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Executive Summary

Indoor vertical farms (I\gris a novel conceptfaagriculture that consists of the most advadcand
promising technologies in recenitmes to produce food locallyVertical farming projectare gairing
ground around the world to meet the demand for food in densely populated urban areasnetileing

Q0; emissions from trucks that deliver fresh and nutritious vegetables, fruits and tedites on a daily
basis. Indoor vertical farmingroduction facilities enable the cultivation of food in isolated and almost
airtight environment, where plantgrowin horizontal (and vertical) layershile artificial light sources on
each shelf layer provide the optimal light for the plants' growth and development. The crop's growing
environment isautomated andconstantly monitored byadvanced hardware and softwarehile
necessary equipment such as air conditioners, fans for air circulation s@ply systemssoilless
cultivation techniques and systems for supplying nutrients prowiaeplants the optimal growth
condtions. In IVEsthe quality of the crops is ineased (with better taste, aroma, appearance, nutritional
value, durability and safety) while both the quality and quantity are completely independent of weather,
climate change and location. However, althoughsl¥én provide large energy savéi@nd maxirse
production by more than 100 times on a significantly smaller arealtifzation compared to conventional
agriculture, there arehallenged witthigh startup and operating costs for lighting.

Light is one of the most important factors for plant growtRatural outdoor sunlight spans a wide
spectrum; fromultra-violet UV) light to infrared light. Greenvavelengthis reflected and transmitted

from the plant leaves, while red and blweavelengthsare absobed more efficiently and utiledd in
photosynthess. Light acts as a signal to plants that causes them to develop in a certain way, such as
forming a larger leaf mass, a larger leaf area, developing longer stems or increasing floMemicgylight

is essential to raximise growth, manipulate color, oh®rten the growth period of plants from sowing to
harvest. In IVEghe plants are usually illuminated between 15 to 24 hours a day, soliegtdarperform
photosynthesis andnaximi® the quality and quantity of the crops. This entails high operatingscios

cover the lighting needs of indoor food production. At the same time, companies in Northern Europe can
benefit from flexible electricity consumption through the Nordpool collaboration around a common
electricity exchange. Denmark in particular, whisha leader in wind energy in terms of gross energy
production, produces sustainaband greerenergyfrom wind turbines.

Despite the great technological advancement, the transition to a more enrergydly and green
environment is crucial for \éHFirdly, this is due to the great effect light has on the quality and quantity

of food production, but also to the high electricity consumption associated with vertical farming. The
challenges in the operation of lighting technology are well documented, edpedn the field of
horticulture, i.a. in the form of studies of the effect of light on plant physiology and growthedisas
technoeconomic studies of e.g. capital and operating costs compared to other types of agricultural
installations that partially(or not) use artificial lighting. However, if I¥Ean be used to reduce GO
emissions in cities and food establishments, it is necessary to understand and examine their impact across
different system levels as well as assess, identify and suggest waysniote their sustainability and
efficiency. It should be mentioned that the speed of technological progress is constantly promoting the
development of the vertical farmingmarket; thus, V& have gone from being a pilot project or
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experimental models tehooting up all over the world with a constantly increasing market share that is

expected to amount t&7.3 billionin 2025 compared t&2.9 billionin 2020.

This research focuses the risks associatewith light operation in I\V&- For this purpose anitarnative
method with adailylight periodthat can be connected to a modern electricity grid is being investigated.
By usinga flexible lighting system, both sustainabilégd light efficiency are optimesl to improve the
plants' growth and developmentate and reduce the energy footprint of the farmgo investigate the
IVFs potential and the possibility of a flexible electricity consumption for lighting, this PhD dissertation
proposes three research questions. Based on peeiewed articles, these qeéons should examine
technological specifications in the field wdrtical farmingand identify the main bottlenecks in order to
develop and propse an optimiation method that can be used to improve sustainability and energy
efficiency in indoor agriculre while maintaining or even optimésthe growth rate of the plants. The
research questions are:

1 Research Question What are the benefits and challenges of indoor vertical farms?

1 Research Question 2dow can the risks associated withe duration ofartificial lighting for
indoor food productiorbe limited?

1 Research Question 3Vhat impact does the application of interrupted photoperiodic illumination
have on theenergyfootprint and growth of plants grown in an indoor vertical farm in a Nordic
context?

To answer these research questions, nine research articles have been submitted, six of which are
described in this diss&tion. Research Question 1 contaitvgo articles with the titles: 1How energy
innovation in indoor vertical farming can improve dosecurity, sustainability, and food safetgd 2
Indoor Vertical Farming in the Urban Nexus Context: Business Growth and Resources FSzsdéagsh
Question 2 includes two published journal articlegOBjimisation of Photoperiod and Quality Assessment
of Basil Plants Grown in a Smattale Indoor Cultivation System for Reduction of Energy Deanalndi)
Basil Grown undemtermittent LightStress in a Smalicale Indoor Environment: Introducing Energy
Demand Reduction Intelligent Technologiemally,Research Qestion 3 includes two journal articles
entitled: 5) Minimising the energy footprint of indoor food production while maintaining a high growth
rate: Introducing disruptive cultivation protocasd 6)Reduction of Energy Costs in Indoor Farms for
Artificial Lighting byShifted Energy Demand Response.

The research questions and articles apply a research strategy with different methods to cover the
complexity of techneeconomic studies and agricultural studies. The interdisciplinary requirements to
combine agricultual science with economic analy$igve resulted in a holistic return for the benefit of
stakeholders in Ngand academia. At the same time, due to tmeiltidisciplinarynature of the project,

the results and recommendations are expectede used for risk management within Bif the Nordic
countries. Specifically, the results of this project, although focusing on the Danish electricity market, can
also be easily transferred to other countries that benefit from flexible energy consampticluding
Sweden, Finland, Norway, Germany, the Netherlands and many more. The results and insights from this
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research project are thereforenot only applicable to specific geographical areas, but also to other
technologies, e.g. batteries for energlgarging as well as renewable technologies for the spread ef IVF
Last but not least, this PhD dissertation aims to investitfagepotential for energy optimegion within

IVEs and the use of flexible electricity consumption (both in the Nordic counaresinternationally) as
well as map the development of lighting and its current distribution.

The first article(How Energy Innovation in Indoor Vertical Farming Can Improve Food Security,
Sustainability and Food Safefgfuses on Researchu€stion 16 \@hat are the benefits and cHahges of
indoor vertical farmk €by examininghe effectiveness of the utiliion of resources inertical farming
production facilities and compeng it with the efficiency of the utiligtion of resources in conventional
agiculture andgreenhousesThe study explores the methods, technologies and agricultural techniques
used for the massive production of food worldwidl' herefore, the article anakys the different resource
inputs that are important for crop growth and ddepment, as well athe food securitystatus for each

of the three farming typesin addition, the bottlenecks that exist across the supply chain in vertical food
production and inhibit the spread of I¥ society and among consumeaee identified Thestudy uses

a multitheoretical approach based on pemviewed publicabns, reports and book chapterfhus,
ensures a real basisomparison that provides a detailed description dietefficiency of resource
utilisation for eachfarming type As one of te most importantparameters the article also examines the
differentiation of the status of food security between the three types of agriculture, as well as what
actions can improve and affect food security. The result shows that Hsffe a significantlyhigher
efficiency in terms of water util&gion compared tagreenhousesnd conventional agriculture, as water
consumption can be reduced by up to 95% by using cultivation techniques without the use of soil, e.g.
closed hydroponic and aeroponic systemshwibnstant water and nutrient supply that are recychatt
reused in close loops$naddition, the amount of fertilisrsin closed systems is greatly reduced; in fact by
up to 50%, as the nutrients are recycled at the growing area andlomiyecessary aount of fertiliser is
needed for the plants to grow. G@missions fall by 485% compared tgreenhousesnd conventional
agriculture. This is due to the high level of efficiency that can be achieved with the airtight systems, the
amount of CQreturned to the atmosphere, the increased air exchange and the difference in the CO
concentration in an indoor cultivation environment as opposed to an outdoor tWiEsdo not use
pesticides and chemicals #éhey are kept clean and free framsectsand other threats. It should also be
mentioned that the land usefficiencyin IVEShas been significantipaximigd (approx. 95%), at the same
time as the yield is significantly higher {88%) compared to the other two agricultural methods. Finally,
this article alsadentifies the risks of I\&as well astie efficiency of resource utision, as the energy
consumption associated with this type of agriculture is mainly due to the geszassityfor artificial light.

Since artificial light is the only light energythe cultivation chamber, it is necessary to use many LED
lamps to initiate photosynthesis so that plants deeep growing The results of this research show that

the energy consumption of I'gAs increased b¢0-300% compared t@reenhousesand conventioal

farms, respectively, whichse only supplementary lighting ant for food production With this article,

this dissertation provides a status on sustainability and efficiency in vertical agriculture, both in terms of
future prospects and the challengesgrowing food indoors in cities.
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The second articléndoor Vertical Farming in the Urban Nexus Context: Business Growth and Resources
Savingsgalso focuses on answering Researcteion 10 \@hat are thebenefits and challenges of indoor
vertical farm& €by examining and quantiiyg the operating and capital costs of K-¥ompared to
greenhouses in order to examirte profitability opportunities behind vertical farming investments
Considering that the spread of ISMB only in its infancy in Europiejs important to look at a data model

that can show whether this type of agriculture is economically advantageous and assess lighting as one of
the main challenges in indoor food production. Therefore, this article presents a financial framework to
invedigate an IVFcase studyand the business opportunities of vertical agriculture in Denmark under
different cash flow scenarios.

To this end, thetsidy uses data from a techreconomic model developed for a case study and compares
the economic valuesf a capital investment (CAPEX), resource flows and operating costs (OPEX) required
for food production in an indoor vertical farm and a greenhousgdrding CAPEX, the results of this case
study showed that the initial cost of I¥iE approxmately40% higher than for greenhouses, which is due

to the advanced technology requirements, various equipment as well as the several LED lights that must
be indalled in each growing layer. In addition, the model pointed out thas hASalmostthe same OPEX

as greenhouses due to the counterbalance achieved between artificial lighting, water consumption,
heating costs and rent. Still, light can be a significeantier to the spread of IN&in Europe, as it is not
immediately a profitable business. This multidimensional approach to making comparative studies of
different business models in agriculture is followed by the study of different cash flow scenarios. The
research results indicate that Denmadye to thegrowing urban areas, high demand for fresh fruit and
vegetables and (most importantly) the large production of renewable energy, can achieve better
economic gains with I\éfhan greenhouses. In other wosdlVF cash flow scenagshows that investors

can get their investment back within 3 to 6 years when the wholesale price of tlasils ¢ ®oc «k 13 0
price for organic products). Finally, the analysis shows thatdtifFaccounts for a low proption of food
produced, which is due to the high operating and capital costs of LED ligRtisgd on the conclusions

in this article, the present dissertation examines the lighting problem as well as the possibilities for a
flexible lighting, so that theoptimal photosythesis is achievedvhile utilisng the flexible electricity
market, ie. the hours when electricity prices are low and from which the Nordic and Baltic countries can
benefit.

The third article(Optimisation of Photoperiod and Quality Assessthof Basil Plants Grown in a Small
Scale Indoor Cultivation System for Reduction of Energy Demsatijnes Researchd@S A G A2y H 64l
G2 tAYAOLD GKS NR&ala Faaz20AF0SR gAGK GKS RdzNI GA2y 2
at how dfferent photoperiod affects the growth and development rate of basil plants. The aim is to
evaluate the effect of a ragted photoperiod on a lontight plant cultivar (Ocimum basilicum)which is

one of the most important and modtrequently cultivated sgcies in IV& The article is based on
experiments that took place in a small culture chamber in a chemistry lab at the Department of Business
Development and Technology (BTECH), Aarhus University. Primary data collection, statistical analysis, and
peer-reviewed literature have been used to explain the results of plants' response to their physiological
development as well as yield. First of all, the quantitative results showed that the basil plants grown during
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a threethour reduced photoperiod (P11D13L) gyrand developed more slowly than the plants grown
during a controlled treatment with Z6our continuous daylight (P8D161Beduced light energy affected

both the chlorophyll content of the pldas and their physiological indicesich as leaf and substrate
temperature as well as the harvested biomass, indicating that basil plants could not sufficiently stimulate
their photosynthetic activity and absordnd procesghe limited light energy. In contrast, a reduced
photoperiod of two hours, i.e. a photoperioditiv 14-hour continuous daylight (P10D14lshoweda
positive effect on plant growth and development rate compared to the control treatment with the 16
hour continuous daygiht (P8D16L), i.a. with a highlorophyll content and other physiological indicks.
addition, measurementsof plants' dry biomass between resgtively P8D16L and P10D14boweda

larger production volume, which, however, was not statistically significant. Therefore, this article not only
confirms the importance of light energy for ptagrowth and development; it also defines thiest part of

an energy optimiation strategy that could potentially make /fore sustainable, especially when it
comes to economies of scale. The third article demonstrated that although lighting podeassosiated

with IVF development, close monitoring and control of the environmental conditions in each growing
area can further reduce energy consumption. But instead of a reduced photoperiod that did not show a
visible difference in the growth and dewpiment rate of basil plantdarmerscould instead make use of

a more flexible lighting system with shorter light intervals thgttt turns off the light during hours of high
electricity prices and turmon theat the hours that electricity is cheapest

Therefore, the fourth article in this dissertatigiBasil Grown unddntermittent LightStress in a Small
Scale Indoor Environment: Introducing Energy Demand Reduction Intelligent Technidog®s=y on
Research Qestion20 a1 2 ¢ (2 f A Y Atéd wilhkhe duxalioa df artifitial |@glgigd Xor indoor
F22R LINE RutOnvédstgytes ¢how interrupted light intervals can affect the growth and
development rate of basil plants. Despite the immediate savings from) iMiich can be achieved (as
desaibed in the third article) by reducing the daily photoperiod of basil plants by two hours, it still requires
many hours of continuous light, which limits farmers' ability to take advantage dbtié&ourly rates on
electricity. This article introduces mew method that usesntermittent light intervals with short light
periods of 10 minutes duration followed by f@inute darkness. The total amount of daylight is still 14
hours, but the light supply is divided into a normal interval, so it is possible agenthe energy
consumption to times when the electricity is cheapest. This article is based on an experimental protocol
for data collection that took place in a small culture chamber in the chemistry lab at the Department of
Business Development and Teclogy (BTECH), Aarhus University in Herning. Primary data collection
followed by a statistical analysis for the purpose of gaining knowledge about the influence of plants during
different light treatments as well as peegviewed literaturewere used to exlain and analysthe results.

The quantitative results of the experiment showed a positive effect on the growth, development and
biomass production of basil plants for the plants that received the reduced iatedrupted light
treatment (110D14L) compardd the plants that received continuous daylight (C8D16L). Measurements
of the photosynthetic rate indicated that basil plants during the 110D14L treatment with short light
periods of 10 minutes duration compared to the C8D16L treatment began to showosiginess on the

19th day of the experiment (the plants were harvested on the 25th day of the experiment), which had an

Page9 of 248



e\ &7

NG

g <G
Tag pred

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

impact on the toal photosynthesis peral. Throughout the experiment, however, the plants showed no
significant differences during aght period of four hoursf the 110D14L treatment compared to the
control treatment, indicating that the leaf cells were able to absorb enough light energy for
photosynthesis without affecting thefinal production. The results of the plarf@sbility to regulate (open

and close) their stomata (slit openings), their chlorophyll content and various pigments on the plant leaves
showed no significant differences between the two treatments, indicating a stable transpiration rate and
a fine CQuptake in plantsleaves. Finally, measurements of biomass production, leaf ared dind y (i & Q
heightshoweda smdl but insignificant increase fdhe plants grown during a reduced aimdermittent
photoperiod, but with a lower electricitgonsumption of almost 1&Wh compaed to the C8D16L
treatment, which resulted in a saving in lighting powerpprox® /m?day. This article examines the
need to use new lighting systems in $\Wfat can make optimal use of the flexible electricity market, and
also introduces the system effects iafermittent light periods on plard development and growth and
develgs a new interdisciplinary approach to be invgated further.

The fifth article(Minimising the energy footprint of indoor food production while maintaining a high
growth rate: Introducing disruptive cultivation protoco)swersResearch Qestion 30 ahat impact

does the application of interrupted photoperiodic lighting have on the climate footprint and growth of
plants grow in an indoor vertical farth y | b 2 NJR Ab§) ex@niinyidi \BhEtlieK theégtowth and
development rate of basil plants is affect by a lightingluration with normal distributedintermittent

light intervals and a lightingduration with intermittent light that is based on a flexible electricity
consumption. The method was used in an experiment with three identical cudtivahamlers installed

Ay ®RXAREGF fFo2NIG2NE Fd GKS S5SLINIYSYyd 2F bl {dzNT |
Agricultural University of Athens, Greece. The article uses the same method as the fourth article, ie. the
control treatment with 16 hots of continuous daylight (C8D16L) and the treatment under nosel
intermittent light (1I10D14L). In addition, a third treatment with a reduced amdrmittent photoperiod

based on a flexible electricity consumption was added (110D14Ls). The expeviaend investigate
whether intermittent light intervals, which simulate the fluctuating electricity prices, have an impact on
the growth and development rate of basil plants. The article concludes that interrupted light based on a
flexible electricity congmption hada positve influence on the photosynthetic raté plants,as there was

no significant difference between the twiatermittent treatments and the control treatment when it
comesto the overall averagef photosynthetic rate We can therefore auclude that basil plantg in
regards with thdength of the intermediate dark periods over the course of a dpgoduced an equal
number of photochemical processes in the short time they were exposed to light. Chlorophyll pigments,
stomatal conductancegranspiration rate, and various physiological indices, measured daily in all three
treatments, showed that basil plants can grow sufficiently during the hours when the price of electricity
for lighting is lowesteven ifthey do not follow anormal distrituted intermittent pattern in hourly light
sequence Finally, NDVI indepostharvestmeasurementsand especially the amount of shoot biomass
showed a significant increasander the two discontinuedighting treatments. This indicates that basil
plants, een with a significantly lower energy requirement, can form more leaves, and thereby energy
savings obpprox.m y /dag. Thisarticle therefore, confirms the basic hypothesis that plants can grow
efficiently and in a sustainable way by continuously moniigthem and using a flexible lighting system
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with short light intervals, where energy consumption is adapted to the fluctuating electricity prices in the

market.

The sixth and final research artiql@eduction of Energy Costs in Indoor Farms for Artifigaking by
Shifted Energy Demand Resporiaehis dissertation answers ResearcheStion 30 a2 K G A YLJ O
the application of interrupted photoperiodic lighting have on the climate footprint and growth of plants
grown in an indoor vertical agricultSr Ay | b 2 NByldlecthg afl appliediskudies and results
from previous research in an advanced teckewonomic analysis (in Denmark), evaluatke economic
significance of the energy savings that follow from the above experimental res@dnisharticle presents

a flow chart based on a smadecision model, which was made to examine the growth stages of plants as
well as the market price of elettity, including the use of ooff artificial lighting in V& This model
focuses on the Danigimergy market and enabldarmersto decide whether it is important for plants to
receive light at a specific time of day. It is possibléransfer this energy optimé&ion model to other
countries, which also use flexible energy consumption and crebtdance between supply and demand,
so that users can take advantage of the power grid's opportunities in their production.

This article calculates the potential energy costs from a case study of an indoor vertical proglartion
using this energy optimmation model and compares them with a similar vertical farm where the plants get
light at night- with the cheap electricity. In this way, the model finds the cheapest and most effective way
to give the plants light, and by combining this knowledge with tlata collection and analysis of the
plants' physiology and phenologg,offeredan energybased system that can be used in$¥4f reducing
lighting costs (OPEX) while increasing production. A comparison of the results showe thadhusing

the energy optimisition model can reduce the monthly lighting costs by up to 22%, which corresponds to
a saving ofapprox.p ®c #montif. To examine the benefits and costs of an energy model with
intermittent light, this article describes nine cash flow scémmrbased on the Danish electricity grid
according to different schemes efjuity, loans, subsidies and wholesale price of basil plants. The study
of the scenarios indicates that the payback time when investing in most cases is reduced from 3 to 1 year
for most of the financial schemewith higher IRR and NPV valwesnpared to vertical farms that do not
use a flexible energy consumption. Thus, the model witbrmittent light in indoor agriculture allows
flexible adaptations in order to avoid unnecessary production, reduce productists and ultimately
promote sustainable urban environmentBhus, his article examines the systemic effects of introducing
IVFs as well as the application of a lighting system with a flexible electricity consumption, thereby
reflectingthe potentials fao the massdeploymentof vertical farms.

