X

X

X

EPS 200

X

X

X

X

X

Impact 2002+

X

X

X

IPCC

X

LIME

X

X

X

LUCAS

X

X

MEEuP

X

ReCiPe

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

x

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Swiss Ecoscarcity

X

X

X

X

X

X

X

X

X

X

TRACI

X

X

X

X

X

X

X

X

X

X

X

X

X

X

USEtox
Hoekstra et al.
2012

X

X
X

X

X

In an LCA conducted based on ISO standards, the first step in the LCIA is the selection of
relevant impact categories, category indicators and characterization models (Figure 6) (ISO
14040, 2006; Matthews et al., 2015). For example, in a study assessing environmental
impacts of vertical farming, climate change, land use, and resource consumption are essential
impact categories to take into account. Therefore, appropriate characterization models would
be e.g. IPCC for climate change or ReCiPe for all the categories.
After determining the proper impact categories and characterization models, the data is
classified accord to the impact categories and organized accordingly to separate “piles”
(Figure 6) (Matthews et al., 2015; ISO 14040, 2006). For example, in the case of global
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warming, all the greenhouse gases are put into the same classification. Then after the
classification, classified inventory is characterized via characterizing factors (also called
equivalent factors) to create impact category indicators relevant to resources, ecosystems
and human health (Matthews et al., 2015). In the characterization, all classified flows for an
impact can be converted into a common unit for comparison. For example, in the case of
global warming, an appropriate characterization method would be IPCC 2013 which is
commonly used for calculating global warming potential (Matthews et al., 2015). In that
method, all the greenhouse gases are converted into CO2-equivalents based on their
effectivity as a greenhouse gas (IPCC, 2014).
After the characterization, the results are in commonly used comparable units so that they
are in a representative form for the interpretation (ISO 14040, 2006; Matthews et al., 2015).
As shown in Figure 6, the classified and characterized data can be also grouped or weighted
in case the data is not convenient to be analyzed due to e.g. relatively small differences in
the data. However, this is optional and not necessary if the data is representative after
classification and characterization (Matthews et al., 2015).

Figure 6: Procedure in Life Cycle Impact Assessment (ISO 14040, 2006).
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3.4

Interpretation

As shown in Figure 5, the procedure is conducted iteratively and each phase is continuously
reflected in the interpretation. Interpretation is the phase where inventory analysis and
impact assessment are assessed together on which the conclusions of the study are based on
(ISO 14040, 2006). Therefore, it is essential that the results represent the real process as
accurately as possible. In Figure 5, from the interpretation phase, there are two-directionarrows to each phase of the LCA procedure, which refers to the option to adjust the scope or
change the study factors in case the goal or the scope is not consistent with the results (ISO
14040).
According to Matthews et al. (2015), in the interpretation, it is crucial to take into account
not only the results of the inventory analysis and impact assessment but also other factors
such as limitations or impacts outside the life cycle which are influenced indirectly for
example if the certain process is scaled up significantly. For example, in the case of vertical
farming and renewable energy sources, the fluctuation of solar or wind power production is
worth consideration if the combination is scaled up significantly. On the other hand, potential
by-product flows can also be considered and discussed as a potential mitigator of resource
consumption in case of integration.

Figure 7: Interpretation procedure in Life Cycle Assessment (ISO 14044, 2006).
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As shown in Figure 7, Interpretation phase includes the identification of significant issues
and the evaluation of completeness, sensitivity, consistency and other uncertainties in the
inputs, which can effect on the results of the LCA. Beside considering uncertainties, the
results should be reflected to the goal and scope and evaluate the appropriateness of them
similarly as in other phases (ISO 14040, 2006).
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4 Comparative Life Cycle Assessment experiment for
vertical farming
4.1