Similarly, another techneconomic research articiMass Deployment of Plant Factories as a Source of
Load Flexibility in the Grid under an Eneffgypd Nexus. A TechnoecononBesed Comparisoanswers
Research Qestion 3 by examining the importance bf+ @nasQ distribution usingéxible electricity
consumption under an Energifood nexus. The increasing urbaatisn in recent and coming years has

led to increased CLemissions and waste/curtaileginergy resouses that require further optimigtion,
especially in urban areas. With the knowledge that greater efficiency and sustainability will be achieved
by dividing energy systems into suhits, it will be possible to promote the growth and development of
small anl mediumsized indoor vertical farms, which could act as flexible units using discardadaited
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energy. Investments in renewable energy in Denmark and elsewhere in the world are under pressure as
a result of the restrictions and dowregulations thatare being introduced on an ongoing basis, Whic
entails a reduction of approximateB0% in wind turbines' expected operating time and a lower wholesale
price for electricity from wind turbines (more than 10% lower than the wholesale price on the Danish
electricity market). This article examines and proposes a crucial solution by looking at the possibilities for
the prevalenceof energyflexible [VFsn urban areas to support the electricity grid while producing local,
fresh and nutritious vegetable3hus this type of agriculture could be implemented as a hybrid system
solution that could reduce energy losses in big cities and suburbs. Various cash flow scenarios were
examined and showed that investors of such hybrid systems can get their investmentitidokivio 15

years depending on 1) the capacity of the wind farm, 2) the price of electoitéyed to IVFand 3) the

price of electricity offered to thenarket. The masdeploymentof IVF could saven citiesfrom all over

the worldmillions of tors of CQ while supporting the energy system, creating business opportunities for
vertical farmingoroducers, network operators, energy consultants and private producers of electricity by
working towards a new holistic approach

In conclusion, the three resezh questions in the current PhD dissertatihave been answered by using
gualitative and quantitative data collection methedhat ensures a high validity in the holistic and
interdisciplinary approach to the techmeronomic challenges regardingtificial lighting in indoor
agriculture Theproposed solutiomprimarily aims thecountries with modern energy networks, where the
price of electricity fluctuates from hour to hour, ie. in the Nordic countries and primarily in Denmark. This
dissertation examinethe influenceof interrupted photoperiodon basil plantand the impact of a load
shifted energy demand response on the energy efficiepoyductivity and profitability of IVFs. Finally,
the dissertationelaboratesand concludes with the proposal ofsmat-decisionoptimisationmodelfor
artificially-lighted farms where a specific light supply combined with monitoring of treps and
cultivation area is proposed wider diffusion oflVFsin society could possiblypromote andenhancethe
urbansustaindoility, decarbonisation and local food production.
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Danish Summary

Indendgars vertikalt landbrug eller sdkaidtloor vertical farns (IVF) er et nyt begreb inden for landbrug,

som anvender de mest avancerede og lovende teknologier i nyere tidgrbducere fagdevarer lokalt.
IVFprojekter vinder indpas rundt omkring i verden for at imgdekomme efterspgrgslen pa mad i
teetbefolkede byomrader og samtidig reducere @@ledningen fra lastbiler, der dagligt leverer friske og
naerende grgntsager, frugt okrydderurter til byerne. IVéproduktionsanlaeg muligger dyrkningen af
fgdevarer i et isoleret og naesten luftteet miljg, hvor planterne dyrkes i vandrette (og lodrette) lag, mens
kunstige lyskilder pa hvert hyldelag s@rger for det optimale lys til plantewaekst og udvikling.
Afgradernes veekstmiljg kontrolleres og overvages hele tiden af avanceret hardware og software, mens
ngdvendigt udstyr sasom klimaanleeg, ventilatorer til luftcirkulation, »-fo@yningsanleeg,
dyrkningsteknikker uden brug af jord samtlay til forsyning af neeringsstoffer giver planterne de
optimale veekstbetingelser. | indendgrs vertikale farme hgjnes kvaliteten af afgrgderne (med bedre smag,
aroma, udseende, neeringsveerdi, holdbarhed og sikkerhed) samtidig med at bade kvaliteten og
kvantiteten er helt uafthaengig af vejr, klimasendringer samt beliggenhed. Men selvakdKlgive store
energibesparelser og maksimere produktionen med mere end 100 gange pa et markant mindre
dyrkningsareal sammenlignet med konventionelt landbrug, sa er der g startomkostninger og
driftsudgifter til belysning forbundet med denne form for dyrkning.

Lys er en af de vigtigste faktorer for planters veekst. Naturligt udendgrs sollys spaender over et bredt
spektrum; fra UMys til infrargdt lys. Grant lys reflekis og transmitteres fra plantebladene, mens rgdt

og blat lys absorberes mere effektivt og nyttiggares i fotosyntesen. Lys fungerer som et signal til planterne,
der far dem til at udvikle sig pa en bestemt made, sdsom at danne en starre bladmasseesdilattareal,
udvikle leengere stilke eller gge blomstringen. Her er lys afggrende for at maksimere veekst, manipulere
med farve eller forkorte planters veekstperiode fra saning til hgst. | indendars vertikale farme belyses
planterne normalt mellem 15 til 24rher i dggnet, for at de kan lave fotosyntese samt for at maksimere

og optimere afgrgdernes kvalitet og kvantitet. Dette medfgrer hgje driftsomkostninger til deekning af
lysbehovet i indendgrs fadevareproduktion. Samtidig kan virksomheder i Nordeuropaordadsh
samarbejdet omkring en feelles elbgrs drage fordel af et fleksibelt elforbrug. Isser Danmark, som er
fgrende inden for vindenergi, hvad angar bruttoenergiproduktion, producerer beeredygtig og gren fra
vindmgller.

Sa trods de store teknologiske fremifker overgangen til et mere energivenligt og grent miljg af
afggrende betydning for I\éFDette skyldes for det farste den store effekt, lys har pa kvaliteten og
kvantiteten af fadevareproduktion, men ogsa det hgije elforbrug, der er forbundet medalertdndbrug.
Udfordringerne ved driften af belysningsteknologien er veldokumenteret, iszer inden for gartneriomradet,
bl.a. i form af undersggelser af lysets indvirkning pa planters fysiologi og veekst samt teknogkonomiske
undersggelser af f.eks. kapital driftsomkostninger sammenlignet med andre typer af landbrugsanleeg,
der delvist (eller slet ikke) anvender kunstig belysning. Men hvisK&fi-bruges til at reducere GO
udledningen i byer og fadevareanlaeg, er det ngdvendigt at forsta og undersggerdimieening pa tvaers

af forskellige systemniveauer samt vurdere, identificere og foresld mader til at fremme deres
baeredygtighed og effektivitet. Det skal naevnes, at hastigheden af de teknologiske fremskridt hele tiden
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fremmer udviklingen pa& I\émarkedet; sdledes er I\&gdet fra at veere et pilotprojekt eller
eksperimentelle modeller til at skyde op over hele verden med en konstant stigende markedsandel, der
forventes at belgbe sig til 7,3 mia. dollars i 2025 sammenlignet med 2,9 mia. dollars i 2020.

Indewveerende forskning fokuserer pa de risici, der er forbundet med driften af belysning. iTiV/Bette
formal undersgges en alternativ metode med en daglig lysperiode, der kan tilsluttes et moderne elnet.
Ved at anvende et fleksibelt belysningssystem optiesebade beeredygtighed og lyseffektivitet til
forbedring af planternes veekst og udviklingshastighed. For at undersggmidfitialet og muligheden

for et fleksibelt elforbrug til belysning, foreslar denne pkathandling tre forskningsspgrgsmal. Med
udgargspunkt i peereviewede artikler skal disse spagrgsmal undersgge teknologiske specifikationer inden
for IVs-omradet og identificere de vigtigste flaskehalse med henblik pa at udvikle og foresla en
optimeringsmetode, der kan anvendes til at forbedre baegijhed og energieffektivisering i indendars
landbrug samtidig med at opretholde eller endda optimere planternes udviklingshastighed.
Forskningsspgrgsmalene er:

1 Forskningsspgrgsmat Hvad er fordelene og udfordringerne valendgrs vertikalt landbrigy

1 Faskningsspgrgsmal:2Hvordan kan man begraense de risici, der er forbundet med varigheden
af kunstig belysning til indendgrs fagdevareproduktion?

1 Forskningsspgrgsmal : 3Hvilken indvirkning har anvendelsen af en afbrudt fotoperiodisk
belysning pa klimaaftrykit og veeksten af planter dyrket i et indendgars vertikalt landbrug i en
nordisk kontekst?

For at besvare disse forskningsspgrgsenaii forskningsartikleblevet indsendt, hvoraf seks af disse er
beskrevet i indeveerende afhandliffgprskningsspargsmal liadeholdt i to artikler med titlerne: 1jiow
energy innovation in indoor vertical farming can improve food security, sustainability, and foodagpfety
2) Indoor Vertical Farming in the Urban Nexus Context: Business Growth and Resources Savings
Forskningspgrgsmal 2 inkluderer to publicerede tidsskriftsartiklerOgfimisation of Photoperiod and
Quality Assessment of Basil Plants Grown in a Suale Indoor Cultivation System for Reduction of
Energy Demandg 4)Basil Grown undentermittent LightStress in a Sma$cale Indoor Environment:
Introducing Energy Demand Reduction Intelligent Technologieskningsspgrgsmal 3 omfatter to
tidsskriftartikler med titlerne: 5)Minimising the energy footprint of indoor food production while
maintaining a highgrowth rate: Introducing disruptive cultivation protocalg 6) Reduction of Energy
Costs in Indoor Farms for Artificial Lighting by Shifted Energy Demand Response.

Forskningsspgrgsmalene og artiklerne anvender en forskningsstrategi med forskellige nmétader
deekke kompleksiteten af teknogkonomiske studier og landbrugsstudier. De tveerfaglige krav til at
kombinere landbrugsteknisk videnskab med gkonomiske analyser har resulteret i et holistisk udbytte til
gavn for interessenter inden for 1¥6g den akadmiske verden. Samtidig forventes resultaterne og
anbefalingerne grundet projektets tveerfaglige karakter at kunne bruges til risikostyring indendod&/F
nordiske lande. Helt konkret sa vil resultaterne af dette projekt, selvom det fokuserer pa dskeda
elmarked, ogsa let kunne overfares til andre lande, der drager fordel af et fleksibelt energiforbrug,
herunder Sverige, Finland, Norge, Tyskland, Holland og mange flere. Resultaterne af og indsigterne fra
dette forskningsprojekt er derfor ikke kun andelige pa specifikke geografiske omrader, men ogsa pa
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andre teknologier, f.eks. batterier til energiladning samt vedvarende teknologier til udbredelsen af IVF.
Sidst men ikke mindst har denne phafhandling til formal undersagge potentialet for energiiopering

inden for IVF og anvendelsen af et fleksibelt elforbrug (bade i Norden og internationalt) samt kortleegge
udviklingen af belysning og den nuveerende udbredelse.

Den fagrste artikel How Energy Innovation in Indoor Vertical Farming can Improve Foudit$e
Sustainability and Food Saféty ¥ 2 { dza SNB NJ LI T Rvhdei fofdelyng dgaudiibdNdgerme i . ™
ved indendgrs vertikalt landbrdgévéd at undersgge effektiviteten i udnyttelsen af ressourcer i IVF
produktionsanleeg og sammenligne den mdtektiviteten i udnyttelsen af ressourcer i konventionelle
landbrug og gartnerier. Undersggelsen udforsker de metoder, teknologier og landbrugsteknikker, der
anvendes til den massive produktion af fgdevarer verden over. Derfor analyserer artiklen bade de
forskellige ressourceinput, der er vigtige for afgradernes veekst og udvikling, samt fadevaresikkerheden
for hver af de tre landbrug. Desuden identificeres de flaskehalse, der eksisterer pa tveers af
forsyningskeeden inden for vertikal fadevareproduktion, agn $i;emmer udbredelsen af ISiFsamfundet

og hos forbrugerne. Undersggelsen anvender en multiteoretisk tilgang baseret parepeawede
publikationer, rapporter og bogkapitler for dermed at sikre et reelt sammenligningsgrundlag, der giver en
detaljeret beskrivelse af effektiviteten i udnyttelsen af ressourcer for hver komponent. Som noget af det
vigtigste undersgger artiklen desuden differentieringen af status pa fadevaresikkerheden mellem de tre
landbrugstyper, samt hvilke handlinger der kan forbedre dginge fadevaresikkerheden. Resultatet
viser, at IVEhar en betydelig hgjere effektivitet med hensyn til udnyttelse af vand sammenlignet med
gartnerier og konventionelle landbrug, da vandforbruget kan reduceres med op til 95 % ved at anvende
dyrkningstekiikker uden brug af jord, f.eks. lukkede hydroponiske og aeroponiske systemer med konstant
vand og neeringstilfarsel, der genanvendes. Derudover reduceres maengden af kunstgadning i lukkede
systemer kraftigt; faktisk med op til 50 %, da nzeringsstoffernekeleires ved dyrkningsomradet og kun

den ngdvendige maengde gadning, der skal til, for at planterne kan gro, tilseettesdié@ningen falder

med 4075 % sammenlignet med gartnerier og konventionelle landbrug. Dette som falge af det hgje
effektivitetsniveal, der kan opnas med de luftteette systemer, maengden af, @ér returneres til
atmosfaeren, den ggede luftudveksling samt forskellen i>-Ki@centrationen i et indendgrs
dyrkningsmiljg i modseaetning til et udendars. Vertikale landbrug anvender ikke pesticideemikalier,

da de holdes rene og fri for insekter. Det skal desuden naevnes, at arealudnyttelsen i IVF er optimeret
markant (ca. 95 %), samtidig med at udbyttet er vaesentligt hgjere@%6%) i forhold til de andre to
landbrugsmetoder. Endelig identifirer denne artikel ogsa risiciene ved $\gamt effektiviteten i
udnyttelsen af ressourcer, da energiforbruget forbundet med denne landbrugstype hovedsageligt skyldes
det store behov for kunstigt lys. Da kunstigt lys er den eneste lysenergi i dyrkningskemer det
ngdvendigt at anvende mange LEper for at seette gang i fotosyntesen, sa planterne kan vokse og
gro. Resultaterne af denne forskning viser, at energiforbruget & Bfiger med op til 4800 %
sammenlignet med henholdsvis gartnerier og kentionelle landbrug, der anvender supplerende
belysning eller ikke producerer fadevarer. Med denne artikel giver indeveerende afhandling en status pa
beeredygtighed og effektivitet i vertikale landbrug, bade hvad angar fremtidsudsigterne og udfordringerne
ved dyrke fgdevarer indendgrs i byerne.
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Den anden artikellidoor Vertical Farming in the Urban Nexus Context: Business Growth and Resources
Saving} fokuserer ogsa pa at besvare forskningsspgrgsmeiiiagl er fordelene og udfordringerne ved
indendgrs vaikalt landbrugk ¢ 0 @SR | (i  dzy RS N& DAgKapa®mkps@ingérineivedh O S NB
IF\& sammenlignet med drivhuse for derved at undersgge, om det er rentabelt at investers N&F

man tager i betragtning, at IMFlbredelsen kun er i sin spaede lyegelse i Europa, er det vigtigt at se pa

en datamodel, der kan vise, om denne type landbrug er gkonomisk fordelagtigt samt vurdere belysning
som en af de vaesentligste udfordringer ved indendgrs fgdevareproduktion. Derfor preesenterer denne
artikel en gkonmisk ramme, der skal undersgge et4¥Bjekt og forretningsmulighederne ved vertikalt

landbrug i Danmark under forskellige cash flseenarier.

Til dette formal anvender undersggelsen data fra en teknogkonomisk model, der blev udviklet til en case
study, og sammenligner de gkonomiske veerdier ved en kapitalinvestering (CAPEX), ressourcestrgmme
samt driftsudgifter (OPEX), der er ngdvendige for fadevareproduktion i en indendars vertikal farm og et
drivhus. Hvad angar CAPEX, viste resultatet af denne cabge stustartomkostningerne til IVF er ca. 40

% hgjere end for drivhuse, hvilket skyldes de avancerede teknologikrav, diverse materiel samt de adskillige
LEDlys, der skal installeres i hvert dyrkningslag. Derudover papegede modellen, at IVF stort st har d
samme OPEX som drivhuse som fglge af den modvaegt, der opnas mellem kunstig belysning, vandforbrug,
varmeudgifter og husleje. Alligevel kan lys veere en veesentligt barriere for udbredelses iaEivépa,

da det ikke umiddelbart er en overskudsforretginDenne flerdimensionelle tilgang til at lave
sammenlignende undersggelser af forskellige forretningsmodeller inden for landbrug efterfalges af
undersggelsen af forskellige cash flsaenarier. Forskningsresultaterne indikerer, at Danmark som fglge

af voksende byomrader, den hgje efterspargsel efter friske frugter og grentsager samt (og ogsa vigtigst)
den store produktion af vedvarende energi kan opna bedre gkonomiske gevinster med IVF end drivhuse.
Med andre ord viser et I\V€ash flowscenarie, at invester kan fa deres investering igen inden for 3 til 6
ANE YAN SYaNRPALINRASY LI o6F&aAfAldzy SNIJ B cZoc €k 3
analysen, at IVF stadig udger en lav andel af producerede fgdevarer, hvilket skyldes de hgjgdrifts
kapitalomkostninger, der er ved L#Blysning. P& baggrund af konklusionen i artiklen undersager
indeveerende afhandling belysningsproblematikken samt mulighederne for en fleksibel belysning, sa den
optimale fotosyntese opnas, samtidig med at man uderytlet fleksible elmarked, dvs. de timer, hvor
elprisen er lav, og som de nordiske og baltiske lande kan drage fordel af.

Den tredje artikel @Qptimisation of Photoperiod and Quality Assessment of Basil Plants Grown in a Small

Scale Indoor Cultivation Sgm for Reduction of Energy Demand) undersgger forskningsspgrgsmal 2

661 @2NRIEY 1Ly Yy 06SaNhngyasS RS NARAAOAZ RSNJI SN F2NDc
FTDRS O NBLINRPRdZl GA2YKED OSR G &S5 LiikmpagterN®Rksydg F2 NA |
udviklingshastighed. Malet er at evaluere pa effekten af en reduceret fotoperiode pa en langdagsplante
(Ocimum basilicum), som er en af de vigtigste og mest dyrkede arter inden for IVF. Artiklen tager
udgangspunkt i forsgg, der fandsted i et lille dyrkningskammer i kemilab pa Institut for
Forretningsudvikling og Teknologi (BTECH), Aarhus Universitet. Primeer dataindsamling, statistisk analyse

0g peerreviewet litteratur er blevet anvendt til at forklare resultaterne af planternegpoes i forhold til

deres fysiologiske udvikling samt udbytte. De kvantitative resultater viste fgrst og fremmest, at de
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basilikumplanter, der blev dyrket under en itieners reduceret fotoperiode (P11D13L), voksede og
udviklede sig langsommere end de plantder blev dyrket under en kontrolleret behandling med 16
timers kontinuerligt dagslys (P8D16L). En reduceret lysenergi pavirkede bade planternes klorofylindhold
og deres fysiologiske indeks sasom blad substrattemperatur samt den hgstede biomasseilkiv
indikerer, at basilikumplanterne ikke i tilstraekkelig grad kunne stimulere deres fotosyntetiske aktivitet og
optage den begraensede absorberede lysenergi. Derimod havde en reduceret fotoperiode pa to timer,
dvs. en fotoperiode med tdmers kontinuerigt dagslys (P10D14L), en positiv effekt pa planternes vaekst
og udviklingshastighed sammenlignet med kontrolbehandlingen med den&$s kontinuerligt dagslys
(P8D16L), bl.a. med et hgjere klorofylindhold og andre fysiologiske indeks. Derudover viste en
undersggelse af planternes tgrre biomasse mellem hhv. P8D16L og P10D14L en stagrre
produktionsvolumen, som dog ikke var statistisk signifikant. Derfor bekrsefter denne artikel ikke kun
vigtigheden af lysenergi for planters veekst og udvikling; den definersé afgn farste del af en
energioptimeringsstrategi, der potentielt kan ggre IVF mere baeredygtig, seerligt nar det kommer til
stordrift. Den tredje artikel paviste, at selvom belysning udger en risiko i forbindelse mediVikkng,

sa kan man med ngje ovemgning og kontrol af miljgforholdene i hvert dyrkningsomrade reducere
energiforbruget yderligere. Men i stedet for en reduceret fotoperiode, der ikke viste en synlig forskel i
basilikumplanternes veaekst og udviklingshastighed, kunne man i stedet gare foetignere fleksibelt
belysningssystem med kortere lysintervaller, der kunne give landmaend mulighed for at slukke lyset i
timerne med hgje elpriser og teende lyset pa de tidspunkter, hvor strammen er billigst.

Derfor fokuserer den fjerde artikel i indeveerendfhandling (Basil Grown undeetermittent LightStress

in a Sma#Scale Indoor Environment: Introducing Energy Demand Reduction Intelligent Technologies) pa
F2NBR]YAYIAALIDANBAYAE H 60é1 B2NRIEY 1Fy YIy aStgNhyas
oSteayiriy3a GAf AYyRSYRDANE FTDRSII NBLINPRdZl GA2YyKED 23
basilikumplanters vaekst og udviklingshastighed. Trods de umiddelbare besparelser yyesbtivfnan

(som beskrevet i den tredje artikel) kan opred at reducere basilikumplanters daglige fotoperiode med

to timer, sa kreever det stadig mange timers kontinuerligt lys, hvilket begraenser landmaends mulighed for

at udnytte de lave timepriser pa el. Denne artikel introducerer en ny metode, der anveroleid&f
lysintervaller med korte lysperioder a 10 minutters varighed efterfulgt afmbfutters marke. Den

samlede maengde dagslys er stadig 14 timer, men lystilfgrslen er opdelt i et normalt interval, sa der er
mulighed for at flytte energiforbruget til t&punkter, hvor strammen er billigst. Denne artikel tager
udgangspunkt i en eksperimentel protokol til dataindsamling, der fandt sted i et der fandt sted i et lille
dyrkningskammer i kemilab pa Institut for Forretningsudvikling og Teknologi (BTECH), Yivieusitet

i Herning. Primeer dataindsamling efterfulgt af en statistisk analyse med det formal at fa viden om planters
pavirkning under forskelle lysbehandlinger samt pemriewet litteratur blev anvendt til at forklare og
analysere resultaterne.

Forsggts kvantitative resultater viste en positiv effekt pa basilikumplanternes veekst, udvikling og
biomasseproduktion for de planter, der modtog den reducerede og afbrudte lysbehandling (110D14L)
sammenlignet med de planter, der fik kontinuerligt dagslys (68 Malinger af fotosyntesehastigheden
indikerede, at basilikumplanterne under 110Dig¢handlingen med korte lysperioder a 10 minutters
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varighed til sammenligning med C8D4sithandlingen begyndte at vise tegn pa stress pa den 19. dag af
forsgget (plantene blev hgstet den 25. dag af forsgget), hvilket havde indvirkning pad den samlede
fotosyntese pr. dggn. Under hele forsgget viste planterne imidlertid ingen signifikante forskelle under en
lysperiode pa fire timer med 110DI4ehandlingen sammenlignet mekbntrolbehandlingen, hvilket
indikerer, at bladcellerne var i stand til at absorbere nok lysenergi til fotosyntesen uden at pavirke deres
primeere produktion. Resultaterne af planternes evne til at regulere (abne og lukke) deres stomata
(spaltedbninger), des klorofylindhold samt forskellige pigmenter pa plantebladene viste ingen
betydelige forskelle mellem de to behandlinger, hvilket indikerer en stabil transpirationshastighed samt
en fin CQ@optagelse i planternes blade. Endelig viste malinger af biorpasdaktion, bladareal og
bladhgjde en lille, men ubetydelig stigning hos de planter, der blev dyrket under en reduceret og afbrudt
fotoperiode, men med et lavere elforbrug pa neesten 13 kW/h sammenlignet med C&héhdlingen,
hvilket resulterede ien bésk NSt &S LI & G NDX ({ Ndag. Debrie &ariikgl indésgdgent O @
derfor ngdvendigheden af at anvende nye belysningssystemersj téf kan udnytte det fleksible
elmarked optimalt, og introducerer desuden systemeffekterne af afbrudte lysperipde planters
udvikling og veekst samt udvikler en ny tveerfaglig tilgang, der skal undersgges naermere.