Goal and scope

4.1.1 Goal
The goal of this study is to conduct a comparative LCA on vertical farming and conventional
horticulture, and figure out whether vertical farming could be a feasible technology for
growing crops primarily for human food or animal feed.
4.1.2 Scope
The objective of this LCA is to compare the energy and resource use of a VF and a
conventional greenhouse in different climate areas. Based on the background data gathered
from relevant studies, environmental impacts are assessed through multiple environmental
impact indicators, and in the end, the results are compared. The LCA procedure is conducted
through ISO standardized LCA including steps shown in Figure 5.
4.1.3 System boundary
The study is conducted with a cradle-to-gate approach, which takes into account only the
environmental impacts caused by the operation phase. This approach includes the production
of input energy and the use of water, fertilizers and CO2 during the operational phase (Figure
8). Impacts caused by construction and decommission are excluded due to a minor impact
compared to impacts of operation phase (Kikuchi et al., 2018). Impacts of logistics are highly
dependent on the type and distance of transportation. Primarily this LCA is assessing vertical
farming as an optional cultivation method for greenhouse cultivation. Due to the perspective
of a local level, the impacts of transportation are not included in the actual LCA but they are
discussed in Section 5.

Figure 8: Activities included in the system under study and the definition of its boundaries.
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4.1.4 Functional unit
Due to the high energy intensity of vertical farming, plant factories have been applied mostly
fast-growing and highly profitable vegetable crops to compensate for the high energy costs
(Benke and Tomkins, 2017). In the literature and studies discussing vertical farming, the
most common crops cultivated are leafy greens and herbs (Kozai et al., 2015; Graamans et
al., 2018; Kikuchi et al., 2018). For assessing the resource use efficiency and consumption,
this study is applying data which is based on studies of Kozai (2013), Graamans et al. (2018)
and Kikuchi et al. (2018). These studies are all analyzing the resource efficiency of vertical
farming with a functional unit of 1kg of dry or fresh lettuce. More information about these
studies is in Section 4.2. For this study, the functional unit is 1kg of dry lettuce.
4.1.5 Indicators
This study is assessing the environmental impacts of vertical farming from the perspective
of greenhouse gas emissions (GHG), water use, fertilizers use and land use. Life cycle GHG
(LC-GHG) emissions are determined with a commonly used IPCC impact model developed
by Intergovernmental Panel on Climate Change (IPCC). The measure of the impact in IPCC
impact model is Global Warming Potential (GWP) which is a relative measure of how much
heat a greenhouse gas traps in the atmosphere. It is calculated over a specific time interval
and it is measured as CO2-equivalents.
Water use and consumption are assessed with Water footprint (WFP) impact model based
on the method of Hoekstra et al. (2011). Since this study is performed with a cradle-to-gate
approach, also WFP is determined for only the cultivation process and therefore the water
used for constructing the facility and the water used during and after the transportation are
excluded. In this study, WFP is resulting the consumption of blue water required for the
cultivation of the functional unit. Blue water refers to the water sourced from surface of
groundwater resources (Water Footprint Network, 2018).
Fertilization and land use are assessed as resource requirements per functional unit. These
indicators are determined without any certain impact indicator since the data found from the
literature is already comparable.

4.2 Life cycle inventory analysis
Due to the limited amount of data available, the data used in this study is background data
gathered from scientific studies using foreground data and discussing the performance and
efficiency of vertical farming. This study combines the background data related to energy
consumption with the data of life cycle GHG emissions for different sources of energy
provided by IPCC (2014) (Table S1). The resulting GWPs of different lettuce production
technologies are then compared among the resource use efficiencies provided by the
background data, and the relevance of each impact is assessed.
This LCA study uses data from Kozai (2013) and Kikuchi et al. (2018) which are both
discussing resource use efficiency of a vertical farming system. Beside these references, this
study uses data from Graamans et al. (2018) which also discusses resource use efficiency
but which is based on farm models. The models are KASPRO for greenhouses and
DesignBuilder for VFs and they are used for simulating the systems in three different
locations: Sweden, the Netherlands and the United Arab Emirates. All the resource data
presented on the following tables are converted to being coherent in terms of dry matter
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content of lettuce. In this study, dry matter content of lettuce is defined to be 5% which is an
average taken from the literature (Graamans et al., 2018; Kozai et al., 2016).
Table 5: Use of water, CO2, fertilizers, and land in vertical farming. The unit is the functional unit (kgresource/kg-dry lettuce) except for Land use for which the unit is kg-fresh lettuce/m2 × year.