Den femte artikel Minimising the energy footprint of indoor food production while maintaining a high
growth rate: Introducing disruptive cultivation gozolsy 06 Sa @F NBNJ F2NAR]1 YAy 3aaLIDA
indvirkning har anvendelsen af en afbrudt fotoperiodisk belysning pa klimaaftrykket og vaeksten af planter
R&NJ SG A SG AYRSYRDANA OSNIA{FtG 1 yRONHA ksSy y2N
veekst og udviklingshastighed pavirkes af en belysningstid med afbrudt lys under normale forhold og en
belysningstid med afbrudt lys baseret pa et fleksibelt elforbrug. Metoden blev anvendt i et forsgg med tre
ARSYUAA1S ReNJ]YAYyIFEAANEANE Syia (Depboted.sidatulial o aiés R
Management & Agricultural Engineering, Agricultural University of Ath&hsekenland. Artiklen
anvender den samme metode som den fijerde artikel, dvs. kontrolbehandlingen med 16 timers
kontinuerlig dagslys (C8D16L) og behandlingen under normale forhold med afbrudt lys (110D14L).
Derudover blev en tredje behandling med en reduceret og afbrudt fotoperiode baseret pa et fleksibelt
elforbrug tilfgjet (110D14Ls). Forsgget skulle undersgge, om afbrysdietdrvaller, som simulerer de
svingende elpriser, har en indvirkning pa basilikumplanters veekst og udviklingshastighed. Artiklen
konkluderer, at afbrudt lys baseret pa et fleksibelt elforbrug har en positiv indflydelse pa planternes
fotoperiodiske hastiged, da der ikke er vaesentlig forskel pa de to afbrudte behandlinger og
kontrolbehandlingen, nar det kommer til lysintervallerne aribwutters varighed, hvilket dermed ikke

har nogen indvirkning pa den samlede middelveerdi. Vi kan derfor konkluderer siikbaplanterg

uanset leengden af de mellemliggende mgrkeperioder i Igbet af et dggroducerede lige mange
fotokemiske processer i den korte tid, de blev udsat for lys. Klorofylpigmenter, spaltedbninger,
transpirationshastighed og forskellige fysioklgi indekser, der blev malt dagligt i alle tre behandlinger,
viste, at basilikumplanter kan vokse og gro tilstraekkeligt i de timer, hvor prisen pa strgm til belysning er
lavest. Endelig viste NDVI indeks, maling efter hgst og iseer maengden af skudbiomdstgdelig
stigning under de to afbrudte behandlinger. Dette indikerer, at basilikumplanter selv med et betydeligt
lavere energibehov kan danne flere blade, og derved kan man opna energibesparelser pa kd22).

Denne artikel bekreefter saledes den grundlaeggende hypotese om, at planter kan vokse effektivt og pa en
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beeredygtig made ved kontinuerligt at overvage dem og anvende et fleksibelt belysningssystem med korte

lysintervaller, hvor energiforbruget tigssesle svingende elpriser pa markedet.

Den sjette og sidste forskningsartikRegduction of Energy Costs in Indoor Farms for Artificial Lighting by

Shifted Energy Demand RespanseA A Y RS@nNBYRS | FKI yRf Ay FHvikeS & O NB N
indvirkning har anvendelsen af en afbrudt fotoperiodisk belysning pa klimaaftrykket og veeksten af planter
dyrket i et indendgrs vertikalt landbrug i en nordisk kontekst? @SR G al Y S S | y@e
og resultater fra tidligere forskning i en avandeteknogkonomisk analyse (i Danmark) og evaluere den
gkonomiske betydning af de energibesparelser, der falger af ovenstaende eksperimentelle forskning.
Denne artikel preesenterer et flowdiagram med udgangspunktsreart-decisioamodel, som blev lavet

til at undersgge planters vaekststadier samt markedsprisen pa el, herunder anvendelsen af teendt/slukket
kunstig belysning i NéFDenne model fokuserer pa det danske energimarked og ger det muligt for
forbrugerne at afggre, om det er vigtigt for planter, atfde lys pa et bestemt tidspunkt pa dagen. Det er

muligt at overfare denne energioptimeringsmodel til andre lander, der ogsa anvender et fleksibelt
energiforbrug og skaber balance mellem udbud og efterspgrgsel, sa brugerne kan udnytte elnettets
muligheder ideres produktion.

Denne artikel beregner de potentielle energiomkostninger fra et case study af et indendgrs vertikalt
produktionsanleeg, der anvender denne energioptimeringsmodel, og sammenligner dem med et
tilsvarende vertikalt landbrug, hvor planterri@r lys om natteng med den billige stram. P& den made
finder modellen frem til den billigste og mest effektive made at give planterne lys, og ved at kombinere
denne viden med dataindsamlingen og analysen af planternes fysiologi og faenologi gives etdbud pa
energibaseret system, der kan bruges inden forsl#Fat reducere belysningsomkostninger (OPEX)
samtidig med at produktionen gges. En sammenligning af resultaterne viser, at undersggelsen, der
anvender energioptimeringsmodellen kan reducere de magedbelysningsudgifter med op til 22 %,
hvilket s\arer til en besparelse pa cac5. e?mdf. For at undersgge fordelene ved og udgifterne til en
energimodel med afbrudt lys beskriver denne artikel ni cash-foanarier, der med afseet i det danske
elnet tager udgangspunkt i egenkapital, 1an, tilskud og engrosprisen pa basilikumplanter. Undersggelsen
af scenarierne indikerer, at tilbagebetalingstiden ved investering i de fleste tilfaelde reduceres fra 3 til 1 ar
med hgjere IRRog NPWeerdier sammenlignet neevertikale landbrug, der ikke anvender et fleksibelt
energiforbrug. Dermed giver modellen med afbrudt lys i indendgrs landbrug mulighed for fleksible
tilpasninger med henblik pa at undga ungdvendig produktion, reducere produktionsomkostninger og i
sidsteende fremme bzeredygtige bymiljger. Denne artikel undersgger saledes systemeffekterne af at
introducere IVF samt anvendelsen af et belysningssystem med et fleksibelt elforbrug, hvorved
potentialerne for masseudbredelsen af vertikale landbrug belyses.

Ligelales besvarer en anden teknogkonomisk forskningsartiaké Deployment of Plant Factories as a
Source of Load Flexibility in the Grid under an EAeogygl NexusA Technoeconomid3ased Comparison
forskningsspargsmal 3 ved at undersgge betydningen afeuabredelse af I\$Fder anvender et
fleksibelt elforbrug, i et energizdevareneksus. Den stigende urbanisering i de seneste og kommende ar
har medfgrt en gget CGudledning og spild/begreensede energiressourcer, der kraever yderligere
optimering, seerligti byomrader. Med den viden, der foreligger om, at man vil kunne opna starre

Pagel9of 248



e\ &7

NG

g <G
Tag pred

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

effektivitet og beeredygtighed ved at opdele energisystemer i underenheder, vil man kunne fremme
veeksten og udviklingen af sma og mellemstore indendgrs vertikale landbrug, som fungere som
fleksible enheder, der anvender kasseret eller begraenset energi. Investeringer i vedvarende energi i
Danmark og andre steder i verden er under pres som fglge af de begraensninger og nedreguleringer, der
lzbende indfares, hvilket medferer endigktion pa ca. 30 % i vindmaellers forventede driftstid og en lavere
engrospris pa elektricitet fra vindmgller (mere end 10 % lavere end engrosprisen pa det danske elmarked).
Denne artikel undersgger og forslar en afgarende lgsning ved at se pa mulighéatendbredelsen af
energifleksible indendars vertikale landbrug i byomrader, der skal understatte elnettet, samtidig med at
de producerer lokale, friske og naerende grgntsager. Her kunne denne type landbrug implementeres som
en hybrid systemlgsning, der thme reducere energitab i storbyer og forsteeder. Forskellige cash flow
scenarier blev undersggt og viste, at investorer af sddanne hybride systenf@r deres investering igen

inden for 4 til 15 ar afhaengig af 1) vindmelleparkens kapacitet, 2) elprisBfFHpdarkedet og 3) elprisen

pa det frie marked. Masseudrulningen af IVF vil kunne spare byer rundt omkring i verden for millioner af
tons CQ parallelt med at stgtte energisystemet, samtidig med at det skaber forretningsmuligheder for
IVFproducenter, nebperatgrer, energikonsulenter og private producenter af el ved at arbejde hen imod
en ny holistisk tilgang.

Konkluderende er de tre forskningsspgrgsmal i indeveerende -pfhdndling blevet besvaret ved at
anvende en kvalitativ og kvantitativ dataindsamymetode, der sikrer en hgj validitet i den holistiske og
tveerfaglige tilgang til de teknogkonomiske udfordringer vedrgrende kunstig belysning, som IVF star
overfor. Lgsningen pa problematikken er primeert rettet lande med moderne energinet, hvor elprisen
svinger fra time til time, dvs. i de nordiske lande og primaert i Danmark. Indeveerende afhandling
undersgger derfor lysets pavirkning pa basilikumplanter ved brug af korte og afbrudte lysintervaller i
indendgrs fgdevareproduktion, hvilket giver en mere kfifie og baeredygtig belysningslgsning, der kan
medfare betydelige besparelser pa elregningen og optimere planternes salgbare udbytte ved hgst.
Afhandlingen uddybes og afsluttes med smart-decisioamodel til anvendelse af kunstig belysning i
indendgrs veiikale landbrug, hvor en specifik lysforsyning kombineret med overvagning af ptamte
dyrkningsarealet foreslas. Ved at udbrede d¥Bamfundet vil man kunne fremme, muliggare samt
effektivisere beeredygtighed, dekarbonisering og lokal fadevareproduktion.

Page20of 248



e \&
ZNS
Q&’TAS s
AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

Page21of 248



e \&
ZNS
6&’:’.45 s
AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

Contents
ACKNOWIEAGEIMENTS. ...ttt e e e e e e e e e e e e e e s e e e e e e e e e s rnnneeeeeaanns 3
EXECULIVE SUMIMIALY... et i ittt e e e e e e et e et e aaeeeaaaaaeeaeaaaaaeasssaasaaasaaaaaasnnssnsensesnesssnnsnnnnnes 5
D= T a1 A IS 1.0 4= 1Y/ U 13
(O] 11T 3PP PPTPPRR 22
LIST Of FIQUIES. ..ttt e et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e nnnee s 25
LISt Of TADIES ...ceeeeeie et e e e e e e e e e e e e e e e e rr e e e e e e 29
LISt OF EQUATIONS. .....eeeeee ettt e e e e s e e e e e e s e e e e e e e e e b e e e e e e e e nnnnnees 31
LISt Of ADDIEVIALIONS ... e 32
O g1 (0T [0 Tox 1T o OO P PP PP PUPPPP PP 34
1.1, DISSErtatiON SIIUCIUIE. .....cciiiiiiiiiiiit ettt e et e e e eeanreee s 34
i |V 0] 1}V L1 [ o PP P PP PP PPPPRPPPPPR 37
1.3. RESEAICH QUESTIONS .. uuiiiiiiiiiiiii ettt ettt e e e e e e e e e e e e eaaeaaaaaeeens a4
R S (Y =3 i T To (o] (0T | PP PP P PP PPPPPR 46
1.4.1. ReSearch PhilOSOPRY.........uuiiiiiiiiiiiiiiceeeieeee e 46
1.4.2. Mixed Methods Design: A Requirement for TeeBomomic Studies............cccccccvvvvnnnns 47
I 2 oYY T T (o DT T | o 50
1.5. Contribution @nd NOVEILY..........uuuiiiieiiiiiiiee e re e e e e 54
1.6, RETEIEINCES. ... . ettt e e e ettt e e e e s e e e e e e e e e b e e e e e e e e nbbrreeeeeeaan 55
2. What are the benefits and challenges of indoor vertical farms2.........ccccccvvivivi, 59

2.1. How energy Innovation in Indoor Vedlid-arming can Improve Food Security, Sustainability and

FOOO SATBTY ..ttt e st e e e e e e e e e e e e e e s 59
FZ2 0 R [ 11 {0 To 1§ [ox 10 o FU PP PO PP PPPPTPPPRPY 60
2.1.2. Comparison in resources inpuidesustainability between different farming types......... 62
2.1.3. Comparison in food safety issues between different farming types.......cccccvveeeeeenl 87
2.1.4.Customer opinion on indoor vertical farms........ ..o 94
2.1.5. CONCIUSIONS ...ttt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e nnnnes 96
2.1.6. RETEIBINCES. ...coi i ittt e e e e e e et e e e e e et b e e e e e e e e 99

2.2. Indoor Vertical Farming in the Urban Nexus Context: Business Growth and Resources1Savings
20 N 1 11 0o [T 4o o 1 105
2.2.2. Materials and MEthOUS. ........cooiiiiiieii e 109

Page22 of 248



e \&
ZNS
6&’:’.45 s
AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

2.2.3. Basic Assumptions and ReSoUrce ANALYSIS..........cocuurririerriiiiiiiieeee e 109
2.2.4. Cash Flow Analysis: Scenarios PropoSed..........ccocceciuvrriiiiiiinriiirieeeereeeeseeeaeeaeaaaeens 117
2.2.5. RESUILS ...t 119
2.2.6. DISCUSSION. ......eitteeieee ettt ettt e e e e e e e e ekt e e e e e s bbb e e e e e e e e e nn e e e e e e e e e nnnreees 123
2.2.7. CONCIUSIONS ... .citieeieeee ettt ettt e e e e e e e e et e e e e e e e e e e e e s nn b e e e e e e e e annnnees 123
2.2.8. REIEIBINCES. ..o i ittt e e e e e e e e e e e e e n b e e e e e e 124
3. How can the risks associated with artificial light operation duration be limited for indoor food
o] (0 To 11 Tox 1o 1 12 PSPPSR 129
3.1. Optimisation of Photoperiod and Quality Assessment of Basil Plants Grown in-S&iealhdoor
Cultivation System for Reduction of Energy Demand.............ccccooviiuiiiiieeennniiiiiieee e 129
I 0 I 191 (0T [ o3 1o P PP PU PP PPPPPPPPPR 130
3.1.2. Materials and MetNOAS. ..........coiiuiiiiiiiiiie e 132
3L 3L RESUILS. .ttt 135
.14, DISCUSSION. ...ttt e e ettt e ettt e e e e et e e e e e e e bbb e et e e e e e e nbbne et e e e e s sannbnneeeeeeeannns 141
.15, CONCIUSIONS ... ettt ettt e e e e et e e e e s e et e e e e e ann e e e e e e e s anbbrneeeeeeanns 144
.16 REIBIEINCES. ..ottt e e e e e e e e e e e e e e e e e e as 145
3.2. Basil plants grown under intermittent light stress in a ss@dle indoor environment: Introducing
energy demand reduction intelligent teChnOIlOGIES..............cooo i iccciiiii e 148
O T2 T [ 011 0T [T 1 PP PRSP PP PPPPP PP 149
3.2.2. Material and MEtNOUS..........cc.uiiiiieeee e e e 151
R 2 TR L= 2] 1 | PSP EESRR 155
32,4, DISCUSSID. ... iiieettt e et ettt e e ettt e e et e e e et et e e e s et e e s eebaa e eeses b essesban s esssesbansessesbaneannes 164
32,5, CONCIUSIONS ...ttt e e et e e e et e e e et e e et e e e e ennneeas 167
3.2.6. REIBIEINCES. ..ottt e e e e e e e e e e as 168
4. What is the impacof intermittent photoperiodic light application in the energy footprint and the
growth of plants in an IVF in the NOrdic CONtEXE?.........uuviiiiiiiiiiiiieieeeeeeee e 171
4.1. Minimising the energy footprint of indoor food productiovhile maintaining a high growth rate:
Introducing disruptive cultivation protoCOIS...........coooeiiii i 171
I A [ 1 o Yo [ BT 1o o F PP PP PPPP PP 172
4.1.2. Material aNAMETNOUS. ........cooiiiiiiiiie e 174
A.01.3. RESUILS. ...ttt a e e e e e e e e e e aaaaaaaaeas 179
4. 1.4, DISCUSSION. ....cciiuittteeeee e ettt e e e e ettt e e e e et e e e e e e e s e et e e e e e e s e e e e e e e e s annrnnneeeeeaannns 189

Page23of 248



e \&
ZNS
6&’:’.45 s
AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

4. 1.5, CONCIUSIONS ...cciiiiiite et e e ettt e et e e e e et e e e e e st e e et e e e e e b b e e e e e e e s annnnnneeeeeeaanns 194
4.1.6. REFEIEINCES......eiiiiitiii etttk e e e a e e 196
4.2. Reduction of Energy Costs in Indoor Farms for Artificial Lighting by Shifted Energy Demand
YT o0} g £ PR ET 201
0 W [ 011 0T [ 0o 1o o F OO PP PPPPP PP 201
4.2.2. Material and MEtNOGS............uuiiiiiiiii e 202
e TR |V (o To [ N 1= < o PP 206
B.2.4. RESUILS.....eiiiiitiie ettt ettt 208
4.2.5. POlICY IMPIICALIONS ....ceiiiiiiiiiiiiee ettt e e e e e e e e e nne 212
4.2.6. Cash Flovnalysis: Scenarios PropoSEa..........ccueeiiiiiiiieieeiniiiiiiieee e 213
4. 2.7 CONCIUSIONS ... ettt ettt e e e e e et e e e e s s bbb e et e e e e e anb b e e e e e e e e snbbrneeeeeeane 215
4.2.8. REIEIEINCES......eiiiiiiiie etttk e e e s s e e e et e e s 217

5.1. The specifications and economics of indoor vertical farms.........ccccccvvve . 219

5.1.1. Other Perspectives on Research QUESHION.L............coeeeiiiiiimiiieeeniniiiiiieee e 221

5.2. The risks associated with artificial light Operation.............cccccoviiirieee e 225
5.3. The impact of intermittent photoperiodical light application in the energy footprint and the growth

of plants in indoor environment in the Nordic context................ccooooi i, 229

5.3.1.0ther perspectives on Research Questiaon.3..............cooooi i, 234

I = (=T =] (o T PP PSP PPPPPRPPPI 239

LY o] 01T a6 | OO PP PPP R OPPPPPPPPP 242

6.1. Other CONTIIDULIONS.......cciiiiiiiiie e e e 242

6.2. CRAULNOT STAEMENTS. ... i 244

Page24 of 248



e\ &7

NG

g <G
Tag pred

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

List of Figures

Figure 1PhD diSSHRALION SIIUCIUME...........cci i e e e e e e e e e e e e e e e e e e e e e e e e e s s e e e e eenannns 36
Figure 2 Global food losses and food waste (Lipinski et al., 2013)..........c.cccceiiiiiiiiiiieeeiiieeeeen 39
Figure 3.Number of vertical farming (VRnd vertical farming and lighting technology (VF+Light)
publications since 2010). Note: Constructed by Author based on Google Scholar autputs.........40
Figure 4.Vertical farming market in a globalade (Note: Constructed by Author based on data from

y e | 0o L= g2 0 ) PP X
Figure 5.Market size of Vertical Farming by region (Note: Constructed by Author based on data from
Horticulture Lighting MEKet, 2018).........cuuiiiiiiiiiiiiiie e ennne A2
Figure 6.Percentage of cost distribution according to the multiple operational expenses (OPEX) for a VF
(Avgoustaki D. D. and Xydis G., 2020)........cccceiiiiiiiininriiririirr e rrrrrrrereere e e e e e aaaaaaaaaaaaaaaaeaaansd 43
Figure 7RUE concept of a plant production SYSTEIM...........ccuuuiiiiiiiiiiiiiiiee e 63
Figure 8Indoor farming smalscale unit with additional reflectors................cccccccciiiien, 71
Figure 9.Configuration of the cultivation area in an indoor vertical farm with artificial lighting, containing
SiXx Main unitS (KOzai, 2018).......ccoiiiiiiiiiiieeiiiiiiie it e e et e s re e e e e s s s er e e e e s s s snnsnneeeessssnnnnneed O
Figure 10The electromagneti SPECIIUML..........uuiiiiiiieeiiiiieereeeeeeeeeeeeeeeeeeeeeeeee e eeeeeessessesssessnssnnenseend 9
Figure 11Upward lighting and use of reflectors in a snsalhle experimental unit......................... 81

Figure 12.Total annual yield mduced under the two cultivation facilities (red: indoor urban vertical
farmingr IUVF; green: greenhouseGH) (Chalabi, 2015; Runkle & Bugbee, 2019; Birkby, 2016)113

Figure 13The electrical engy use of the total equipment in a growth are of an IVE................... 115
Figure 14RUE for a) electricity and b) water in a GH and an IVF facility............ccccocceveeininnnen. 116
Figure 15Comparative results of different scenarios of an IVE.....................ccon, 121
Figure 16 Comparative net present value (NPV) results if the various GH scenarios................. 122
Figure 17 Absorption spectra of the main chlorophyll and carotenoid pigments of plants (Johnson, 2016)
................................................................................................................................................... 132

Figure 18.The daily means of leaf temperature betweeealthy plants (blue line) and stressed plants
(orange line). Dayscl7: P8D16L (control treatment); dayslT: P10D14L (stress treatment); days7t
o N | 5] (=TT (T L 1= o TSR 136
Figure 19 The average daily evolution of the substrate temperature (perlite) between healthy plants (blue
line) and stressed plants (orange line). Dayks71 P8D16L (control treatment); dayd.Z: P10D14L (stress
treatment); days 417: P11D13L (StreSs treatMenNL).......uuuurrerieeiiiiiieeieeieieeeeeeeeeeeee e eee e e s 136
Figure 20.The average daily evolution of chlorophyll content between healthy plants (blue line) and
stressed plants (orange line). DayslT: P8D16L (control treatment); dayslI: P10D14L (stssed
treatment); days §17: P11D13L (Stress treatMent)..........ooeeeeeeeeeeiieee e 137
Figure 21The average daily evolution of the contents of (a)afih) Chb, (c) Chtot, and (d) the fraction

of photosyntheticallyactive irradiance absorbed by the leal petween healthy plants (blue line) and
stressed plants (orange line). Daygl1: P8D16L (control treatment); dayslZ: P10D14L (stress
treatment); days 117: P11D13L (StreSS treatMenh)........uueiiiieiiiiiiiiiee e re e 139
Figure 22.Effects of the different photoperiod treatments on growth and developmentOzimum
basilicumgrown in a smalscale closedype growth chamber: (a) Leaf area @rof the plants; (b) height

Page25 of 248



e\ &7

NG

g <G
Tag pred

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

(cm) of the phnts; (c) shoot fresh weight (gr); and (d) shoot dry weight. The values are means = SD (h =
8). Various letters indicate significant differences among the different growing cycles (p <.0.08/10

Figure 23The left axis (histograms): The input of electrical energy consumed for basil production (kwh).
The right axis (line): The total shoot dry biomass produced in each growing treatment. Various letters
indicate significant differences in energymdand among the different growing cycles (p < 0.05)..141

Figure 24Daily electricity consumption during a) continuous light treatment (C8D16L) and b) IL treatment

[0 B 1 | O PRPRPPRR 153
Figure 25Relative spectral emission of the LED lamp (Budmaster H2E@ED) used in the experiment
and measured with the spectrometer USPECIIUML............oooiiiiieiicicccrrr e e e e e e e eee s 153

Figure 26 Average daily evolution ¢&] leaf temperature (i in °C) andb] substrate temperature (b

in °C) for healthy plants (blue line) and stressed plants (orange line). Del@ h) C8D16L
(control/continuous light); b) 110D14L (control/camious light); days XP4: a) C8D16L
(control/continuous light); b) 110D14L (stress/intermittent light).........cccccvvviiieiiiiieiiiieiiiniireeeeeenn. 157

Figure 27! @SNJ 3S RIAf & S@2ftdziAazy 27F wl 68 [bfighatdsynthelidk 2 (i 2 & &
rate during a 4 light period (Asowr A Y > Y5} fc]kpNotosynthetic rate during a 40in light period

(AsomnA Y > Ys2 fir }d] stomata conductance (gs in mmadsinfor healthy plants (blue line) and

stressed plants (orange &h Days 410: a) C8D16L (control/continuous light), b) 110D14L
(control/continuous  light); days IP4: a) C8D16L (control/continuous light), b) 110D14L
(StresS/INLEIMITEENT HGNT) ... .eii it e e e e e e s eeee s 158

Figure 28Average daily evolution of chlorophyll content (SPAD) for healthy plants (blue line) and stressed

plants (orange line). Days1D: a) C8D16L (control/continuous light); b) 110D14L (control/continuous

light). Days 124: a) C8D16L (control/continuous ligtb) 110D14L (stress/intermittent light)........ 160

Figure 29 Average daily evolution of [a] Ch(mg/cn?), [b] Chlb (mg/cn?), [c] Chiot (mg/cn¥), and [d]

the fraction of PAR absorbed by thefiéa) for healthy plants (blue line) and stressed plants (orange line).

Days £10: a) C8D16L (control/continuous light); b) 110D14L (control/continuous light). Dg24: 1d)

C8D16L (control/continuous light); b) 110D14L (stress/intermittent light) (p3Q.Q1...................... 161

Figure 30.The left axis (histograms): The average input of electrical energy consumed to produce basil
plants (kwWh). The right axis (line): The average shoot dry biomass produced iige#inlg treatment

RdZNAYy3 GKS wmn adNBaa RIFead 63FFYbHO® ¢KS fSOGGSNAR o

consumption between the two treatments (P < 0.05).......cooiriiiiiiii 164
Figure 31.Relatve spectral emission of the LED lamp (AstroPlant LED panel, Holland) used in the
experiment and measured with the spectrometer USPECIUM............oovvviiiieiieeei e 175

Figure 32Graphical representation of the light sahdes in each camber. [a] Control treatment (C8D16L)
with 16 hours of continuous light and eight hours of continuous darkness. [b] Stress treatment (110D14L)
with four hours of continuous light followed by four hours of darkness with ten minutes of leghtqur

of darkness. [c] Stress treatment (I110D14Lshift) with fluctuating electricity prices: Nine hours of
continuous light (10 p.m7 a.m.), seven hours of darkness with ten minutes of light per hour of darkness
(7 a.m:2 p.m.), three hours of continuougyht (2 p.m:-5 p.m.), and five hours of darkness with ten

minutes of light per hour of darkNeSS............ e e 176
Figure 33 (a) Smalkcale growth chamber for indoor production of basil crop under comdoknd
monitored environmental conditions and (b) LED lamp OVerview..........cccccuuvvveemeieiieiieeeeeeeeeeeenn. 177

Page26 of 248



e\ &7

NG

g <G
Tas pRd

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

Figure 34 Average daily evolution of [a] substrate temperature (Tsub in °C) and [b] electric conductivity
(EC in dS*§ for healthy plants, i.e., C8D16L (the blue line), and stressed plants, i.e., 110D14L (the orange
line) and 110D14Ls (the grey line). Day871 a) C8D16L (control/continuous light), b) 110D14L
(stress/normal intermittent light), and c) 110D14Ls (stresstsigfintermittent light)........................ 180

Figure 35Average daily evolution of [a] leaf temperature (Tleaf in °C) and [b] NDVI for healthy plants, i.e.,
C8D16L (the blue line), and stressed plants, i.8D14L (the orange line) and 110D14Ls (the grey line).
Days 137: a) C8D16L (control/continuous light), b) 110D14L (stress/normal intermittent light), and c)
110D14Ls (stress/shifting intermittent Ight)...........ccuviieiii e 181

Figure 36.! @SN} 3S RIAf & S@2fdziazy 2F ol 8 Y KB thdJK2( 248
photosynthetic rate during the teminute light period Asmin0 A Y >3 &ng €] the photosynthetic

rate during the fouthour light period Asunour & A Y >26"3 forphaalthy plants, i.e., C8D16L (the blue
line) and stressed plants, i.e., 110D14L (the orange line) and 110D14Ls (the grey lineBDay<CBD16L
(control/continuous light), b) 110D14L (stress/normal intermittent light), apdLOD14Ls (stress/shifting
INEEIMITEENT IGNT). ..o e e e s r e e e e s e r e e e e e annnes 183

Figure 37 Average daily evolution of [a] transpiration rate E (in mmgD#in2s?), [b] transpiration rate
during the teaminute light perod Bomin (in mmol HO*m™s?), and [c] transpiration rate during the four

hour light period Enour (in mmol HO*m2s?) for healthy plants, i.e., C8D16L (the blue line) and stressed
plants, i.e., 110D14L (the orange line) and 110D14Ls (the grey lirmg)s B37: a) C8D16L
(control/continuous light), b) 110D14L (stress/normal intermittent light), and c) 110D14Ls (stress/shifting
INEEIMITEENT IGNT). ..o e e e s r e e e e s e r e e e e e annnes 184

Figure 38 Average daily evolution of [@tomatal conductance gs (in mmob®¥m2s?), [b] stomatal
conductance during the teminute light period g&min (in mmol HO*m?s?!), and [c] stomatal
conductance during the fotimour light period gsnour (in mmol HO*m2s?) for healthy plants, i.eC8D16L

(the blue line) and stressed plants, i.e., 110D14L (the orange line) and 110D14Ls (the grey line37Days 1
a) C8D16L (control/continuous light), b) 110D14L (stress/normal intermittent light), and c) 110D14Ls
(stress/shifting intermittent IGL)............oooo e e e e e e e e e e e e 185

Figure 39 Average daily evolution of chlorophyll content for healthy plants, i.e., C8D16L (the blue line)
and stressed plants, i.e., 110D14L (the orange line) and 110D14Ls (the greydyse}3D: a) C8D16L
(control/continuous light), b) 110D14L (stress/normal intermittent light), and c) 110D14Ls (stress/shifting
INEEIMIEEENT TIGNL). e e e e e e e e e e e e e e e e e e e e e e 186

Figure 40][a] The left axis (histogramshe average shoot dry biomass (g¥mThe right axis (line): The
average electrical energy consumption to produce basil (kwh) grown under the three light treatments
(g*m*?). [b] The left axis (histograms): The average shoot dry biomass?(gTihe right axis (line): The
average electrical energy consumption to produce basil (kwh) grown under the three light treatments
('m0 @ ¢ KS f SGG0SNE WI differghdes ilen€lgy EoyisRrpbdn beBveen tha tyirdeT A O y
GNBFGYSyGa 6L f nodnpo® ¢KS WrQ YR WFEFQ AYRAOIGS &
the three treatments (P < 0.05). ... i e e s e s 188

Figure 41The spot price of east Denmark during the year 2@],.9monthly mean, coefficient of variation

F=Yalo [RSie=TaTo b= Tde Mo =3V - Vio] ) o 204

Figure 42.The ahead spot electricity price of east Dwark, coefficient of variation and standard

[0 =y =V o 205

Page27 of 248



e\ &7

NG

g <G
Tag pred

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

Figure 43Flow chart of the limited energy demand method..................c.cccoooi i, 207
Figure 44 Fnergy reduction sourcing from shifted energy demand response at an annual range [a], and
the different electricity pricing ranges that are followed according to the lighting treatment..[b]208
Fgure 45.Energy demand cost per month for the year 2019 for east Denmark for the actual price is given

by the TSO [left column] and after the shifted energy demand response [right column]........... 211

Fgure 46.Comparative results of different scenarios of an IVE...................c.cccc i, 215

Figure 47Production costs by components in an IVF (Note: IVF production capacity of 550 kg fresh weight
OF [ETEUCE PEI TAY.) ...ttt e e e e e e e e r e e e e e e e s e e e e e e e e nnnneeeaeeas 224

Figure 48Flowchart of the applied methodology for the design of a collaborative decision making project
between sustainable energy technologies and mass deployment of vertical farms................... 236

Page28of 248



e \&
ZNS
6&’:’.45 s
AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

List of Tables

Table 1. Applied scientific articles of this PhD Dissertatian..................coooeeeceiiiiiiiviiiiniiieeeeeeeeee, 34
Table 2.Statstics in Nordic Countries. Note: constructed by author with data from Central Intelligence
Agency (AdenaUEUET L., 20L4) ... e e e e e e e e e e e e e 42
Table 3.Introduction on the applied research designs..............cooooi it icciciiic e 52
Table 4 Summary of annual data for outdoor farming.............ccceoiiiiiiiieee e 64
Table 5.Summary of annual data for a hydroponic greenhouse plant..................cccceeeein el 4 68
Table 6 Basic units for indoor Vertical farms. ... 75
Table 7.Influence of plants under different light wavelengtis............ccooociiiiviiies 79
Table 8.Summary of annual data for an indoor vertical farm.................c.coo o, 82
Table 9.General case study aSSUMPLIONS........coiiiiiiieiieee e eeeeeeeees 112
Table 10.Total monthly electricity consumption used in the GH facility with basil (Eaves & Eaves, 2018).
................................................................................................................................................... 114
Table 11.Total monthly electricity consumption in the IVF facility with basil...................cc.uee.... 114
Table 12 Capital expenditures (CAPEX) for GH and IVF basil production...............cccccvvevveeee.. 116
Table 13 Operational expenditures (OPEX) for GH and IVIFdrasiuction.................ccccccvvvvvvvennee. 116
Table 14 Vertical farming scenarios and cash flow analysis (part.1)............cccoooiiiiiiiiiccicciinnns 120
Table 15GH scenarios and cash flow asy(Part L)..........cccurrriieiiiiiiiieeeee e 121
Table 16.The growing conditions applied to the cultivation of basil plants in the experimental-soadd!
o] a1e1 0o [R5V (=0 PP PP PP PP PRPPPPPPN 134
Table 17 Lighting time schedule for the two lighting treatments............ccccceiiviiiiieee e, 152
Table 18The climate conditions used for growing basil plants in the ssedle chamber.............. 154

Table 19. Results of statistical analysis of the first 10 days in C8D16L and 110D14L were both followed

continuous lighting of 16 h. The data presented are: Sample size (N), Mean values (Mean), Standard
Deviaton (SD), t ftest), Degrees of Freedom (df), level of significaneea{pe).............................. 155

Table 20Results of statistical analysis of the mean values of quantity assessment first 10 days in C8D16L
and110D14L were both followed continuous lighting of 16 hours. The columns present Sample size (N),

Mean values (Mean), Standard Deviation (SD}tedt), Degrees of Freedom (df), level of significanee (p

Table 21 Results of statistical analysis of the mean values of quantity assessment of the 14 stress days
between C8D16L and 110D14L.The columns present Sample size (N), Mean values (Mean), Standard

Deviation (SD), t{est), Degreesf Freedom (df), level of significanceV@lue).............cccccceevnnnnen. 163
Table 22 Climate conditions in the three climate chambers (Chamber A: C8D16L; Chamber B: 110D14Ls;
Chamber C: 110D LAL).....ci ettt ettt e ettt et e et e e ebe e e ebe e e anbe e e neaenneeeeannas 178

Table 23 Results of statistical analysis comparing the quantitative mean values of the three treatments
C8D14L (control), 110D14L (stress), and 110D14Ls (stress). The columns represent the sample size (N),
mean values (Mean), standard deviation (SD), degrees of freedom between the groups and (dfl) and
within the groups (df2), fest (F), and level of significanceVglue). Significant at the p < 0.05 lev&86

Table 24 Total monthly electricity consumption in the IVF facility with basil...................ccccc...... 203

Table259 EOSt F2NXI G RIFIGST GAYSZI FyR LINAOQS..AY.206dz2NR 0¢

Page29 of 248



e\ &7

NG

g <G
Tas pRd

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

Table 26 Abbreviation list of the coding orders used in above flowchart (included in Fig..44)....207

Table 27 Energy savings from IL operationthe IVF per month..................ooo oo, 211

Table 28 Vertical farming scenarios and cash flow analysis (part.1)............cccooiiiiiiciiicicciiinnnns 214

Table 29Presentation of some d@he examined case scenarios (further scenarios included in the research
publication). Note: Gij indicates the difference in ij (ratio of NPV to GWh annually produced) between 0.07
ek12K YR ndno..ckl.2.Kb.... O LI NI .. MO. D 237

Table 29Presentation of some of the examined case scenarios (further scenarios included in the research
publication). Note: Gij indicates the difference in ij (ratio of NPV to GWh annually produced) between 0.07
EKT 2K YR (PAURD..... K ]2 Kot 238

Page30o0f 248



e\ &7

NG

g <G
Tas pRd

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

List of Equations

Equation 1. Heat that is lost or gained due to the outdoor temperafuxeX X X X X XXXXXR0

Equation 2. Light energy per mol of photdhX X X X X X X X X X X X X X X X X XXX X X X X X
Equation3. Water use efficienCy X X X X X X X X X X X X X X X X X X X X X X XPEX X X X X X
Equation 4. CQuse efficieNnCA 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 ADX X X X X
Equation 5. Light energy use efficiency of [aIpEX X X X X X X X X X X X X X X XXFOX X X X X
Equation 6. Light energy use efficiencyha plant communitit X X X X X X X X X X X 8D X X
Equation 7Fertiliser use efficiencf X X X X X X X X X X X X X X X X X X X X X XX @2 X X X X X
Equation 8. Energy use efficiency for the [akpgE X X X X X X X X X X X X X X XXX @3k X X X
Equation 9. Electrical energy use efficiency for coolingdat pumpX X X X X X X XXXEKE Py o
Equation 10. Operating cash flWX X X X X X X X X X X X X X X X X X X X X XXMM X X X X X
Equation 11. Unamortes] value{ X X X X X X X X X X X X X X X X X X X X X X XXALK7X X X X X X
Equation 12. Depreciation rafeX X X X X X X X X X X X X X X X X X X X X X XXX XX xa X X X X X
Equation 13Loan interestrat X X X X X X X X X X X X X X X X X X X X X X XXX X X X X X
Equation 14. Interestral@ X X X X X X X X X X X X X X X X X X X X X X X X XXDMMXTX X X X X
Equation 15. Profits before taxXsX X X X X X X X X X X X X X X X X X X X X XFHOMWXMXTX X X X X
Equation 16. Net cash flow before X X X X X X X X X X XK KKK X X X X XXM My

Equation 17. Final net cash flEWX X X X X X X X X X X X X X X X X X X X X XX PIKKYX X X X .
Equation 18. Coefficient ratio of the current valdeX X X X X X X X X X X X X X B XX XM y
Equation 19. Current value of the final cash flo X X X X X X X X X X X X X XX XXX X1 y
Equation 20. Photosynthetically active irradiance absorbed in XIEaK X X X X XXKXXp dm 0 n
Equation 21. ChlorophydiconcentratiorK X X X X X X X X X X X X X X X X X XX XPA0 X X X
Equation 22. ChlorophydiconcentratiomP X X X X X X X X X X X X X X X X X X XXXXXMXOXTX X X X
Equation 23ChlaophylltotalO2 Yy OS Y G NI G A 2 ¥ X X X X X X X X XK KKK XD X X X X
Equation 24. Total drghootbiomass of planfg 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 >
Equation 25. Total fresshootbiomass of planff X X X X X X X X X X X X X X X X X X X X X X X ® X
Equation 26. NormalisddifferenceVegdation Index (NDVH X X X X X X X X X X X X X X X X X X My
Equation 27. Total dry root biomags 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

Page31of 248



e \&
EIN
Z,
g <G
Tag pred

BSS| AARHUS UNIVERSITY
List of Abbreviations

IVFs; Indoor Vertical Farms

GHs- Greenhouses

LEDg, LightEmitted Diodes

PAR; Photosynthetic active radiation
PPFDg Photosynthetic Photon flux density
RUE; Resource use efficiency

WUEC¢ Water use efficiency

CUE; CQ use efficiency

LUK Light energy use efficiency

LUE Light energy use efficiency of lamps
LUER ¢ Light energy use efficiency of plants
FUE Fertliser use efficiency

EUE; Electrical energy use efficiency
EUEC Energy use efficiency of lamps
EUE ¢ Energy use efficiency for cooling
NPVc Net Present Value

IRR¢ Internal Rate of Return

OCK;, Operating cash flow

IL¢ Intermittent light

LSEDR Loadshifted energy demand response

NDVI¢ Normalised Difference vegetation index

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES

Page32of 248



e \&
ZNS
Q&’TAS s
AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

Page33of 248



e\ &7

NG

g <G
Tag pred

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

1. Introduction

Thefirst chapter provides the structure and framewook the research and introduces the remaining
thesis by presenting a general overview of the dissertatiith the subject areasf the study Thefirst
part presents the motivation for thieesearch projecand the second padefines the research questions
including an introduction otthe research papers that were used tosaverthoroughly these questions
The third part presents an overview of the content and the methodological appreaciithe research
papers that are included in this dissertatioht the end, this chapter presentgysificant elements such
asthe philosophy and desigriollowed by the cotribution and novelty of the research that is presented
in thisPhDdissertation

1.1. Dissertation structure

This PhD dissertatidn structured based on the theeresearch questions arnte research papers théty
creating a sequence lirdeekanswer them.Thethree research elementare designed according the
taxonomy described bBloom (19565and followsuccessive steps thtdrgetto investigateindoor vertical
farmingsystemdor food productionin terms ofconceptualiation, applied technology, systechallenges
and energydemand The structure and stages dfie three research questionprimarily sought to
understand and defineertical farming as an agricultural cultivation technigaed thereafter analyse
the operation and thechallengeghat vertical farmsconfront. Fnally, develops, frames and evaluates
new methodological approaches that could control and redilneerisk while optimisg the profitability

of vertical farmsToprovide sufficient answers on hokvdoor \ertical Farms (WFs) currertly operate and
how they could be furtheroptimised to continue penetratingnto the global market, this dissertation
presents six scientific articles thatport a combination of differentesearch outputs thapursueto
answer the research questions. Tald introduces the structure and the connections between the three
research questions and the selected six journal articles.

Tablel. Applied scientific articles of this PhD Dissertation.

Research Article Title Authors Jaurnal Year
Question
RQ1:What are the (1) How energy Avgoustaki D Elsevier 2020
benefits and Innovation in Indoor| D. & Xydis G| (book
challenges of indool Vertical Farming can chapter)
vertical farms? Improve Food
Security,

Sustainability ad
Food Safety.

(2) Indoor Vertical| Avgoustaki D| Sustainability 2020

Farming in the Urbar D. & Xydis G.