Unit
Water
CO2
Fertilizers

Land use

Blue water
CO2
N
P2O5
K2O
Yield

Vertical farm
Graamans et al. (2018)
Kikuchi et al. (2018)

kg/kg
kg/kg
kg/kg
kg/kg
kg/kg
kg/m2 × year

N/A

20
2

6.5
0.11
0.050
0.18
200

N/A
N/A
N/A

429

According to Graamans et al. (2018), in VFs, the use of water, CO2, fertilizers and land are
not dependent on the location and therefore these resource consumptions are assumed to be
the same for all three locations: Sweden, the Netherlands and the United Arab Emirates.
Table 5 shows two data sets of resource uses of VFs. Blue water is fresh water taken from a
water supply network. The consumptions of carbon dioxide and fertilizers (N, P2O5, K2O)
are presented in the functional unit (kg-resource/kg-dry lettuce) whereas the unit of Land
use is kg-fresh lettuce/m2×year to be more easily comparable.
Table 6: Use of water, CO2, fertilizers, and land in greenhouses. The unit is the functional unit (kg/kg-dry
lettuce) except for land use for which the unit is kg-fresh lettuce/m2 × year.

Graamans et al. (2018)

Unit

SWE

Greenhouse
NLD
UAE

Water
CO2
Land use

kg/kg
kg/kg
kg/m2 × year

200
17.5
29

280
26
31

Blue water
CO2
Yield

Kikuchi et al. (2018)
Fertilizers
N
P2O5
K2O

28
6
59

JPN
0.24
0.20
0.22

kg/kg
kg/kg
kg/kg

Based on the study of Kikuchi et al. (2018), electricity consumption depends on the
location of the VF due to the requirement of cooling. Table 7 shows the data sets of energy
consumption for VF and greenhouses (except for Japan) located in four locations: Japan
(JPN), Sweden (Sweden), the Netherlands (NDL) and the United Arab Emirates (UAE).
For VF, there are three data sets with different efficiencies of the conversion of electricity
to PAR radiation (LED efficiency) for each location: 25%, 29% and 52% for Japan and
52%, 59% and 100% for the others. Energy uses of greenhouses and VFs are divided into
three categories: electricity use for lighting, electricity for others and energy use for
heating. According to Kozai (2013), Graamans et al. (2018) and Kikuchi et al. (2018),
electricity use for lighting is clearly the major energy consumer in VFs and thus it is
21

separated as its own category. Other processes requiring electricity such as cooling,
ventilation, dehumidification, and pumping are categorized into Electricity use for others.
Year-round greenhouse cultivation in Sweden and Netherlands requires heating for keeping
the climate feasible inside a greenhouse. Greenhouses SWE and NLD are equipped with a
gas heater using natural gas. In Table 7, the required heating energy is classified as Energy
use for heating and the conversion of natural gas to kWh is based on Graamans et al. (2018)
(Table S2, Table S3).
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Table 7: Energy consumption of vertical farms and greenhouses. Vertical farms are named according to the
conversion efficiency of electricity to PAR radiation. JPN, SWE, NLD, and UAE refers to Japan, Sweden,
Netherlands and the United Arab Emirates respectively. Within greenhouses, SWE is equipped with
supplementary lighting due to the limited natural light during winter. PAR output refers to electricity to PAR
conversion ratio. The unit is the functional unit (kWh/kg-dry lettuce).
Unit

Location

Kikuchi et al. (2018)

LED
efficiency
(%)

Electricity
use for
lighting

Electricity
use for
others

Energy
use for
heating

Total
energy
use

kWh/kg

JPN

25

606

164

N/A

770

kWh/kg

JPN

29

529

143

N/A

673

kWh/kg

JPN

52

291

79

N/A

370

kWh/kg

SWE

52

312

24

N/A

336

kWh/kg

NLD

52

309

34

N/A

343

kWh/kg

UAE

52

315

63

N/A

378

kWh/kg

SWE

59

273

21

N/A

294

kWh/kg

NLD

59

270

30

N/A

300

kWh/kg

UAE

59

276

55

N/A

331

kWh/kg

SWE

100

172

13

N/A

185

kWh/kg

NLD

100

170

19

N/A

189

kWh/kg

UAE

100

173

35

N/A

208

Greenhouse SWE

kWh/kg

SWE

N/A

N/A

N/A

209

209

Greenhouse NDL

kWh/kg

NLD

N/A

N/A

10

60

70

Greenhouse UAE

kWh/kg

UAE

N/A

N/A

111

N/A

111

Vertical farm JPN

Graamans et al. (2018)