Nexus Context

Business Growth an|
Resources Savings
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RQ2:How can the | (3) Optmisation of | Avgoustaki D| Energies 2019
risks associated witl  Photoperiod and D.
the artificial light Quality Assessment
operationin indoor | of Basil Plants Growi|
food productionbe in a SmaiScale
limited? Indoor Cultivation
System for Reductiof
of Energy Demand
(4) Basil Grown unde Avgoustaki D Food Control 2020
Intermittent Light D.,LiJ &
Stress in a Small Xydis G.
Scale Indoor
Enviroiment:
Introducing Energy
Demand Reduction
Intelligent
Technologies
RQ3:What is the (5) Minimisng the | Avgoustaki D, Submitted
impact of energy footprint of | D., Bartzanas
intermittent light indoor food T. & Xydis G.
applicationon the production while
energy footprint maintaining a high
and the growth of growth rate:
plants in IVFs in the Introducing
Nordic conéext? disruptive cultivation
protocols
(6) Reduction of | Avgoustaki D, Submitted
Energy Costsin | D. & Xydis G|
Indoor Farms for
Artificial Lighting by
Shifted Energy
Demand Response

In Table 1, the presented journal articles target to answer thoroughly the three research questions. For
this reason, this dissertation is divided dhapters one for each research questiaand each chapter
includestwo scientific articles. The last section of this dissertation includes a discussion chapter that aims
to elaborate and conclude thresearch project by syntheisig the multiple findings and condions from

each chaptebut also from supplementary research papers that were performed during the three PhD
years and bring clarity to further exploration of the topkigure 1 below presents tHkw chart of the
dissertatoQ & & G NXzO (i dzNB @
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Motivation

Applied
Methodology

Problem
Statement

-« -

Research Research Research
Question1 Question 2 Question 3

\ }

Conclusions &
Perspectives

Figurel. PhD dissertation structure.

This dissertatioralso containsinformation from a pool of supplementary published material that have
not been included as argumentation articles in this thesis, due to the limited correlation influertbe o
research questions in comparison with thi&insix selected scientific articledowever they will be used
as supplementanand complementanargumentsto support and provide the necessary insight to the
relevantresearch questions. The supplementgrool of articles can be found in tigpendix6.1 of this
PhD thesis

In order of this dissertation to organé the examination and answehe abovedescribedresearch
guestions, 7 different tasks wermmpletedin a 3year period

Task 1Review ofexisting publications that focus dndoor urban farming in terms of design, engineering,
agriculture techniques and resource use efficieq@verall organisation of the PhD plgpublication 1)
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Task 2Analysis and evaluation of the advantages and oppities but also the challenges and risks that
are associated with the existingertical farmingmarket ¢ What are theelementsthat require further
optimisation in order to increase the efficiency, sustainability and profitabdityjndoor urban farms?
(publication 2)

Task 3installation and setup of the lab experimental unit. Development of sequential experimental
protocolsaiming b reduce the energy footprint fandoor cultivation and highly link it with the dynaeni
electricity pricing to maximesthe renewable energy sources integration.

Task 4Final setup of the growth chamber ancbntrollers- Light optimisition, monitoring and evaluation
of growth rate of basil plantander different photoperiodi¢reatments.(publication 3)

Task 5Developmenof intermittent lighting schedule modépublication 4 & 5)

Task 6Examination and interpretation of model application at the profitability and sustainability status
of indoor agriculture(publication 6)

Task 7:Development of a smart decision tool tharovides a distance control and monitor of indoor
growing area that allow farmers to compare electricity prices with the electricity demand of the farm

Task 8Writing phase, conclusionand proposals for future work.

1.2. Motivation

Climate is a fundameal determinant of agricultural productivity. As agriculture has a primary role in
human welfare and health, it has become a global concern the last decade and expressed by federal
agencies thessentiaheedto research andeducethe potential effects otlimate change to agricultural
productivity and use of resources. The global interest on climate change has gistangiath motivation

to researchers to investigate anlévelop novel agricultural techniques that could adapt to climate change
and reducethe impact of agriculture to the environmenAt the same time, the need of giving the
environment the essential time to recover and repair from all the unsustainable agricultural techniques
that we continuously practice for sufficient food producti@nzioritised.

AsEartlQ & LJ2 Lkdepsgrdwing ahd people tend to gather in urban arease question still remains;
do we need to cumore trees and forestfor creating more farmland that producesough food for all
the humanity?This is not necessdyithe path that we have to followeonsideringthe technological
improvement of the last years and all tipgomising growingstrategiesthat could still help uspreserve

our biodiversity and reduce our carbon footprint. Indoor vertical farming is one efibst promising
solutions that can grow fresh food without soil requirementsndoor spaces undespecially modified
and constructed buildirg

Urbanisition and extremely rapid growing population continuously change the urban features and
convert theminto chaotic mazesTakinginto consideration that the global population already numbers
7.6 billion and is projected to reach almost 9.5 billion people until 2050, it becomes ahyi@ttance

Page37 of 248



e\ &7

NG

g <G
Tag pred

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

the optimisation of our agricultural footprint for yearound crop cultivation (Langelaan et al., 2013).
According to Carey et al. (2016), as the global population is so rapidly growing, at least 60% more food
production will be required to meet the global demar@ver te last decades theonstantmitigation

into urban and perurban areas resuitin high air, noise and water pollutiofevels Simultaneously,
agriculture consumes around 70% of the global fresh water to cover the irrigation demand, making it
inappropriate for drinking, due to the high pollution frochemical overconsumption such pesticides,
herbicides and other agrochemicals. Furthermore, the continuous increase of global population and the
growing demand for more arable land, leads to further cutting down of forests (mainly hardwood forests)
andconstantly decreasing amounts of carbon can be absorbed from the atmos and higher amounts

of air-pollution (Despommier, 2010). Land degradation is #féect resulting from intense human
activities that cause high dilapidation of the biophysical emmment on the landresulting in limited
capability of land to providgroductivity of crops andstoring carbon and nitrous oxide in the soil
(Franzluebber& Doraiswamy2007) According tdhe European Comiasion (2002), the most recogeis
degradation pocesses in the European soil is erosanganic matter decline, salirdion, soil biodiversity

loss, contamination, flooding, sealing and finally lands|idkat directly cause loss of arable land,
increased flooding and low food securigndindirecteffects of land degradatioareloss of local culture

and traditions. Land degradation causes land clearance, agricultural depletion of soil nutrients through
poor farming practices, inappropriate irrigation and owafting, economies of scale, necegsif heavy
equipment for accomplishing agricultural processes, monoculture, andbiwdegradable waste,
FOARAFAOIFIGA2Y YR f2aa 2F az2iAf OIFNb2y o-&RA& Si
is under heavy degradation (Nkonya et 2016). It becomes clear now more than ever the necessity to
develop adaptable andpioneering growing methods that perform higher resource use efficiency in
respect to environment and biodiversity, allowing it to repair and regain its lost productivity.

Another problem that modern food supply faces is the significant matter of food waste. Curaridpast

30% of the food that is produced for human consumption is either lost or wasted at the end. Food losses
can result from various stages of food supghain, such as losses due to inefficient agricultural practices
during the harvest, process apackaging distribution and even in the final consumption phBssed on
variousstudies (Lipinski et al., 2013; Reynolds et al.,2028% of oil crops and bes, 2846 of grains, 47%

of fruits and vegetables, 37% of fish and 21% of meat that are produced for consumption, do never reach
the final consumer and are wasted in all the in between procedsgsre2).
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LOSS AND WASTE BY WEIGHT
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Figure2. Global foodosses and food waste (Lipinski et al., 2013).

Vertical farming is a topiof significantstudy with more than 65000 hits in GooglecBolar considering
also that Dr. Dickson Despommieffirst introduced this technology approximately 10 years ago
(Despommer D. 2010) Vertical farming is amultidisciplinary synergy of pioneering engineering,
agronomy and architecture design. The idea is originated by bringing food production intdgi¢iseby
movingthe farms from the farmland to specially constructedltinigs that are located in the urban and
peri-urban areagndconsequentlclose to the consumerd he concept of growing cropsindoor spaces
might soundstrange at the beginning and the first appearance of vertical farms. However, for many
decades we ipw our commercially viable crops like tomatoes, cucumbers, peppeesyisrries, herbs
and flowers at commercial greenhouses that prodyearround cropsand protect crops from outdoor
climate conditions Indoor vertical farms are not in a mission ofplacing traditional farming and
greenhouses but rather provide a supporting metHod growing fresh and nutritious fruits, vegetables
and greeneries and are close to the consumarder moe sustainable and efficient way

Vertical farming is @aechnologythat aims tomaximisecrop production per growing area in ordeo t
remove the pressure from opefield agricultural productionindoor vertical farmsI{Fs) utilise protected
and insulated horticultural systemaith controlled environmental factorgtemperature, humidity, air
quality, quantity and speedand are installed imultiple layers in horizontal or vertical arrangemetot
providemaximistion ofthe growing surface areas amtoduction surfacesre connectedn closeloops
to increase the efficiery useof resourcesindoor vertical farmspply soilless cultivatiotechniques such
as hydroponic,aeroponic systemsor even aquaponics when they are combined with indoor fish
production where plants grow iraqueous nutrient solutionApart from water,nutrient and growing
substrate, ight is another of the most crucial environmental factorsthat highly influenceplant
development and growth. Ligitlaysa significant role in the process of photosynthesiacethe higher
parts of plants capture the lig energyand synthesis carbohydrates from G@nd water.The selection
of light quantity, quality and durationare the three main dimensions thatan highlyinfluence the
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responses of plants at physiological, anatomical and biochemical lamdisherdore influence their
morphological anghenologicaldevelopment (Zheng L. and He H, 200%)e continuousdevelopment

and research on optileed LED tehnology has given a big boostindoor cultivation by offring the
possibility to optimis the photosynthéc rate and the physiology of plants by manipulating different light
characteristics and specifications. For this reason, light has because a very popular research topic among
the different institutions, uniersitiesand industry companies. Only the laktcade thee are more than
260,000 publications appear in Google Scholar fimguen light optimistion for indoor(Figure 3.

90000
80000
70000
60000
50000
40000

30000

VF publications

20000
10000

0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

VF VF+light

Figure3. Number of vertical farming (VF) and vertical farming and lighting technology (VF+Liglhtapoibssince
2010). Note: Constructed by Author based on Google Scholar outputs.

From a scientific and academic point of vieive growing study and role of artificial light in indoor
horticulture across the last ten years and the increasing publicationbers in this topic have significantly
promoted the development of vertical farming projects indicaimn increasing necessity of 1\Mbs
advance knovedge and data interpretation foimproved cultivation managementVertical farming
publications havencreasedmore than 350%n the last decade (from 2010 till 202@nd almost half of
them focus on the importance of light in horticulture with around 15,000 at 2010 to more than 40,000
new publicationsn 2020
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Figure4. Vertical farmingmarketin a global scaleNote: Constructed by Author based on data frékgFunder,
2019)

In Figure 4the graph clearly shows a large increase in the market size and investments in the field of
vertical farming the last seven yeansith a stromg activity from 2017 andfter. Additionally, figure 5
shows the distribution of publications related to vertical farming from under different regions. We could
observe that for example in Asia, P&ssiblydue to the high density of population and the ited space

in urban areasthere is a high demand for IVFs. Furthermore, the global growing demand for locally
produced food with less G@missionghat can grow irrelevantly from the outdoor climate conditions
makes vertical farming a very interestingseéor further investigation.

Scandinabia
6%

Western

Asia 32% Europe 19%
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Europe 13%
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Figure5. Market size of Vertical Farming by regidtofe: Constructed by Author based on data frétorticulture
Lighting Market2018)

Table2. Statistics in Nordic CountgeNote: constructed by author with data from Central Intelligence Agency
(Adenaueuer L., 2014).

Country GDP per Capita Population Market Potential
Denmark € 31,707 5,806,000 55
Norway € 45,635 5,433,000 50
Sweden €34,474 10,230,000 94
Finland €42,118 5,518,000 54
Iceland € 32,483 364,134 3

Nordic countries due to the cold and dark climate conditions, do not present the most suitable
environmentfor yearround agriculture.The severe weather conditions with low temperatures and
limited solar radiation mainly during winteestrain Nordic countries on vegetables and greeneries
production for theirconsumers To meet the highvegetabledemand Denmark maily imports fresh
vegetables mainly from the Netherlands, Germany and Spain thatd/alue Y 2 a { illien@r2918 a
resulting in significant G@quivalentsfrom food miles, making transptation contributing up to 50% on

the climate impact of vegetables (Edjabou & Smed, 2013; VEOI%K). However, Nordic countries due to
the abundance of neewable energy in the form of ef#hore and orshore wind power ad hydro and
geothermalenergy as alsahe implementation of aNordic Energy Exchange Energy Pool (NordRsol)
the leading European market among nine Northern European countpiewide the advantage of
electricity tradingthat affects the power price as is determined by the supply and demand. Under this
scope, prices of energy fluctuate on different values according to the exchanges between consumers and
energy generatorshut also the 3éhour prognosis of electricity prices, providbe opportunity to
consumers teschedule their energy usage in order to limit their electricity costs by adapting howarly
pricing schemeTable2 gives an overview of the development capacity aotential dynamicof vertical
farming projects in the region of Scandina®nmark with such high wind energy production provides
a great caséor installation of largescale vertical farming facilities that could be partially or even entirely
powered with green rergy.According to Adenaueuer (2014) assumingt thapilot projects of vertical
farmingstart per nation, then in short term 1R/Fswould be constructedreflecting the high impact and
engagement that offers in local communitié® seasonal and locallyroduced food with low carbon
footprint.

The development ofVFsin a globakcaleis highly related witlthe necessity fomnovativeand advanced
technologies that can support growiegopsin anindoor environmenwith fully automated systemm The
role and application oértificiallight in horticulture the soilless cultivatiotechniques the climate control
and the sensaare some othe most significanelements that gre motivation toboth academia and
industry for furtherresearch evaluation andoptimisation to improve theefficiency and productivityn
vertical farmingsystems The importancefor further research and design of high performance and
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effectiveness technology in agriculturaystems can highly influencehe overall productivity and
profitability of IVFs by increasinghe production per cultivation unit area.

Light can considerably affect plant growth ratéhile due to thelncreasecamount of lamps in \&and
the multiple hourly operation every day faptimal plant growing the eectricity demand of the fams
can highly affectedLast yearsthe field of research on artificial lighting in horticulture has yielded to
advancedknowledge and development of novedchnologies thatmake artificial light sourcesnore
energetically effient and versatile as lighting systenis.the market,there are many light sources with
variations at their characteristic, such as Standard Incandescent lamps, Fluorescent lamps, High Pressure
Sodium (HPS) lamps and Lidhitting Diodes (LEPlamps LEDs are known as the fourth generation of
artificial lighting sources with a history of almost 60 years since they first appeared inTi86,1201%.
Martineau et al., (2012), mentions that HPS lamps even if they produce moes wiblight compared
with LEDs and both presetite same yield per mel of light, on the contrary LEDs consume%Qess
energy compared with HR&mps The total cost of the lighting systeman IVFdepends orthe purchase
price of lighting sourcesthe cost of electricityonsunption and the service and/or replacement caxst
the lamps Lightingexpendituresare prioritised as one of the most costiy vertical farming operation,
since theyreflectalmost40% of the total production cogFigure 6.

PRODUCTION COST

Packing Mterials  others 6%
& Delivery 7%

Labor 36%

Electricity
41%

Depreciation 10%

Figure6. Percentage of cost distribution according to the multiple operational expenses (OPEX) for a VF
(Avgoustaki D. D. and Xydis G., 2020)

The main motivatiorof this PhD research project wasprovidea holistic solutiorthat will improve the
energy fotprint of IVFS, contributing in the high globalecessityto adoptmore sustainable and efficient
fresh food production systemor urban consumersthat can benefit the environment with urban
decarbonisation ad alleviationof climate changeThe whole PB dissertation focuses on the energy
demand reduction and development of flexibkoad energy systemshat IVFS can implement to
optimising the lighting operaon.
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Nordic countries are considered among tmest ideal casesfor indoor farmingapplicationdue to the
significantlack of natural solar radiation (during the winter monthi) 2017, Denmark importefiuits

and vegetables that valuedughly DKK 11.2 billion, whighequalswith a rise of 22.81% over the last 10
years(FAO, 2011 In otherwords Denmark impors approximately 25,000 to 28,000 tons of fresh fruits
and vegetables every year. At the same tjidenmarkhas almost 56% contribution of renewables to the
electricity grid, while almost 43% of wind power was used in 2017 (Danish Mirfifineayy, Utilities and
Climate, 2017)Denmark targets to become total independent of fossil fuels by 2050 and gradually abolish
coal useby 2@0. For this reason, th®enmarkprovidesthe perfect setting for reseah conduction and
further investigationfor renewableenergybased opportunities andhultidisciplinarysolutionsthat can
improve the lighting operation in indoor horticulturEven if Denmark is considered the case study of this
researchthe proposed methodology could lextrapolatedto other countries and markets that perform
similar dynamic elecitity systems that are charactersl with high flexibility integration of renewable
energy sourcegnd energy planningThisPhD dissertation offers a roadap of themodel of indoor
farming answes will be given corerning the vision, the concepthe basic technologyith more focus
onlighting technologyand the proposed methodology of lighg optimisation Finally, the calculation and
analysis of the business opportunities, the resource u§ieieficy and the challenges of Bitave been
researchedn order toexploreand present the status dhe market, identifyand quantifythe initial and
operatingexpensess alsaxplorepotential market opportunitieor thistechnology.The lessons ohis
research project cabe translated and adjustedo other counties, different technological settingsd
cultivar species contributing in a global EneFgod Nexus.

1.3. Research Questions

The main thematic basis in this PhD dissertation iseearchthe conceptof IV for indoor food
production research the business engagement and market potential of the techyalodexamine the
influence of an optimiseénergymethodologythat canenhancethe profit marginof vertical farmsby
reducingtheir energ footprint and taking advantage of the electricity fluctuations of modern gridss
research intends to capture knowledgeeation processes and results that could develop the value
creation and impacbn academia and simultaneously suggest solutionat ttould add value in the
industry, the consumers and system integrators. According to the academic and industrial motivation, the
following main research questions were fantated to frame and support the main research question of
thisresearch:

& 2 K I {theltedBhoeconomic benefits, risks and potential of indoor vertical farnusder a Food
Energy Nexu# the Nordic contex®¢

This main research question intentts find a technical and syste#ibased approachof agricultural
practices that could enhance thgenetration of IVE as alternativesystemsthat supply food into cities
sustainably In order to exploit holisticallthe above question, a number oélated research questions
needs to further exploration
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Research Question What are thebenefits andchallenges of indoor vertical farms?

In order to answer this question, a firm descripteeplorationof what defines an indoor vertical farm

has been proceededt primarily presentsa detailed explanation of the technical requiremenfisr
successful veital farmingfollowed by aperformance comparison between open field agriculture,
greenhouse constructions and indoor veel farms regardingresources input, efficiency and
sustainability asvell asfood safety.Furthermore, it was considered important establish an overview

of how IVE contribute on limiting food production risks concerning the shortage of resources, the
unstable food supply and the degradation of the envirmmt. The focal point is to understand the
advantages and dravéelzks that are arrelated withvertical farmingand howthe maximistion of crop
production and thesnergy efficiency can reduce the production costs and lead to successful commercial
agricultural productiorior urban areasContinuously, the research further detects aamhlyses the major

risks that are highly correlated with the capital, operational expenditures of IVFs and how they can
influence the investments and profitability of vertical farming unit® reach valid conclusions this part

of dissertationcompares and analyseshe capital ad operating expenses ohdercoverage agricultural
cultivation techniques. Specifically, a systematic and extensive cash flow analysis has been performed to
assess the production economics between greenhoused\dRsiBased on teeconomicresults and the
evaluation of the mairfinancialchallenges behind IVFs, the main focus of research is addressed to the
importance of artificial lightoperation as one of the key factors of the optimal plant growth and
development in indoor enkdonmentsand cue to thehigh participation in the production costs of indoor
farms.

Research Question Blow can the risks associated with artificial light operafioimdoor productiorbe
limited?

The second research question targetsetcamine the impaance and influence of light photoperiod on
the development and growth of indoor crops. Under this scape dissertation not only reflects the
current academic literature but at the same time is looking to develop a new methodology via
experimental apptiations, in order to examine the opportunities for a more sustainable and efficient light
operation for IVE that maintains a higljuality and quantity salable product while reduces the electricity
demand of the farmAn intermittent lighting protocol isntroduced that aimdo enhance the #xibility

and resilience ofighting operationin order to allow indoor farmergperate their lighting equipment
under demand response opportunitieghile preserving the required quality and quantity status of the
growing crops.

Research Question BVhat is the impacof intermittent lightapplication orthe energy footprint and the
growth of plants in IV&in the Nordic context?

To researclthis question, this PhD dissertati@xamines if intermittentighting methodcould helplVFs
decreasedhe risk associated with the high electricity demadhek to the londight operation demand of
the cultivated crops.n this direction, this question investigates thafluence of intermittent lighting
operationon basil plantsand how this methodology can transform the existing lighting applicatigns
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creating an interdisciplinarmexus between power grids and food productisystems Therefore this
guestionreflectsthe influenceof intermittent lighting operation orthe energyy demand of IVESirstly, by
examining and evaluatings impact on the develmment and growth rate of plants. Secondly, this
dissertation focuses on developing a new lighting model that enalilee hourly electricity price
comparisonand selectionand by synchronizing it with the growth status of cultivated plants, provides a
hybrid systemwhere IVFs arenergyassisted under the cheapest daily prices. Furthermibiie,research
evaluates the resulted energy cost savifrgsen the intermittent light operational inan IVFcase followed

by systematic and extensive cash flow analysis that ass#ss production economicsor flexibleload
lighting.

With the electricity markets liberaligion inthe EU and the established power exchange in Denmark, this
dissertation is looking for researching a new methodological approach that enables the sysatiooni
between demand and supply for food productiofhe PhD dissertation foces on Nordic region
electricity market and evaluates the opportunities and dynaofitourly fluctuating pricing in a wine
based electricity system in creating an Eneffgypd Nexus.

1.4. Methodology

In this section, the dissertation introduces the research design and the applied methodological
approaches that were used to research and stualy abovedescribed questions. Firstlif,provides an
overview and discusses the research philosophy and the framing of the methodology design.
Continuously, follows an introduction for all the six selected article studies, the research design and
methodolbgy behind each one of them.

1.4.1.Research Philosophy

After establishing the problem statemerdand the research questions, the following step is to define the
research strategy, the techniques for data collection and the process of anabysigléss et al2009).
Thetype of strategy and thapproachsteps of investigation have to follow a specific framing that reflect
the overall research philosophyf this dissertationHowever, in the scientific community ébhe is no
specific pathway that defines which attee most appropriate framedAt the same timeCreswell (2014)
states thatdifferent research paradigms (the fundamental set of beliefs and actions) can follow different
methodological approachedithin the same research projeagneaning whethequalitative, quantitative

or mixed methods. In addition he mentions that researcshould primarily followone ofthe four specific
positions ofpostpositivism, constructivism, transformative apchgmatism thatvill guide the researcher

to develop specific meodological approachespols and practices that reflect the reality @uguide the
process of decisiomaking anddata evaluation

The interdisciplinary context of the risks associated with lighting operation in indoor agricultural systems
indicates the aparent need for mixed methods use. Howe (198&jtesthat pragmatism endorses the

use of mixed methodswhere various multiple methods and data inputs are necessary to explore
complicatedresearch problenthat contains objective and subjective knowledgkwever, pragmatism

can be easily influenced by unexpected results as also the unstructured connections of mixed methods
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where researchers can liberally provid&soning from qualitative aridr qualitative hypothese# order

to reachsubjective result¢Creswell, 2014)

Instead,postpositivismposition reflects thedeterministicsaptical, critical and challenging position that

a researcher should stand on traditional claims while studying the betmawnd actions of living
organisms (humans, plan@nimals)Avenier, 2015)Therefore based on Howell (2013)e creation and
implementation of experimental processes that determine to seek all the candeffect resultsare
carried out with quantitative scientific methodological approachesThe reseach develops theory
followed by data collection that tend to accept or refuse the theory and consequently developing the
necessary revisions for future investigatiofet, Saunders (2009) sugtethat the different assumptions

that are investigated in evg stage of the research have to provide answers about the epistemological,
ontological and methodologicguestions othe object that is studiedAt first, the ontological question
focuses on reflecting the nate of reality by researching dhe existirg objectand always has the gowl

fully reveal the realityUnder this scopehis dissertation defines a critical realism that allows observation
and examination of all the possible causes that reflect the true reality, including detailed literature and
bibliographic reviews, data collection from valid sources and careful model development based on true
statements and hypotheses formulatiorContinuously, the epistemological question defines the
relationship between the researcher and the nature of thedged object. The use of quantitative data
from true experimental designs and mod®ssed approaches seek to give unbiased answers by observing
and measuring the objective reality that exists and therefdrg creating connections between the
researcherand the data, manages to answer the research questions of this dissertation. Every research
guestion in order to be answered has been confirmed by various approaches and has been examined
under different experimental satips and multiple inputs of datd&nally, the methodological questions
focus on answering how the researcher can reveal the knowledge that defines the nature of reality. For
this reason, tiangulation of data and research inputs and analyrsis been subjected to multiple criticism

and multiple experimentalprotocolshave beerappliedto ensure the validity and reliability of the data
outputs. The followed experimental approaches and protocelsable the access and usage of
guantitative measurementdargeting the examination and evaluatioof the hypotheses and the
exploration of the reality. Asas been previously mentioned I§reswell (2014), the combination and
integration of mixed qualitative and quantitative research design methods provide a more holistic
overview on discovering new fiimgs byenrichingthe postpositivismresearch design process that has
beenthe case of the scientific articles of this dissertation.

1.4.2.Mixed Methods Design A Requirement forTechno-EconomicStudies

This dissertations based ora techno-economicapproad with multiple experiments and comparative
case studies that seek fwesentthe impact and performance ¢dad-shiftedlightingoperation for indoor
climatecontrolled agriculture in the Nordic aredsy operating under a nexus ofnergy and food
production systemsThis dissertation contains a muttimensional project with high level of interaction
between the different systems and how they influence the economics of vertical farms and the conditions
of crop production; therefore, the learnings from difént categories are key to understand the
connections and the influence within various elements of this teebomnomic systen{Cherp et al.
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2018) For such an accomplishment, this dissertatises the mixed methods approach to research the
techno-economical system in which artificial light for indoor food production operates, develops, interacts
and evolves.

Mixed methods due to the application ofcombined qualitative and quantitativemethods provide
sufficient and multidimensionalreasoningto answerthe research questionPrimarily the subjec a
exploitation begins with qualitative dataollection and analysishat perform operend and nonr
previously determined responsesidseek to provide the logic reasoning that reveals the truth and help
the researcher understand the design and the working challengatetystem (Creswell and Clark,
2011). Subsequently, quantitative dataf this dissertation providea more meaningfulanalysis and
outputs that after analysis and assessment lead to behawmigatterns, influences and explanations
(Blaikie, 2003)Themixed methods approach endorsédata validity via triangulation, revealing unique
learnings, creating better measuring protocols and creating new databases. (Creswell, 2014)

Theanalysis of &echno-economicmodel in thisproject is relevant in terms that éxploreseconomically

the innovation of verticalarming, whichs not considered one of the dominaraéagricultural cultivation
techniques. In order to proceed with this assessment, firghaluates the economic statusf vertical

farms by investigating different cash flow scenarios with secondary data sources, such as scientific journal
papers and industry reportéLauer,2020) Continuouslyembedded mixed methodsre applied for
extraction and evaluation ofqualitative data within a larger experimental design thfatuses on
investigatinghe lighting operation in indoor farming systedmg analysing and evaluatimgw it operates,
interacts, evolves and how it can be furthastimised.

This dissertation specifically includes secondary data methods based onrr@gewed bibliography,
market reports and business cash flow models. Subsequaritpary methods were utilesd for data
collectionincluding the multiple experimental datasets undkiferent indoor growing installation areas.
Theory has been used inductively to provide explanations and definitions on the experimental outcomes.
Theapplication ofmixed methods often presessubjective biased resultsrhen the followed methods

are in an unstructured and misleading wagubjectivity was avoided by systematic searching of
conceptualpatterns and trends in thditerature in order to understand the nature, the sizedathe
dynamic of the problem followed by experimental desighat will thereafter be questioned and
researched furthewith the use ofgualitative data.

To summaris, thisPhDdissertation follows an exploratory sequential mixed mettaggbroach. The first
phase of the research foceson the qualitative exploratiowf the study by identifying and defininthe

topic and the technology as aldoforming the researcher concerning the mostitable instruments,
protocolsand variablegor the followingexperimentation process. The secovait of the researcltonsist

of the quantitative phasdhat examines the relationship between the variabl@sdby applying statistical
processesvalidates the significance of thesults between the different treatmentgCreswell, 2014).
Therefore, this research dissertation uses both data foreb@ments in order to investigate the roadmap

of vertical farming and the connections and dependence on lighting operation for further efficiency of the
farming system, focusingnainly in the Nordic area. Particularlghe six different articles that are
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presented in this dissertation follow specific methodology and approach to answer the different elements
that overallanswer thethree research question§Subsequentlythe three mainresearch strategiethat

this dissertation usesre presentedand continuously is furtherexplainedand describedhow each
methodology elaborates each pape(l.4.3. Research Design)

1) Systematiditerature review

Systematic bibliographic revievusthe methodthat was used t@lassify, select and critically evaluate the
vertical farming concept. Furthermore, systematic review followed specific framing and criteria that
clearly defined the information searched this dissertationThe planning strategy was predefined in
order to identify the keyword terms that were usedet search criterigregional database, dates and
technical specification)sthe accessibility as also the limits that would structure the research in the most
transparent and comprehensive wayr@nfield, 2003; Grant, 2009)This dissertation uses the
methodology of systematic literature reviews in order to map an overview of vertical farming and
establish the foundations among the various technical procedures that interconnect with each other for
indoor food production. Afterwards, systematiditerature review provides the reflection of the
innovations and the challenges that are correlated with energy footpointVFs. This methodology
provides the necessary prexisting evidence that are associated with d\é@nd will promote the
development of robust (Mal and reliable) and applicable hypotheses to be formed in the continuation of
this project.

2) Experimental Testing

Experimental design is the most wigeapplied methodology inthe agricultural field thatallows
researchesto develop and implement anmgoing research proje¢hat observes and measures various
elementswith purposeto answer the research questions, the objectives and the formulated hypothesis.
Experimental design is a tool for identifying and isolating thecgdfef variation and detenine whether

the differences betweenariouspractices(treatments) are significant under specific levels of probability
When experimentsare suffidently structured they can explore the special variability of crop responses
under different treatments (Resso, 2019).In this direction true experimentsdevelop aml generalis
agronomic recommendations asell asimprove and make more precise the estimatioaf the
treatmentQ &ffects. The desigmpbustnessstructure and organisation of the experimentasignificant
parameters in the data collection and data analysis praa#ss to the ability of providingaluableand
unbiasedinformation for the estimation of the true effects in the research. In this PhD progifferent
true experiments wee performed within and betweensubject design, wittbbservation ofmultiple
dependent variablesinderthe effect ofone independent variable and thevolutionof the independent
variablesduring the time (Vogt, 2011). Detadl description of the conductgatotocolsof the experimens
areincluded in all the submitted experimental papers that are sele@edhis PhD dissertation.

3) Case Study Techneeconomic Cash Flow

Case studyis one research strategy that uses an empirical examinatmrinvestigatean exising
phenomenon as is defined in the rdidé context (Wedawatta, 2011 he case study of this dissertation
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aims to analyse, provide insights and information on the profitability and the viability gfdvé& define

the conditions benefits, riskand sadutions thatcould benefit the implementation of N&in the Nordic
areas.The operational ath capital expenditures as alsmash flove analysis are significant inmufor
evaluation ofthe marketpromisesof IVF. The economic assessmexgone d the mostcomprehensive
analyss, can provide valuable information about tipeogress, the potentials, the risks and the limitations
linked withvertical farming Additionally, the connectionbetween capital and operatingxpenditurescan
define the returnperiod of investmentfor a project ands used as a tool for improving the cesffective
balanceof the businessSuch type omodels can be very complex due to the cost estimation phase that
consist ofadvanced connections and mathematical approacheduarto limited information. Cash flow
management models reflect the balance of received and spent cash on an industry project over a specific
time duration Zayed & Liu, 2014Under this scopghis PhD dissertation investigates and studies
profit margin of YFsand accuraty manages the financial aspects in order to extract knowledge on the
profitability statusand the barriers of N&=

1.4.3.Research Design

In this PhD dissertation, comparative case studies carriedsegking to develop a lighg model that

can be generalisd for the improvementof lighting operation of I\ and can influence the
implementation of IVF# the Nordicsas a source of flexibllmad in the power gridThe design of this
project follows multimethod approaches in order to providedwledge and information bgesearching

in depth the techneeconomic variables that define the operations, methodology and the role sfil\&~
multidisciplinary framework.In thiscontent, even if the goal is to develop generic patterns ifwdoor
lighting operation additionally individual information can be obtained for each cdgdythat afterwards

can be used t@rovidenew literature information in the field. For exampResearctQuestion 3targets

to develop anew lighting methodology for indoofarming inthe Nordic areastherefore, multiple
experimental cases needed to be developed in order to validate the research outputs but also to isolate
the different environmental factors thanfluencethe enhancemenbor redudion of plant growth and
development in indoor growing areaBdxter & Jack, 2008). All the resudfghis research, are explained

and discussed under the existing scientific literature in order to reach critical conclusions, as one of the
main characteristics of pogtositivism research methodology (Eisenhardt, 1988).this direction, the
selectedandapplied metho@logydesign is matched to fulfil and complete the desired objectives of each
research question. Belaviollows the research design thhaive beerapplied specificallin each research
article and is submitted in this dissertation in ordempt@vide validanswers at the research questions.

The first article studieshe sustainability and efficiency statusf agriculture unde three different
cultivationtechniques inérms ofuse efficiency of resourcesd food safetyThe design of this research
approach is based on a convergent parallel mixed method where both quantitative and qualitative data
have been collected, researched and presented at the same(t@reswell2014) The goal of this article

is to provide necessary evidence and information that will interpret the findings and will allow all the
possible integrationsdor mapping the sustainability status in agriculture, the innovations and the
challenges.The mehodologicalapproach of this study consgsbfa comparativeperformance analysis
betweenopenield farming,greenhouses and vertical farms. order to resultm concreteconclusions
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aboutthe sustainabilityeveland reveal of challengemd the risk®f each farming typea thoroughand
systematicanalysis has been conducted towards the resosirgse efficiency, yield producth and
cultivation techniquesThe purpose of this comparative research is to ensure the equivalence status
among the three diffrent agriculture methodologies by collecting valitl unbiasediata from literature

that canformulated in a comparativevay in order to reveastrongarguments on thesustainability and
safety levels of food productiofEsser F. &liegenthartR., 2017)In thisresearch articlesecondary data
were mainly usedncluding informatiorfrom peer-reviewed literatureand company reportso examine
anddescribethe cultivationcharacteristicghat define and influence the resourcese efficiencyunder

each aricultural methodto investigate the level of vation among them and finallyp compare the
three cases based on their similarities and differences.

The secondresearch paper of this dissertation is a case study thatforms a techneeconomic
evaludion, performance analysiand comparison of the operatingnd capital expenditures between
greenhouses and I'€FTo thisgoal two case study of a vertical farend a greenhousanit located in the
city of Aarhus in Bnmarkwere developedind the two case wereexamined fortheir volumes of capital
and operational expensexccording to theidifferent inputs outputs and installatiorrequirements For
the analysis and comparison between the two types of farmiwg different simulation modelsvere
developed, following the same format but adjusted to each typologyd installation requirements
Continuously different cash flow scenario®r both the vertical farm and the greenhousenit were
developedwhile the internal rate of return (IRR) and the net gent value (NPV) indicegere used to
compare thetwo farm facilities The objectives of this study wete investigate the optimal conditions
and solutiors of vertical farmingapplications that could be implemented in thamsh saiety for local
food praduction, provide sufficient and criticaloenparison between the two underoverage agricultural
methodsunderresourceconserving perspectivand identify the componentand challengeghat need
further improvement(Yin, 2003). This research sé®th quditative and quantitative datdéo obtain in
depth knowledgein regardto provide rich mix data for the study of the profitability and tbeonomic
efficiency between the two different types of farming.

Thethird, fourth and fifth research articles that flow in this thesis present three truexperimentsthat
evaluatedifferent growth indicesof plants(dependent variableshy manipulating aspecificvariableas
treatment (independent variableand introduces acompilation ofresultsthat assess the impaand
influence ofthe outcome (Creswell, 2014)The objective of these studids to explore different
parameters by pairwise comparisan order to provide the relative effect and significance of the
treatment factoron the examined indices. These scifiatpapersprovide a multidimensional reveal of
the influencevalue of the treatmentas they perform comparisons both betwegnoups and within
groups designamong different andvariousparameters The dependent variabldgve methodologially
selected ad derived fromthe existing literatureand also reviewed and evaluated using such literature
following the principles of deductive reasonirigr hypothesis and patterf@ RS @S twhilelY Sy i
maintainng the validity of the outcomesSubsequently, the sam@&opulations that wereselected for
examinationin all the experimental sessions were defined by inductive reasoning in ordefiéctréhe
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conclusions dr a larger populationConclusions were precautiousiven, leading to some significant

findings tha can be used for future research and development in indoor farms.

The sixth and finaksearch articléhat is submitted in this PhD thesssa paper thatlevelopsacase study
analysisand comparisorof a mediumscalevertical farmingsystemthat is smulated once without the
energy optimigtion model and #er the energy optimiation model The case model of the farm follows
the same assumptiasithat were developed inthe second paper, while the only differentiation comes
from the differentlighting piotocol applicationand finally, presents the significance of the comparison
results.This paper usealsosecondary data sources from the experimental papers and the Energinet and
peerreviewed literature to proceed with the analysis and the assessmigTergyoptimisation in indoor
farms. More specificallyhts case study analysend examines the possibilitiethe potentials and the
gainedvaluethat resultsby applyingoad-shifted energy demand responser fresh food productionn
countries with dyamic electricity market pricingDenmarkis the selectectase countryof application
due to the participationat the Nordpool exchange power markttat offers dayahead and intraday
markets tothe consumersData fed intoMATLABto develop an electrigit optimisation modelthat
synchroni$a LJ | y(aQ f A HoKrly dlettcity &caslto/pRovide ¥ Bmart decision tool for
lighting in horticulture The purpose of this paper is to combine #adracted knowledgend the results
of the true experimental research methods and translate themto the Danish market and economy, in
order to provide insightand proposean optimisation method that carsupport indoor food production
both technically and economically.

The following Table 3 summagss the research design of each scientific paper that is submitted in this
dissertation. Comprehensive description for each applied research design is preseeassth iand every
researcharticle submitted in this thesis

Table3. Introduction on the applied research designs.

Research Article Research Subject Data Collection Research
Question Analysis
RQ1:What are 1 The different 1 Peerreviewed Collection of
the benefits and performances and literature secondary data
challenges of resources use efficiency 1 Market report gualitative and
indoor vertical between open #ld 1 Performance quantitative
farms? agriculture, data coding and
greenhouses and I'¢F comparative
The technical analysiswhich
specification and the focuson D
challengeghat risk the different
sustainability and safety resources and
status of IVE valuesof
farming
2 Techneeconomic 1 Peerreviewed Qualitative and
analysis of a case stud literature quantitative
and economic f Market reports | secondary data
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comparison between 1 OPEX and CAPH are striwctured
IV and greenhouses model to reflect the
systems followed by  Cash Flow Mode| operatingand
cash flow analysis to capital
assess the financial expenditures in
opportunities and under-coverage
challenges in Denmark farming
Development
and analysis of
cash flow
scenarios
reflects the
profitability and
investment
opportunities in
greenhouses
and IVB
RQ2:How can Experimentation and 1 Experimental Quantitative
the risks evaluation of the setup at BTECH coding and
associated with photoperiodic Department statistical
the artificial light NB lj dzA NB WaSily f Sensors analysis using
operation in plants grown in indoor { Data loggers SPSS
indoor food cultivation q Statistical Destciptive
productionbe Analysis statistics
limited? 1 Peerreviewed Analysis of
literature variance
Experimentation and 1 Experimental Quantitative
evaluation of setup at BTECH coding and
intermittent lighting Department statistical
intervals for basil plantg 1 Sensors analysis using
grown in indoor § Data loggers SPSS
cultivation ¢ Statistical Destciptive
Ana|ysis statistics
1 Peerreviewed Analysis of
literature variance
RQ3:What is the Experimentation, 1 Experimental Quantitative
impact of documentation and setup at coding and
intermittent light evaluation ofload- Department  of statistical
applicationon shiftedlighting Natural analysis using
the energy protocolsin indoor Resoures and SPSS
footprint and the growing basil crops Agricultural Descriptive
growth of plants Engineering, statistics
in IVFs in the Agricultural Analysis of
Nordic context? University of Variance
Athens (AUA)
1 Sensors
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1 Data loggers
1 Stistical
Analysis
1 Peerreviewed
literature
6 Development of a 71 Algorithm Cost
dynamic energy model Development optimisation
and assess thenpact of Data (MATLAB) model
load-shiftedlighting 1 Marketreports MATLAB
photoperiodfor IVFsn 1 Peerreviewed Descriptive data
the Nordics literature and analysis
1 OPEX
1 Cash flow Model

1.5. Contribution and Novelty

This PhD dissertation and the articles that are presdntontribute on answering the fundamental
research questions of this research ase analysed based on the notions of novelty, uniqueness and
value that they adan the agriculture and energy sector (Sovacool A. et al., 2018). Research can be novel
under the scope of three critical factorgirst of all, the theoretical contribution that aims to develop,
examine, critise and revighe subjectedconceptsand contribute on structure and theory development
Secondlythe methodological contributionf thisresearchurther exploresand develogthe appropriate
researchmethods that reflect the objectives and thanalysis of data inputd-inally the empirical
contribution of the researctfocuses on inserting new applicati®im the already existing methodsd
theories aswvell as providdurther analysis of new applications, evidences and data.

Basel on literature, this dissertation provides novelty and contrilouatiin the following ways. Firsthe
methodological approach includes mixed methods approaches implement and manipulate both
gualitative and quantitative methods of primary and secondary data sources that answer the research
questionsunderthree different distinct methods (1.4.2. &ction). The novel methodological contribution
applies variousipproaches thaprovide answers and insight dhe complex defined questions, such as

the techneeconomic analysis of vertical farmingystems Additionally, this dissertation includes
innovative research methods, by defining and experimenting on inteemitphotoperiodic intervals for
indoor cultivation. The value of this methodology was validated byrtipeict and interesof this research
output beyond the academic cycles but also being disseminated and communicated in entrepreneurial,
industrial, sociband supply chain cycles.

Pageb4 of 248



e\ &7

NG

g <G
Tag pred

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

1.6. References
Adenaeuey L. (2014). Up, Up and Away! The Economics of Vertical Farming. Journal of Agricultural
Studies2(1).doi:10.5296/jas.v2i1.4526

AlessQA. A., CipriottiP. A., BollergG. A. & MartinN. F. (2019Expemmental Designs anBstimation
Methods for OaFarmResearch: A Simulation Study of Corn Yields at Field $cAlgron. 3 (6): 2724
2735.d0i:10.2134/agronj2019.03.0142

Avgoustaki, D. D. & Xydis, Q20). Plant Factories in the watéood-energy Nexus er. a systematic
bibliographical review. Food Security2 (2), 258268.https://doi.org/10.1007/s12571019-01003z

Aveniet M. J. &ThomasC. (20150 CAYRAY 3 2y SQa g & | NEB dzy RrddimgNR 2 dza
rigorous case studies: A comparisof four epistemological frameworks. SysttmRQ L Y F2 NXY I G A 2y
Management. Esk&0: 61- 98.

Barbosa, G. L., Gadelha, F. D. A., KibljlRroctor, A., Reichelm, Weissinger, E.,Wohlleb, G.M., &
Halden, R. U. (2015). Comparisohland, water, and ermgy requrements of lettuce grown using

hydroponic vs. conventional agricultunadethods. International journabf environmental research

and public health12(6), 68796891.

Baxter,P. & Jack, $2008. Qualitative Case Study Methodology: Study Desighlaplemantation
for Novice Researchershe Qualitatve Report. 13(4): 54856.