Vertical farm 52

Vertical farm 59

Vertical farm 100
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4.3 Life cycle impact assessment
4.3.1 Global warming potential
Figures 9, 10, 11 and 12 show the life cycle greenhouse gas (LC-GHG) emissions emitted
by VFs and greenhouses with different LED efficiencies, energy sources, and different
locations. All the figures show the huge difference of GHG emissions between coal and
natural gas, and the other sources: a VF supplied with coal energy has about 80 times higher
GHG emissions compared to a VF supplied with wind or nuclear power which have the
lowest GHG emissions during their life cycle. From this perspective, the greenhouses in
Sweden and Netherlands are exceptional since heating is causing the major part of their GHG
emissions and the model, the figures are based on, does not provide alternatives for gas
heaters. Therefore, between the greenhouse in Sweden and the greenhouse in the
Netherlands, the differences of GHG emissions among the energy sources are small.
Beside impact of the energy source, LC-GHG emissions of VFs seem to depend also on
artificial illumination and its efficiency (Figure 13). In Sweden and the Netherlands, VFs 52
using coal energy are causing GHG emissions of about 280 of the functional unit (FU). In
the United Arab Emirates, the number is slightly higher 310 FU due to the higher cooling
requirement. The GHG emissions of VF 52 in Chiba University, Japan is 303 FU. In Chiba
University, as the light efficiency is decreased to 25%, the GHG emissions for a VF using
coal power are increased up to 631 FU which is 108% higher than the emissions for a system
with a light efficiency of 52%. The GHG emissions are scaling down as the energy source
is some of the other sources. If assumed that the electricity used for vertical farming is for
example wind energy or nuclear power, the GHG emissions from VF 52 is 4 FU regardless
of the location.
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Figure 9: Comparison of global warming potential of lettuce production in Sweden with different sources of
energy. The figures are calculated based on the energy consumption defined by Graamans et al. (2018) and life
cycle GHG emissions for the sources of energy defined by IPCC (2014).
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Figure 10 Comparison of global warming potential of lettuce production in the Netherlands with different
sources of energy. The figures are calculated based on the energy consumption defined by Graamans et al.
(2018) and life cycle GHG emissions for the sources of energy defined by IPCC (2014).
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Figure 11 Comparison of global warming potential of lettuce production in the United Arab Emirates with
different sources of energy. The figures are calculated based on the energy consumption defined by Graamans
et al. (2018) and life cycle GHG emissions for the sources of energy defined by IPCC (2014).
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Figure 12 Comparison of global warming potential of lettuce production in Japan with different sources of
energy. The figures are calculated based on the energy consumption defined by Graamans et al. (2018) and life
cycle GHG emissions for the sources of energy defined by IPCC (2014).

Compared to greenhouse cultivation with artificial lighting using coal power, VFs 52 have
244%, 739%, and 341% higher GHG emissions respectively for Sweden, the Netherlands
and the United Arab Emirates. However, if the energy source is assumed to be hydropower,
for example, the GHG emissions for VFs 52 would be 15%, 27% of the GHG emissions
emitted by the greenhouses Sweden and the Netherlands respectively. In the United Arab
Emirates, where the greenhouses are not cooled with natural gas, greenhouse cultivation
emits about one-third of the emissions of vertical farming. However, when comparing the
GHG emissions between the systems which are using either wind power, nuclear power,
hydropower or solar power, the differences between vertical farming and greenhouse
cultivation are relatively small.

Figure 13: Influence of light efficiency on Global Warming Potential of vertical farming. The curve is drawn
based on the figures in Table 7. (Graamans et al., 2018)
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4.3.2 Water footprint (WFP)

Figure 14: Water use of vertical farming and greenhouse cultivation in Sweden, the Netherlands and the United
Arab Emirates (Graamans et al., 2018; Kikuchi et al., 2018).