Blaikie N. (2003). Analyzing Quantitative Data: From Description to Explanation. Sage Publication

Bloom, B(1956. Taxonomy of Educational Objectiv@fe classification acfducational goaldNew
York: Longmans, Green

Carey, R., Larsen, K., Sheridan, J., & Candy, S. (201®)2 MeNJ/ S @ire: PlardiRy a resilient
city foodbowl. Victorian  Ectnnovation Lab: The  University of  Melbourne
http://hdl.handle.net/11343/12176.

Cherp A. et al.(2018). Integrating techneeconomic socicetechnical and political perspectives on
national energy transitions: A metheoretical framework. Energy Research & Social Science,
37(January 2017), pp.1@590. Available at: https://doi.ord/0.1016/.erss.2017.09.015.

CreswellJ.W.(2014). Research Design: Qualitative, Quantitative, and Mixed Methods Approaches, SAGE
Publications. Available atttps://books.google.dk/books?id=4uBIC_pOQC

CreswellJ. W. & Plan€lark V. L. (2011). Designing and conducting mixed methods research (2nd ed.).
Thousand Oaks, CA: Sage.

Pageb5of 248


https://books.google.dk/books?id=4uB76IC_pOQC

e\ &7

NG

g <G
Tag pred

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

Danish Ministry of Energy, Utilities and Technology. (2017). Going green with Denmark. International
Partnerships fo enemgy transformation. Available at:
https://kefm.dk/media/7143/dea_brochure web.pdfAccess on 12.01.202@cessed on 12.01.2020).

Despommiey D.D. (2010). The Védal Farm. Feeding the World inthe’21Sy (i dzZNBE @ t A OF R2 NJ
Press, New York. ISBN 9¥812-610692.

Edjabou, L. D. & Smed, (2013). The effect of using consumption taxes on foods to promote climate
friendly diets ¢ The case of Denmark. Food Policy; 39, 8496.
https://doi.org/10.1016/j.foodpol.2012.12.004.

Eisenhardt K. M. (1989. Building Thories from Case Study Researt@ihe Academy of Management
Review, 14(4), pp. 53250.

EsserF. &Vliegenthart R. (2013). Comparative Research Metholise International Encyclopedia of
Communication Research MethodOl: 10.1002/9781118901731.iecrm0035

European Commission (2002). Towards a thematic strategy for soil protection, COM 179 final.
https://ec.europa.eu/environment/soil/three_en.htm. (Accessé December 2019).

Ferg, T (2016) Study and optimiation of lighting systems for plant growth in a controlled environment.
Chemical and Process Engineering. Université Paul Sabatielouse Ill. English. NNT :2016 TOU30248

Food and Agriculture Orgaaizon of the United Nations. (2011). Rome, Italy. Available online: http:
/Iwww.fao.org/3/a-i2050e.pdf. (accessed on 16 October 2020).

FranzluebbersA.J. 8DoraiswamyP.C. (2007 arbon Sequestration and Land Degradation. In: Sivakumar
ad+rdY DI N Reidls) glith@lelzind Land Degradation. Environmental Science and Engineering
(Environmental Science). Springer, Berlin, Heidelberg. https://doi.org/10.1008%48-724384_18

Grant M. J. & BoothA. (2009) A typology of reviews: An analysis of 14 egwitypes and associated
methodologies. Health Information & Libraries Journal 26(231.@4

Horticulture Lighting Market (2018Horticulture Lighting Market by Technology (Fluorescent, HID, and
LED), Application (Greenhouses, Vertical Farming, and If&woring), Cultivation (Fruits & Vegetables
and Floriculture), Lighting Type, Offering, and Regi@lobal Forecast to 20230nline] Available:
https://www.marketsandmarkets.com/MarkeReports/horticulturelightingmarket131559722.html

Howe, K.(1988. Against the quantitativgualitative incompatibility thesis or dogmas die hard.
Educational Research, Volume 17, pglif)

Howell, K. (2013. An Intoduction to the Philosophy of Methodology. Available at:
http://methods.sagepub.com/book/asintroductionto-the-philosophyof-methodology

Pageb6 of 248

{


https://kefm.dk/media/7143/dea_brochure_web.pdfAccess%20on%2012.01.2020
https://www.marketsandmarkets.com/Market-Reports/horticulture-lighting-market-131559722.html
http://methods.sagepub.com/book/an-introduction-to-the-philosophy-of-methodology

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY
Kozaj T., Niy, G. & TakagakiM. (Eds.) (2015). Plant Factory: An Indoor Vertical Farming System for

Efficient Quality Food Production (1st ed.) Academic Pr. Elsevier.

Langelaan H. C.& Silva, F. P. D. (2013)echnology options for feeding0 hllion people. Food
Engineeing; 1(1), X 16.

Lauer M. (2020). Methodology guideline on techno economic assessment (TEAherated in the
Framework of ThermalNet WP3B Economics. Intelligent Energy Europe Available at:
https://ec.europa.eu/energy/intelligent/projects/sites/iee

projects/files/projects/documents/thermalnet _methodology guideline_on_techno_econonsisegsm

ent.pdf

Lipinski, B., Hanson, C., Loma, J., Kitinoja, L., Waite, R., Searchinger, T. (2013). Reducing Food Loss and
2 3068 LyadadlrttySyd uw 2F G/ NBFGAYy3I || {dAGFAYlI6fS C;
USAttp://www.wri.org/sites/default/files/reducing food loss and waste.pdf

Martineau, V., Lefsrud, M., Naznin, M. T. & Kopsell, D. A. (2012). Comparison-efitimny diode and
high-pressue sodium light treatments for hydroponics growth of Boston lettuce. HortiScience 47 (4): 477
482. https://doi.org/10.1017/CB0O9781107415324.004

Nkonya, E., Mirzabaev, A., Braun, J. von (Eds.) (2016). Economics of Land Degradation and Improvement:
a Global Asessment for Sustainable Development. Springer Open, Cham.

wSey2f Ras / dWPX aANRalX adr /f20KASNE . OHAMCO®D
calories and resources wasted. Agriculture 6, 9. https://doi.org/10.3390/agriculture6010009

SaundersM., Lewis P. & Thornhill A. (2009. Understanding research philosophies and approaches.
Research Methods for Business Students, 4, pg18%.

Tranfield, D., DenyerD. & Smart P. (2003) Towards a methodology for developing evidesic®rmed
management knowledge by means of systematic review. British Journal of Management 14&32207

Vogt, W. P. (2011). Dictionary of statistics and methodology: A nontechnical guide for the social sciences
(4th ed.). Thousand Oaks, CA: Sage.

Wedawatta G, Ingirige B. & AmaratungaD. (2011).Case study as a research strategy: Investigatin
extreme weather resilience ofonstruction SMEs in the UlSchool of the Built Environment, the
University of Salford: Salford,UK.

World Integrated Trade Solution (WB). (2018)Denmark Vegetable Imports by country in US$ Thousand
2018 Available at:
https://wits.worldbank.org/CaintryProfile/en/Country/DNK/Year/LTST/TradeFlow/Import/Partner/by
country/Product/0615 Vegetable#Accessed on 05/01/2021.

Pageb7 of 248


https://ec.europa.eu/energy/intelligent/projects/sites/iee-projects/files/projects/documents/thermalnet_methodology_guideline_on_techno_economic_assessment.pdf
https://ec.europa.eu/energy/intelligent/projects/sites/iee-projects/files/projects/documents/thermalnet_methodology_guideline_on_techno_economic_assessment.pdf
https://ec.europa.eu/energy/intelligent/projects/sites/iee-projects/files/projects/documents/thermalnet_methodology_guideline_on_techno_economic_assessment.pdf
http://www.wri.org/sites/default/files/reducing_food_loss_and_waste.pdf
https://wits.worldbank.org/CountryProfile/en/Country/DNK/Year/LTST/TradeFlow/Import/Partner/by-country/Product/06-15_Vegetable
https://wits.worldbank.org/CountryProfile/en/Country/DNK/Year/LTST/TradeFlow/Import/Partner/by-country/Product/06-15_Vegetable

e\ &7

NG

g <G
Tag pred

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

Xydis, G., Liaros, S. & Avgoustaki, D. D. (2020). Small scale Plant Factories with Artificial Lighting and wind
energy microgeneran: A multiple revenue stream approach. Journal of Cleaner Produioh;
120227 https://doi.org/10.1016/j.jclepro.2020.120227

Yin R. K. (2008 Case study research: Desigrdanethods, 3rd edition, LondoSAGE Publications.

Zheng L. & He H. (2019) Application of Lighémitting Diodes and the Effect of Light Quality on
Horticultural Crops: A Review. American Society of Horticultural Sciencel(®4 1656 1661.
https://doi.org/10.21273/HORTSC110919

Zayed T. & LiyY. (2014). Cash flow modeling for construction projeEtggineering, Construction and
Architectural Management. 21 (2): 1-489.DOI 10.1108/ECANI8-20120082

Pageb8of 248


https://doi.org/10.21273/HORTSCI14109-19

e\ &7

NG

g <G
Tag pred

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

2. What are the benefits and challenges of indoor
vertical farms?

The first research question is answered by introducing the following two research publications:

1. AvgoustakiD. D. & XydisG. (2020). How energy Innovation in Indoor Vertical Farming can
Improve Food Security, Sustainability and Food Safety. Els&hager One. 5, pp. b1.
https://doi.org/10.1016/bs.af2s.2020.08.002

2. AvgoustakiD. D. & Xydigz. (2020). Indoor Vertical Farming in the Urban Nexus Context: Business
Growth and Resources Savingsstainability; 12,-18. https://doi.org/10.3390/su12051965

The two articles (one book chapter and a journal article) aim to reveal the specifications, technicalities
and flows and efficiency ofesource for IVFs startingmore broadly andworldwide and in continue
focusing moreon the Danish reality and markeMore specifically, the first article, examines the
performance of three different agricultural methodologies (open field agriculture, greemsoasd 1V§)

in terms of resource use efficiency, food safety and sustainability of the methods. Continuously, the
second article, focuses mainlytime installation operation profitability and return of investment of an

IVF case scenaridJnder this scpe, examines, compare and analysse the operational and capital
expenditures of a greenhoudacility and an IVF in th&lordic areaand alsoquantifiesthe risks and the
challenges that are correlated witindoor farmingoperation and the sigficant roleof artificial light

2.1.How energy Innovation in Indoor Vertical Farming can Improve
Food Security, Sustainability and Food Safety.

Thefirst scientific articlghat is submitted in this dissertation examines and presents the performance of
three different farming techniquesopentield farming, greenhouses and I&¥Hhe ankle of comparison
includes the input of resources foaeh agricultural methoahe final harvestedjuality and quantity of
products, as also evaluates tisafety and the selfife of the products in terms of fresh and nutrient status.
This scientific article is based on an extensigethesis of more than 60 peeeviewed studies, company
reports and European commission repott&t seek to explore, categodsand quantify the resourc€s
inputsand outputsunder differentfood productionmethods This article describes the characteristics and
principal components of I\gRwith artificial light, which consist one of the most sophisticated types of
closed plant production systems (CPPS). €haracteristics of I\&are compared with those of
greenhouses anttaditional farming from a viewpoint of resource use efficiency (RUE). More specifically,
the comparison criteria include the vitalements on plant grow and developmestich as water, @,

light, nutrients, electricity and heatiigooling. Consequently, this stuayntributes to the indoor farming
industry in terms ofeflectingthe improvements thatre requiredin the light and electrical energy use
efficiencies of I\d-that can enharethe profitability by reducing the production costurthermorethe
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challenges that are highly connected in $\&Fe further discussedh order to provide the necessary

background othe ultimate goals of indoor cultivation for optimal operatiomhichare:

a) the maximiation of the amount of usable and salable part of the crops by using the minimum amount
of resources,

b) the preservationof the highestpossible RUE
c¢)the elimination of environmental pollutants and
d) the minimisation of the costs wlile achieving the upper goals (Kozai, 2007; Kozai et al., 2016).

Among the various resources that are comparatiaglglysed, a considerable amouwftelectrical energy
is required to covethe lighting demand of indoor cultivation. Thus, electrical egeagd light energy are
concluded to be the most important resources that are associated with high risk snahdFhave

increasing necessity for further improvement in terms of RUBdoor food production systems

2.1.1.Introduction

Sustainability of resourseand safetyn the food production line is major issue globally. B3050, it is
expectedthat the global population wileach almost 1®illion people, 2.4 billiopeople more that need
to be fedwith nutritious food sourcegUnited Nations, Departmertf Economic and Social Affairs, 2D15
Today, agriculture occupies land equal to the size of Somntérisa in ordetto cover the demand of the
global populatimm (FAO,2019) Based on the assumption th#te minimum daily demand of a single
person is minimm 2000 kcal, if wenaintain the same agricultural practicés food production we will
need additional land equdab the size of Brazil (2.1 billion acres) cover the global food demand
(Despommier, 2009). On the othkand, according to LotzEamperet al. (2008)part of the land used
for agricultureis projected to be transformefibr other purposes such as urbaai®n, energ production,
or infrastructuregrowth. It is worth to mention, that another crucialakenge that will significantlgffect
agricultural production inhe upcoming years is the rapidcrease of the global temperature, as perch
degree of temperature rise,0% of existing agricultural land will be lost (Despommier, P0Ndwvadays,
climate change is a huge igssince it is @pected that theupcoming 50 years will outstandingly affect the
agricdtural process. The significaribcrease of the carbon dioxéd emission levels from a global
perspectiva since it constitutes an importanmpact factor of agriculturaproductivityt caninfluence
the global economy vi&tS STFFS O a 2 yotalpfodictionTatehOspecifiodrNGSIRy 2y a dzf | U
et al. (2016)esearch conducted for Ethiopia, indicates that the impact of €flissionswill decrease
3.5% to 4.5%of the real agricliural GDP(Gross Domestic Producjnce it will lead tolower the
agricultural productivity andubsequently reduce the amoumtf traded and norraded crops. Such
population increase certainly indicatessignificant rise in the required food praction, raising concerns
on thedeficiency, the quantity, and the quality fafture food products. We shoulalso take into account
the fact that nowadaydood travels daily thousands afiles fom the production areas to therban
consumers, in order to meeht demand, releasing huge amounts of fJ€opardising the sustainability
andthe qualitystatusof products(Kemp et al., 2010)
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Less developed countries such as &jthd, Niger and Malihat were mentioned abovegpart from global
climate change will hae to face and other enlarged problemencerning food safetgnd extreme hunger
For examplehuman excrements that are used fertiliers (estimation of 50% of the globakiing) can
cause diseases su@s choéra, typhoid fever and numeroysarasitic infections (Despommier2010).
Nowadays, even the more developed counties have to face $aéety and security problems even if this
kind o infectious diseases have beeliminated. It is worth to mention th pandemic of our age, COVID
19 caused by viruSARE0V2 that was irially reported in the provincef Hubei, Wuhan in China. The
disease is ésnated to have originated frora seafood market in Wuhan where wild animals were traded
such as marmotdats, shakes and birds (Zhou et @D20). The sprfic family ofviruses, coronaviruses,
are known to be trasferred from animal to humangéccording to Zhou et al2Q20), it is mentioned that
96% of the genetimakeup of COVHD9 is matched witlihe coronavirus found in bat3.he uncertainty
that is caised globally via COVI® has caused apart fromultiple deaths and lockdowrte almost all
the countries, will affecsignificantly the economy and will cost trillionsddfllars in the global economy,
during2020 and beyond (UNCTAD, 2020).

Food safetys a major issue of our era, as there are multiple répofcases worldwide over the last years
that have cause food recalls due to bacteriaifectious diseases leading to loss ofidil dollars. Why do
we seem tchave so many outbreaks concerning dooroduction these days? Only in théS, despite the
attempts to provide aafe food supply, every year arecorded 48 million foodborne illnesse128,000
hospitalsations and3000 deaths (CDC, 2013). In 2§18, E.coli O157: H7 outbreak in théS caused
sudden eruption linked to consumption of leafy greansithe romaine lettuce. The pathogen wamsinly
reported in the regionsYuma, AZ and Salinas, California, where greesé installations that produce
more than 90% of the leafy vegetablasd greensri the United Stateare based. E.coli contamination in
the producton line almost alihe timesoriginates from the irrigation water used indtiields. Additionally,
further risk in the contamination process from van®bacteria and pathogens comfeem the washing
of field-grown products aftethey are harvested, while thistep can spread contamination to the wiko
production (Mishra, 2008) The most regulatechnique that outdoor farming applies afteratvest is
dunking lettuce headsin water tanks fram rainfall or irrigationwhile most greenhouses apply triple
washes with running water from the local netwdikerin et al., 2016)

Vertical farms are a novel type of faimg in a controlleeenvironmentwith a total replacement of solar
radiation with atificial lighting that provideshe necessaryanometresof the spectrumfor the growth
and developmenbf plants. In vertical farms, plants gramsoilless cultivation systenssich as hydroponic
(roots are immersed in mufile substrates, i.e., perlitepckwool enriched water with nutrient sotion),
aergponic (soilless aimist solution) or even aquaponic (caltivation of fish and hydroponiaeroponic
plants) systems that allow stacking multiple layersa@umns of plants horizontallyr vertically.Vertical
farms are locatd in completely isolated spaces from outdoenvironment with thermally insated
installations (especiallyvhen at the top floor of the building) andrtght structures that give the
opportunity to the farmers to control the emdnment n terms of temperature humidity and C®
(Avgoustaki& Xyds, 2019). Since vertical farntan theoretically be placed anywhere in theban
network, they allow locahutritious and fresh consumption faonsumers. In specific, a studgnducted
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by Jill (2008), mentioned th&bod sourced from conventiondhrming uses 4 to 17 times more fuel
compared to locally grown food arahnits 5 to 17 times more GOMeanwhile vertical farms may be able
to increase the prductivity rate in highly urbangd aeas tha can lead toimprovements in thefood
security of the community.

The purpose of the following subchap is to compare the differentarming techniques obpentield
farming, geenhouses anthdoor vertical farms irbetween them in terms of inpudf resources, thdinal
product in termsof safety and the shelife of the productsin terms of nutrient status anftreshness.
Additionally, we will examine the abe criteria for lettuce, whichis one of the most importaty
cultivated species in vedal farms and willige us access to multiple data. Lettuce belongs to Ilasic
daily diet products; itsature is fragile and can be easily contaated and spread diseases amahg
population.

2.1.2.Comparison in resources input and sustainability between ifferent
farming types
Tomake more understandabléhe concept of RUEN Fig. 7the essential resources for growing plants

under various farming types are shown. The most vital for plant growth is water,ligi@, nutrients,
electricity (for ventilatiorpurposes) and heating.

As shown in Fig., The definition ofRUEis given by the ratio of the final plants production to the total
input. In order to calculate the total inpatf a system, we have to summagithe input of resources, the
environmental pdutants and the production system.

Toevaluate the sustainability and efficiency of a production system in the food industry, we have to assess
three key directions of the system.

® w!'9Y (KS lY2dzyid 2F ySO0Sa4alNE NBa2dNDSa (2 LINE Rz
w ¢KS 02 3ai thelatBf shalddlesya@di to the production cost.

w CKS gdf ySNIoAfAGe 2F GKS aeadsSyz YSIyayd GKS RS
value per product unit.
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Figure7. RUEconcept of a plant productiosystem.

Water is absolutely necessary for all food production such as vegetables, fruits, grains, meat etc. Based

on Nederhoff and Stanghellini (2010), the water use for the global food production reaches at 5400km

and has a rapid increasing rate. Thagation wateruse efficiencyWUE)can be researched under

different scopes and multiple concepts such as storage, delivery distribution of the water to the farm or

out of the farm. Additional systems that can aff$¢tUEs the ratio of water that is delered for irrigation
and the water that supplies the system. There are various ways we can caltluUdias one of the major

resource inputs in food production that can be accomplished with agronomic ways, engineering or even

economic approaches. More antbally, irrigation efficiency estimates the ratio between the diverted
water and the consumedater by the cultivationthus it provides watetuse measurements that estimate
the performance of the irrigation system. On the other haWdJEis considered amconomic concept
that traditionally evaluates the farm, as it is calculated by the crop yield unit of water diverted gkg/m

In terms of energy consumption, greenhouse gas emissions (@hE3®)e of the reasons thabntribute

significantlyat the risng global warming. The main gases released by agricultural production are carbon

dioxide (C@, methane (CH and nitrous oxide (}D). Since the global polityakers, organgtions,

researchers, retailers and producers try to propose and implement noebhtques that identify and
reduce GHGs, it is necessary that we will focus and refer to the status of emissions under each farming
type and propose mitigation measures in the sector.

Todescribesustainability in agriculture, it is not enough to relatetairsability with the field only from

the resource§perspective. Understanding and evaluating what constitutes a sustainable farming system,
it is of vital importance, to furthermore understand the economic and social terms that influence the
contemporaryissues, values armbtentialsof a unique system. Economic efficiency reflects to the value
that is relative to the cost. In order a resource to reflect an economic value, has to be rare and difficult to

obtain, for the market prices to allocate the usetbis resource for competitive purposes. For example,
SOSY AFT FANIFYR 461 GSNJFNBE SaaSyaart
most circumstances they have no economic value due to their sufficiency levels in theneresitqIkert,
2001). They only obtain an economic value in cases of scarcity due to, e.g., high levels of pollution or

drought.

NB & 2 dzZND S a
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2.12.1 Openfield farming

2.1.21.1 Status of resource use efficiency

Traditional farming is the type of agriculture wheremmis are shown and grown in the land field in soil.
Even if is the most ancient way that people use land, over the last decades with the technological
breakthroughs and the numerous innovations introduced, outdoor farming has changed. Sensors,
satellites ad advanced machinery allow farmers to apply more targeted (and precision) agriculture to
treat the fields individually according to the needs of the crop and the soil, by dividing it in smaller parts
in order to take into consideration the variability &vof each unit. To complete the whole picture of
climate change issues, an additional evolution process that crucially reduce the growth rate of plants is
soil degradation due to excessive floods and droughts.