Based on the literature review (Section 2), the water use of vertical farming is not dependent
on the climate of the location unlike in greenhouse cultivation in which systems are not
closed and the water use and consumption are highly dependent on the rate of ventilation. In
most studies discussed, VFs are assumed as closed systems in terms of water use. Thus, the
water use efficiency is the theoretical maximum efficiency, 100%, in all the locations
discussed (Figure 14).
Regarding the water use of greenhouses, Figure 14 shows the dependency of the location
and water use for greenhouses: Greenhouses in Sweden and the Netherlands use fogging as
a cooling method instead of an air conditioner and the humidity level in the greenhouse is
managed with ventilation. The higher the temperature is in a greenhouse, the more fog is
used for cooling and the more humidity needs to be removed from the greenhouse. For the
greenhouse in the Netherlands, the water use efficiency is 7% and for the greenhouse in
Sweden, the efficiency is 12%. In the United Arab Emirates, the water use efficiency is
significantly higher due to the cooling managed with air conditioners. This reduces the
requirement of ventilation significantly and increases the water use efficiency up to 71%
which is relatively close to the theoretical maximum efficiency.
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4.3.3 Land use (LU)

Figure 15: Yield potential for a vertical farm, semi-closed greenhouse (UAE), conventional greenhouse (NLD
and SWE) and open field cultivation (Graamans et al., 2018; Kikuchi et al., 2018).

The drastic difference between greenhouse cultivation and vertical farming is the land use
efficiency (Figure 15). The VF with 6 layers to cultivate crops on yields more than seven
times more yield compared to the semi-closed greenhouse in the UAE and more than 12
times more yield compared to the conventional greenhouses in Sweden and the Netherlands.
According to Kikuchi et al. (2018), the yield capacity of open field cultivation is only 1.2 %
of the yield capacity of the VF.
4.3.4 Fertilizers use

Figure 16: The use of fertilizers in vertical farming and greenhouse cultivation. It is assumed that no
dependence exists in fertilizer use and location (Graamans et al., 2018; Kikuchi et al., 2018).

Figure 16 shows the differences in fertilizer use efficiency between vertical farming and
greenhouse cultivation. Either method is assumed not being dependent on the location based
on the reference studies. The most significant difference is in the use of phosphorus: The VF
uses one-fourth of that amount the greenhouse requires. In nitrogen, the difference between
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the systems is smaller: the VF uses about half of the amount the greenhouse requires and for
potassium the requirement of the VF is only slightly higher compared to the greenhouse.

Figure 17: The use of CO2 in vertical farming and greenhouse cultivation (Graamans et al., 2018; Kikuchi et
al., 2018).

Unlike the use of fertilizers, CO2 is a gas and therefore its use efficiency depends highly on
the rate of ventilation which varies within greenhouses depending on the location (Figure
17). Similarly, to the water use efficiency, the value for the greenhouses in Sweden and the
Netherlands is significantly higher (300% and 433% respectively) compared to the
greenhouse in the United Arab Emirates. The difference between the greenhouse in UAE
and VF is also relatively small.
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5 Discussion
5.1 Interpretation of the results
5.1.1 Global warming potential
In the assessment of GWP, the clearest observation is the huge influence of the energy
source: LC-GHG emissions of a coal-powered VF are about 70 times higher compared to a
VF using nuclear or wind power, about 35 times higher compared to a VF using hydropower
and about 17 times higher compared to a system using solar power. However, when
comparing the energy requirements of greenhouse cultivation and vertical farming with the
existing technology, it can be seen that greenhouse cultivation is less energy intensive even
within relatively harsh climate conditions with limited sunlight, extreme temperatures or
both.
The results presented VF systems with different performance efficiencies of lighting
systems. LED 52 represents the most efficient existing LED technology and the other options
are giving reference of a potential most likely achievable efficiency (59%) and the theoretical
maximum efficiency (100%) which is not achievable but give an absolute limit to theoretical
calculations. Regarding the GWP of VFs, the influence of the LED efficiency is obviously
smaller compared to the influence of changing the energy source from coal or gas to hydro,
nuclear, solar or wind power. However, from a global perspective coal power is still in 2017
the most crucial energy source in electricity production and gas is the third (International
Energy Agency, 2018). The global share of renewables is increasing but at the same time,
the global energy demand is increasing. The higher the energy demand is, the slower is the
movement toward renewables and the longer it takes to get rid of coal within the energy
sector. Therefore, it is essential to pay attention to total energy demand beside the direct
greenhouse gas emissions.
5.1.2 Water footprint
Based on the results, water use is highly influenced by the closeness of the system (Figure
14). The water use in UAE is only 9.7% of the water use in NLD while the water use of the
VF is 6.9% of the water use in NLD. In UAE, the water use is only slightly higher for the
GH than for the VF. When compared the GHG emissions (energy consumption) and the
water use of the GH and VF in UAE, can be concluded that the saving of water (-29%) is
relatively insignificant compared to the much higher energy consumption (+341%).
In the Netherlands and Sweden, the water use of GHs is drastically higher due to the higher
rate of transpiration and fogging compared to UAU. This may not be a problem in waterrich areas since it decreases or eliminates the requirement of air conditioning and
dehumidification. The impacts of water use can be assessed via LCIA for each location by
assessing and comparing the environmental impacts of the water use versus energy use.
From the countries of this study, UAE is suffering from water scarcity and therefore the
environmental impacts caused by the higher energy use are most likely less significant than
the impacts of higher water use. In the Netherlands and Sweden which are not suffering from
water scarcity, most likely it is the other way around.
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5.1.3 Land use
The results show clearly the main advantage of vertical farming: the yield potential in a VF
with six layers is almost tenfold compared to a semi-closed greenhouse (UAE), over tenfold
compared to a conventional greenhouse and 86-fold compared to open field cultivation. The
yield potential increases as the layers are added to the system. Land use efficiency becomes
relevant especially when the property costs are high such as in cities. Building them
extremely high is the core idea in urban food factories (Despommier, 2009). Beside
achieving an extreme land use efficiency, large windows are passing solar light to the system
which decreases the requirement of artificial lighting.
Applying vertical farming can potentially free land area for other purposes such as growing
trees which is a carbon sink. This is an aspect not taken into account in the determination of
GWP due to the uncertainties regarding on these practices and their influences in a long
term. Moreover, another influence in a long-term, is the growth of population. With the
current food production practices and diet, more land is required to feed the growing
population and vertical farming is considered as an option to increase the yields per area.
However, based on the current expertise, vertical farming does provide a method to grow
mostly low-calorie vegetables and herbs which significance in possible food crisis can be
questioned.
5.1.4 Fertilizers and CO2 use
The fertilizers use seems to be different for each fertilizer in vertical farming but in
greenhouse cultivation, the differences are much smaller. The biggest difference between
GH and VF is in the use of phosphate which is for VF only 25% that of the use for GH. In
nitrogen, the same ratio is around 50% and for potassium, the figures are relatively close to
each other. According to Malingreau et al. (2012), the biggest concerns regarding on the
global nitrogen, phosphorus and potassium resources are related to the sufficiency of
phosphate rock reserves and in this sense, VF is more resource efficient system. Potassium
is also a mineral and thus a finite resource but it is not as scarce as phosphorus. Nitrogen is
extracted from the atmosphere with an energy-intensive Haber-Bosch process, so it is mostly
linked to the availability of energy.
Vertical farming and greenhouse cultivation have significant advantages compared to open
land cultivation in terms of fertilizers use. While VF and GH are relatively closed systems
at least, in open land cultivation part of the fertilizers may end up to surface water bodies in
storm waters which causes eutrophication.
As mentioned in the results, the use of CO2 seems to be highly dependent on the ventilation.
Among the GHs, the CO2 requirement and consumption include some uncertainties related
to the CO2 supply system. The GHs in Sweden and the Netherlands use gas heating systems
which supply warm CO2-enriched exhaust gas to the greenhouses. This CO2 supply can be
considered as a by-product of the heating system and the environmental impact is therefore
mitigated. However, as seen from the CO2 consumptions, GHs in Sweden and the
Netherlands are using much more the resource compared to the GH in UAE or VFs.
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5.2

Uncertainties of the results

The LCIA is performed by using datasets from two scientific studies [Graamans et al. (2018)
and Kikuchi et al. (2018)] which are representing the most comprehensive data generated
from the resource use efficiency of vertical farming based on the literature review. The study
of Kikuchi et al. (2018) is based on the foreground data measured from the vertical farming
laboratory at Chiba University while the study of Graamans et al. (2018) is based on the
results of GH and VF models. Literature from Kozai (2013) and Kozai et al. (2016) has been
used to support the reliability of the used data. However, even though these two studies
represent the highest quality data available from the resource use efficiency of vertical
farming, the amount of data used for this study is relatively small. Therefore, uncertainties
related to the accuracy of the data need to be considered when interpreting the results.
All the resource efficiencies assessed in this study were not available both in Graamans et
al. (2018) and Kikuchi et al. (2018). For example, in the water use, the results of Kikuchi et
al. (2018) seemed to be so far above the theoretical value that this value was excluded from
this study and only the theoretical value was used. However, this may also represent the
uncertainties related to the difference between the parameters in theory and practice.
Regarding the use of fertilizers, only Kikuchi et al. (2018) had assessed the use of fertilizers
and the lack of other data increases the uncertainty of the results in fertilizer use in this study.
Since VF is a closed system, seasonal changes of climate are not taken into account.
However, GHs, in this study especially those in the Netherlands and Sweden are fairly far
from a closed system and thus their resources use efficiencies are strongly dependent on the
seasons. According to Hospido et al. (2009), the GWP for a lettuce grown in a GH is from
six to fifteen times higher from January to April compared to May to June. On the other
hand, the GWP of transportation by ferry or lorry is relatively low compared to the influence
of heating of a greenhouse. Therefore, it would make sense to conduct a comparison between
VF and GH for each season separately, not with annual averages.

5.3

The way forward

As mentioned in Section 5.2, still quite a little research is done on vertical farming and only
a part of the studies are discussing resource use efficiency of VF systems. One of the barriers
may be the limited number of commercial VFs which are willing to share their data with the
scientific community. The data related to the system efficiency may be considered as
confidential information which would give not only customers but also investors an easy
way to evaluate the system performances which again is valuable information in terms of
economic risk assessment. More practice-based research is required for assessing the
technological, social and economic feasibility of VFs further.
When considering the impacts of vertical farming and food production in general from a
larger perspective, linkages between environmental impacts and social aspects become
relevant beside environmental impacts. Along with the globalization of food market,
transporting food across continents has gotten normal, and for many locations such as
countries in high latitudes, exported products may be significantly a better option compared
to domestically grown products in terms of environmental impact (Hospido et al., 2009).
Despite the possibly higher environmental impact and consumer prize, many products such
as tomatoes and lettuce are cultivated domestically with governmental subventions. The
reasons for this are related to e.g. politics and economics where the motives are e.g. positive
economic impacts of employment, and higher rate of country’s self-sufficiency in food
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production, but the phenomena also basis on consumers’ images and associations regarding
domestic versus imported food: impacts of transportation are commonly overestimated by
consumers and local aspect is associated with environmental friendliness (Avetisyan et al.,
2014). Locally grown food is also considered as fresh and healthy, which makes it more
desirable from the viewpoint of a consumer. These aspects are influencing also on
consumers’ image of vertical farming. Intuitively local urban agriculture under energyefficient LED lights may seem as a modern and environmental-friendly technology to
produce fresh and healthy food. Whether that is true or not, depends highly on the variables
discussed in Section 4.3 among other things out of the scope of this study, and out of the
consideration of a typical consumer.
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6 Conclusion
This study discusses the concept of vertical farming from the viewpoint of LCA. The scope
is defined to the operational phase in order to focus on the most resource-intensive phase of
the process and to compare that phase to conventional methods. Vertical farming and
greenhouse cultivation were compared in a comparative LCA which included the impact
assessments for GWP, WFP, land use and the use of fertilizers and CO2 with respect to
diverse latitudes and climates. The outcome shows the huge influence of the energy source
to the GWP. Vertical farming is significantly more energy intensive due to the artificial
lighting while in the greenhouses in Sweden and the Netherlands heating causes the highest
greenhouse gas emissions. Water and CO2 use are highly dependent on the rate of fogging
and ventilation. Thus, water use in greenhouses in Sweden and the Netherlands was
drastically higher compared to the greenhouse in the United Arab Emirates and vertical
farms which were assumed as completely closed systems in terms of water use. In fertilizers
use, VF seems to be more efficient in phosphate and nitrogen while in potassium the
difference is small.
Extremely efficient land use is the advantage which marks vertical farming out of singlestory systems. The six-storey VF can achieve higher than a ten-fold efficiency in land use
compared to a conventional GH and a 100-fold efficiency compared to open field cultivation.
Some sources discuss even higher land use efficiencies for VF. However, the great efficiency
in land use is the reason for optimism and drawing utopia for vertical farming regardless of
the high energy consumption. As climate change is challenging open field cultivation areas
with extreme weather conditions, increasing droughts and floods, food production sector has
to react and reconsider the conventional food cultivation technology.
VF has been marketed and discussed as an appropriate technology especially for urban
agriculture where the production is close to the consumption and citizens are able to get fresh
food. Beside considering the environmental impacts, also social impacts such as consumers
preferences for local food and employment, take place in these scenarios as well as a
potentially positive impact on people’s well-being via being participated in a food supply
chain. These impacts may be difficult to take into account when assessing the net-impact but
they should be considered when assessing the net impact of vertical farming in an urban
environment.
All in all, cultivating under artificial lighting seems to be a relatively energy intensive
method to grow food crops, whether the system has a single or multiple storeys. In the
current, fossil-based energy system, high energy consumption leads to a high environmental
impact but in future scenarios of nearly carbon-neutral energy production the environmental
impact decreases significantly. Moreover, the development of LED lights and growing
systems will improve the energy efficiency of vertical farming which also decreases the
energy-related environmental impact. The most important advantage of vertical farming is
extremely high efficiency in land use. How far this and other advantages are able to
compensate the high energy intensity, should be further studied.
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Supplementary material
Table S1: Lifecycle emissions for selected supply technologies (IPCC, 2014).

Lifecycle emissions (g-CO2eq/kWh)

Options
Coal -PC
Gas - Combined Cycle
Biomass — cofiring
Biomass — dedicated
Geothermal
Hydropower
Nuclear
Concentrated Solar Power
Solar PV — rooftop
Solar PV — utility
Wind onshore
Wind offshore
CCS —Coal — Oxyfuel
CCS — Coal — PC
CCS — Coal — IGCC
CCS — Gas — Combined Cycle
Ocean

740 / 820 / 910
410 / 490 / 650
620 / 740 / 890
130 / 230 / 420iv
6,0 / 38 / 79
1.0 / 24 / 2200
3.7 / 12 / 110
8.8 / 27 / 63
26 / 41 / 60
18 / 48 / 180
7.0 / 11 / 56
8.0 / 12 / 35
100 / 160 / 200
190 / 220 / 250
170 / 200 / 230
94 / 170 / 340
5.6 / 17 / 28

Table S2: The energy potential of resources as used to determine system loads from KASPRO output
(Graamans et al. 2018).

Zone
heating
Gas use
Output (m3 s-1)
31700000
Factor (J m3)

Latent cooling
Condensed water
(kg s-1)

Sensible cooling
Evaporated
water (kg s-1)

2440000 J kg-1

1,67e-2 (J kg-1)

Electric
Electricity
(kWhe)

Solar
Total PAR
(umol s-1)
1 4,57 J umol-1

Table S3: Coefficients of performance for the conversion of system loads in electric systems (Graamans et al.
2018).

SWE
NLD
UAE

Heating
3.4
5
10

Dehumidification Sensible cooling
10
10
7.5
7.5
3.7
3.7

1

LED cooling
10
7.5
3.7

(LED electric)
1
1
1