Opentield food production systems offer foagblutionsto people from the beginning of human history.
Over time, additional innovative techniques were apglia traditional farmingo rise the productivity
rate and reduce the cost and the crops overall footprint. In terms of resources, conveniiomahg
seems to have an increa demand for water uses traditional agriculture uses almost 70% of the
available fresh water globalifable 4. Furthermore, a very common problem in terms of sustainability
in WUEof conventional farming is the limitesoil waterholding capacity that results from the limited
mulching of the soil and theonsistency in the same fertiéiss/soilpreparation practices. Scientific results
(Pimentel et al., 2005) have shown that this maintenance of these practices lead tsoll moisture
status and low conservation levels of conventional farming systems.

The most used approach for conventional farms is the irrigation efficiency and/the It is worth to
mention that the more water applications are applied in a crop,ifgher the water delivery losses are.

In order to improve theWUE many farmers apply a combination of hydroponic systems with drip
irrigation and smart scheduling of water distribution. Hydroponics successfully address the challenge of
soil drought and danity that reduces both yield and crop quality. It should be noted that a decisive factor
for the selection of hydroponic systems is the high irrigation water needs that renders the requirement
for recirculating water. It becomes apparent thatcombinaton of watesaving technologies with
limited-water application technologies (such as ckb@ep hydroponics, drip irrigation, mulching and
smart scheduling of water supply) are the most effective solutions for optighVUE

Table4. Summary of annual data for outdoor farming.

Resources Efficiency Traditional Farming (lettuce) Citation
Water Use Efficiency 250U/ kg lettuce/ year Barbosa et al. (2015)
Water Use Irrigation and rainfall Coyle& Ellison (2017)
Approx. 250 L/rh
Enery Use 0.3 kWh/kglyear Barbosa et al. (2015)
CQ emissions 540 kg/tons of lettuce Gerecsey2018
Light source Solar radiation
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Pest control use EPAapproved pesticides, herbicides and
fungicides as also traditional methods as plowil
weeding and mulclnig

Yield 3.9 kg/ntlyear Coyle& Ellison(2017)
Land Use 275 dayslyear Coyle& Ellison 2017
Land Use Efficiency 93 nt for 1 kg lettuce /day
Harvests per year 2 per year Coyle& Ellison(2017)
Food miles 3200 km

Regarding land use, growing anc@ucing food to respond to thexpanding demand of the world has

led agriculture production and foodcarcity that can be difficulty bridged2TRI € Q& FI N¥Yf | yRAZX
almost50% of the global habitable land (ourworldindatagp We gathered théootprint of the various
resources that meet th demand for lettuce productionia traditional farming techniques. Worttoticing

that deforestation ia major problem, since forests are continghusacrificed against farmlatisht leads

to climate change acceleian and ®il inability to maintain waterat lower levels. Depending on the
cultivated variety, the techniques and theeason, traditional farmed lettuce has altotation cycle
between 1.5 an@.5 months. Therefore, farmers have the ahito grow multide successiverops in the

same field throughout a yearlyultivation period in order tancrease their yield and income. Additional
techniques that operiield farmers follow in order to increase their yield and income per hectare (ha) of
cultivated land $ the density of planting, fddation (combination of fertilistion with irrigation)
application and the use of healthy transplants grown in nurseries. Assuming that romaine lettuce growing
in the Mediterranean is planted in distances o080 cm betweenthe rows and 235 cm between the
plants, then the resulted yield reaches at 75,PR0,000 plants per ha (Savvas et al., 2015). By increasing
the planting distance per row by dm, it can lead to a 76% reduction of the total production. Harvest
period vaiesdepending on the type or the variety of the cultivated crop. For the romaine lettuce grown
outdoors, the harvest period is between 55 and 70 days with a typical yield;8026ns/ha.

The energy use in outdoor farming is mainly linked to fossil fimel®perations such s soil plowing,
sowing, fertiligtion, harvesting etc. Additionally, further electricity is required for pumping (water
irrigation), which in developed countries can reach up to 20% of the total fossil fuel usage (Despommier,
2010).

Gonventional farming, unfortunately, is associated to higher emissions in comparison to other types of
farming. The majority of the emissions is directly linked to the transportation of the products, also known
as food miles. The amount of miles that isueqd in order for food to travel from the producer to the
consumers could release between 11 to @@pof C@emission depending on the location of the farm
(Gerecsey, 2018). Since farmlarate often located many kilometres away from the urban centvbere

the majority of the eneuser is located. Food miles emissions represent on average 62% of the total
emissions released throughout traditional farming. Another important source afe@@ssions that is
linked to traditional farming is the significantn@unts of food waste. Even if food waste is not only linked
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to traditional farming, maladministration and mismanagementfarm losses, and hemarketable crops

put traditional farming under the spotlight of high shares of carbon footprint. For the esomaind
assessment of the economic efficiency of farmiagignificant role in the calculation, the resources that
0SINI Iy aSO2y2YAO0¢ @t dzS KIF @S L} | & Sdpabilitytonabtecs @ Ly
and evaluate the quality, use drmaintenanceof water, air, solar radiation and in some cases even soil
fertility and productivity. The costs of a farm can vary between two main categories: the variable costs
(operational expense®PEX) and the fix costs (capital expen€ad?EX). In ¢hcategory of variable costs,

all the expenses that cover particular farming actions in a specific pefigtie such as seeds, fert#is,
chemicals equipment operation anéhbour are included. On the other hand, in the fix cost category, all
the experses that will be incurred regardless the process and status of production, building expenses
(rent, installations, land) and equipmeintstallation(irrigation system, machinery) are included. Thus, the
economic efficiency consists from a combination ehtieical and other components. Based on Auraaty

et al. (2007) andesearch that conducted to compare the economic efficiency betwstitional farming

and mechanisd farming systems, it is pointed ailat the net income in mecharesl farms is significsly

higher due to the higher yields/ha than the one of traditional farms. This effect of traditional farms could
be explained by the longer time periods in soil preparation, limited tillage practices as well as the high
cost requirements of labar expense (specifically in seasonal workers during harvesting and sowing) in
comparison to the high technology and mechsation farming systems. Last, another factor that highly
affects the final quantity of production is biodiversity. For this reason, the seteand maintenance of
mono-cropping techniques that provide a uniformity in the applied practices, can reduce therlebsts

and make harvesting easier. However, by cultivating onlycomeQ speciesn the entire field, it can highly
influence the bidliversity and make crops more susceptible to pathogen infections. To avoid this effect,
traditional farmers apply chemicals and genetically modified organisms to maintain a simple farming
system. This practice, though, requires a lot of continuous inprgsifurces and energy (cost).

2.2.2.1.2 Solution fancreasing sustainability

The innovative and highuality mecharsation and technological innovation can lead to the increisse
production and hence income. Multiple practices become more and moreiwitedditional farming, as

they improve the efficiencyseof resources in general and can overall enhance sustainability. Concerning
the water usage, there are several approaches that new farms brimgah the field and can optimas

the existing sever water waste situation. Common agronomic measures such as improved crop
husbandry and changed crop mix driven by the crop selection, can have a huge impact in improvement of
water usage. Furthermore, there are various cultivation techniques such as ocatigifi of the irrigation
infrastructure, which can also influence positively t&JE Last, management actions such as optimal
irrigation planning and frequent maintenance irrigation system scheduled maintenance can also influence
L2 A GA OGSt & flioehcd (Whedldr 6talY ZDE5). S

2.1.2.2 Greenhouses
Due to the growing population, farmingab shifted to technologies th&nhance significant scalg of
the producton via innovative technologie§&reenhouses are types of installations, desid to potect
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and enlarge thecultivation season of various crops. Pkrgrowing under greenhouses camow
protected from severe weather conditis such as hail, snow, extrert@v temperatures or excessive
heatwhile at the ame time can allow cultivatiorsf out-of-season species. Greenhasdfirst introduced
in the 17" century but only on the 19th century were commercially appirethe global market. According
to their installed ara, greenhouses can be presenteith various coverage materials suak plasic,
glass, polyethylenand rigid that protect crops from the varidiby of the outdoor conditionsdiffuses
solar radiation and traps moisturgyhich contributes to increaseglant growth. The coverage system
allows famers to control the cultivatiorenvironment according to each crop prefers® as they can
apply differentmethodsthat will maintain the heating and the cting requirements tahe desired levels.
This way, inside thergenhouses, farmers can develapd maintain the desired microclimagend create
a more predictable environmernihat enhances the final plant ylachieving higher quality amdduced
water consumptie compared to opetiield crops.

There are different greenhouse systemsathare diversified according tthe energy flow iside the
greenhouse and theassources flow in the productidine. In more details, open greenhouses refer to the
structure of the irrigationsystem, meaning that they do nobkect the drained water of therops for
reuse (usually have sdibsed crps). These systems seem to halesv level of water usage efficiency as
they areaffected by water losses due &wil depletion and constant water drainage, which drains the
excess amounbf water with fertiliers. This waste of resources casisgnificant prdlems tothe
environment. Usually growers can control the amount of drain as patth@imanagement strategy of
resources theyollow. The percentage of dracan number between 5% and 50% of thetevasupply, but
can be improvedtby reusing this drain irhk irrigation systemAdditionally, open greenhousese window
openings as the only mearf dehumidification and coolingechnique.

There are also the seralosed systems ajreenhouses that have a smallaoling capacity and window
openings, comimied wih mechanical ventilationof air-cooling systems. The combination use of
mechanical sysims andwindow openings dependn the cooling demand. Concerning tireigation
systems, serAtlosed greenhouses reuse the drained nutrient solution by collectingattemk that is
constantly toppeeup with fresh water. In some cases is followed water disinfection in order the collected
drain water to be purified for avoiding diseases spread in the crop. To avoid imbalances in the nutrient
solution, farmers use vari@utechniques such as bleeding or dumping. In specific, bleeding techniques
remove constantly 10% of the drain water, while in the dumping technique the mixing tank gets
completely emptied and refilled with fresh water enriched with nutrient solu{®avva, 2015).

Finally, closegystems refer to absolute mechanical support of the cooling and dehumidification system
by air treatment units. The air treatment unit consists of a heat exchanger that is connected to a ventilator.
The purpose of the ventilatds to withdraw air from the interior of the greenhouse, cool it, dehumidify

it, and then distribute it back into the greenhouse. Furthermore, in clesetems water usually follows

a close loop that allows the collection, recycle andlisribution of the irrigation water both for irrigation
purposes but also for cooling and heating purposes from inside the distribution pipes between the plant
lines (Qian, 2017). Concerning the irrigation system in clsgetéms of greenhouses, the water does not
follow the procedures of bleeding or dumping that are followed in selomsed systems. On the other
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hand, the water is constantly recirculated in the mixed tank as it is automatically topped up with the
correct and precise amounts of fresh water and each nutredatent. The growers are aware of the
status of each nutrient element anchnadjust it precisely in order not to disrupt the nutrient balance.
This process becomes possible because of the high evolvement of automations, sensoring and
programming in closgreenhouse systems and achieve &3@b better water use compared with open
greenhouse systems (Nederhoff and Stanghellini, 2010).

Table5. Summary of annual data for a hydroponic greenhouse plant.

Resources Efficiency Greenhouseglettuce) Citation
Water Use Efficiency 20 U kg lettuce/ year Barbosa et al. (2015)
Water Use hydroponics or soil Coyle and Ellisor2017) and
200 L/ ntor 400L/n? Ntinas et al(2016)
respectively
Energy Use 60-180 kWh/kg/year Graamans et al. (2017)
CQ emissions 352 kg/ ton of lettuce Gerecsey (2018)
Light source Solar radiation and
artificial light that operate 24
hours/day
Pest control use Indoor environment
Fermont traps
Yield 41 kg/ntlyear Coyle and Ellison (2017)
Land Use 365 days/year Coyle and Ellison (2017)
Land Use Efficiency 9 n? for 1 kg lettuce /day
Harvests per year 6-7 per year Coyle and Ellison (2017)
Food miles 800-1600 km

2.1.2.2.1 Water use in greenhouses

Greenhouses have different techniques for irrigation and wateltection and highly depend on if
greenhouses use sdilsed techniques or soilless for crop production. Another factor that highly
influences the final water use anUEis thetype of the system, meaning it can e open system, a
semiopen system or alosedsystem. However, as can be retrieved from Tables 4 and 5 the big difference
in WUEcan be explained primarily because of the higher production accomplished in greenhouses
compared toopentfield farming but also because of the loweanspiration ingreenhousesTranspiration

is the most important factor that influences the water uptake by 90#reforethe control and reduction

of transpiration rate can have a huge impact on fimal water use. Transpiration is highly affected by the
status of hunidity and the irradiation levels inside the greenhouse. The higher the humidity inside the
greenhouse the lower the transpiration levels are. If growers manage to control these two factors in the
optimal levels for each crop, then there is reduced traregin level pem?, which means lower water
usage and therefore better water efficien@lyake & Woodward, 2008)

The selection of the applied irrigation system, has also a significant influence. Drip irrigation is one of the
most popular irrigation techniges in greenhouses. Water is locataeheatheach plant with the use of a
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pipe. Drip irrigation has the advantage of saving large water amounts and also can control and maintain
the humidity levels of the soil or the hydroponic substrate in constant lelrethat way, watestagnation

and puddling of theselected substrate mean can easily be avoided. Finally, drip irrigation allows the
targeted and limited fertiBation being dissolved, in the watering system.

Other irrigation systems are the micro spkiers that spray water in a range around two meters according

to the pressure of the selected nozzle type. This system is mainly used-raseil greenhouses with
sandy soil texture. Another very commonly used system is the irrigation with diffuseis aranly used

in narrower areas and the pressure of the diffuser depends on the nozzle that regulates the water supply
and flow. Finally, other irrigation systems applied in greenhousesttedrrigation with hose and
underground irrigation mainly founith soitbased greenhouses and present low level of water efficiency.

2.1.2.2.1.1 Hydroponic systems

Most of the modern greenhouses apply hydroponic solutions that allow gplangrow without soil. In

more detail, the word hydroponic comes fromthe Greek NR& . &@ b [~ Aw . ¢ GNIyatl dS
[ dzf GA@F GS>¢ YSEyAy3a GKFG LiElyda R2 y2i 3INRG Ay
Various substrates in the market replace soil such as perlite wookand zeolite. Because of the nature

of this technology, plants are permitted to dip directly in their roots into the nutriéch solution and
subsequently plants can absorb faster the nutrients and in an easier way in comparison withassail

crops. Because of this procgdants grown irhydroponicswith smaller root system and can divert more
energy for growing their leaves and stems. Additionally, smaller root allows more plants in the same area
to be grown and harvest higher quantities in comparison to the outdoor farming. The aleseebed
capacity of hydroponic systems, boosts the ability of growing food in limited areas as greenhouses can be.
Hydroponics consist of a total automated system that wademps and pipesystem can be completely
auto-cortrolled. Under various handlingnd monitoring of every aspect that can be praaid in
hydroponic systems, the growers can result into optimal food production results. More specifically, this
process gives the opportunity to farmers to control the whole irrigation process of the cropsdatg to

the demand of each species and the seasonality. In addition, they can have access tioatatn
optimise the development rate and the resource footprint of the plants such as (a) the quantity of water
that is distributed in each plant, and)(the amount of nutrient solution that was given to the plants.

Q)¢

Hydroponics offer a big advantage as they are usually installed in close exlesmioops that return the
excessive water with the enriched nutriesblution back to a collective tank inder to redistribute it

back to the cultivation area. In contrast to the hydroponic solutions, traditional farming experiences huge
amounts of resource and water waste as farmlands face the negative effects of soil degradation and the
harmful effect of eutophication (when nutrients from agricultural land create massive increase
phytoplankton populations leading to reduction of oxygen and nutrient reduction of from water and
suffocation of multicellular water organisms). Unfortunately ppentfield agriculture, excess supply of
phosphates and nitrates in the soil can cause nutrient run/off and leaches. Furthermore, the close-or semi
closed loop of hydroponics categoes them as more efficient in terms of sustainability process for water
efficiency in cenparison with traditional farming where most of the water is drained to lower levels of
soil that plants cannot access.
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2.1.2.2.2 Indoor air control

Greenhouses consist of a&ealed cultivation rooms where are installed various automations and
technologies that can control and provide the optimal environmental conditions for each crop. According
to factors such as location, size of installation, height, outdoor climate conditions, greenhouses use
different technologies that can properly adjust the indoaveéonment to the ideal air conditions.

2.1.2.2.2.1 Heating

Heating is one of the most important processes for space heating inside the growing room, when the
2dz0R22NJ) O2yRAGA2ya YR (22 K2aOGAfS T2 NJ sithaBareLJ | y i &
usually used vary according to the demand of each case. In general, heating systems use the interior hot
air of the greenhouse to transfer heat through a heat exchanger to the stored water that is used as a
thermal storage medium. A very command cheap technique is using water heating systems that consist
from plastic bags and ground tubes filled with water placed inside and between the rows of the plants.
During daytime, this system absorbs and traps the solar irradiation and during nighttiengtored heat

is transferred in the interior of the greenhouse by releasing heat (Sethi and Sharma,E2@08)c heaters
operatevia a thermostat or an automatic timer in order to rise the inside temperature to the desired
levels. Additional techniges used for heating are rock bed storages, movable insulation and ground air
collectors(Savvas?2016)

2.1.2.2.2.2 Cooling

Cooling is a technigque of similar importance with heating as it enables to reduce the thermal energy inside
a greenhouse and maintaithe optimum temperature in each growing stage of the crop. Various
techniques are used around the world according to the specific climatic conditions, the size and the
demand of each case. Such techniques can be natural or forced ventilation, foggingisting, roof

cooling and farpad systems, as well as shading and reflection systems. The most successful systems are
the composite systems since they are giving the opportunity for both heating during the winter period
and cooling during the summer pedo According to Sethi and Sharma (2008), the most promising
composite system is the eartiv-air-heat exchanger system (EAHES) that operates with the underground
constant temggrature of Earth mass and ut#ist to transfer or dissipate heat from or to tlygeenhouse.

2.1.2.2.3 Light proofing

l OO2NRAY3 G2 o2dlyAraita LXIFyda INBE RAGSNAAFASR (2
photoperiodism needs meaning on how many hours of light they have toex@osed during the dap

grow. Artificiallighting is a technique that provides greenhouses supplementary lighting in case that the
solar radiation does not completely meet the photosynthetic demand of each plant species for optimal
growth and development. Efficient and proper use of lights irtibolture and with additional boost of
reflectors can provide apart from the optimal levels that are required for photosynthesis also can benefit
the greenhousesvith additional heating (Fig.)8Heat and energy loss is a common issue in greenisouse
with artificial lighting. The latter can become an effective solution thdigates these losses and add a
value on the required lighting solutions. The most common types of lamps that are used in greenhouses
are highpressure sodium lamps, lighting emittingodes (LEE) lamps and ceramic metal halide lamps.

Page70of 248



=

e

o>
% &
SITAS AR

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

2.1.2.2.4 Energy use

Energy use into a hydroponic production line is mainly meeting the demand of artificial lighting, heating
and cooling loads as well as water pumps. The energy that meets the water pumeeds in a
hydroponic system for lettuce is estimated by the average pumping time that is needed to irrigate the
plants and the corresponding nominal power of the pump. Based ooalwellations of Kublic et al. (2015)

it was estimated that the averaggigation duration for lettuce is four and a half hours of total pumping
daily.

Figure8. Indoor farmingsmaltscaleunit with additional reflectors.

The energy related to the heating and the cooling loads in a lettuce produgtiEenhouse is estimated
by using the following equation

Q= U*A (. G Tow) [1]
where
- Q = Heat that is lost or gained due to the outdoor temperature (k3 * h
- U = Total heat transfer coefficient (kJ* tm=2*°C1)
- A = Surface area of ggehouse ()

- Tin=Temperature inside the greenhouse
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- Towr = Temperature outside the greenhouse

The heat transfer coefficient depends the coverage material of eagneenhouse, while the efficiency
of cooing and heating systems depenuis the heightof the greenhouse ceiling. The loss of heat depends
on theexternal climatic conditionsand it is a decisive factor of the air technique modification to be used.

Artificial lighting usage depends on the photoperiod necessary for each species and tkehactis of
sunlight that plants can absorb for photosynthesis purposes. The active time that lamps have to operate
is highly relevant with the location of the greenhouse, meaning that greenhouse areas with limited solar
irradiation hours (North part of Eape, i.e., Netherlands, Denmark) have higher demand on artificial
lighting in comparison with areas under sunshine (southern part of Europe, i.e., Spain, Greece, ltaly).
Furthermore, the duration of the supplementary lighting depends on the nature ofuhlizvated plants

AY LK2G2LISNRA2RAAY O0AF G(KSe o6Stz2y3a (G2 afz2y3a RI&é
et al., 2020). This characteristic can differentiate the need of the plants in total daily radiation and
according to the outdoor sdight; the extra hours that artificial lamps need to operate should be
estimatedbased on the required Daily Light Integral (DLI) that describes the number of photosynthetically
active photons that reacthe canopy area in a daily perio@ihe ultimate purpse of artificial radiation is

to provide to the crop the indispensable Photosynthetic Active Radiation (PAR) @mfiday for
optimal yield productionTo calculate the energy of a mole of photons that reach the canopy the following
equation is used:

— [2]
where

-n tHe energy per mol of photong{ mol)

KT ttlhyOl1Qa ®2sfailyld o6c®dPcHCF MA

- ¢ = Speed of light (2.998*1M/s)

-< ' 2| @gStSy3aGkK 2F tA3IKGE oYL

- L = Avogadro constant (6.022 *#3ftol?)

The result value of the above calculation of the energy demand of artificial lighting in the greenhouse is
in [kJ/kglyear].

2.1.2.2.5 Carbon footprint

Food production and consumption is constantly rising, having a significant environmental impaa makin
the implementation of more sustainable practices in food production necessary. In order consumers to
satisfy their demand for offeason vegetables and fruits, the necessity of heated greenhouses for
production is continually increasing. As it is men&dnin the traditional farming section, food
transportation causes huge amounts of GHG emissions. However, this number is lower in comparison to

Pager2 of 248

2\



e\ &7

NG

g <G
Tag pred

AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

the GHG emissions corresponding to heating hydroponic greenhouses in cold climate areas (Ntinas et al.,
2016) trat try to meet high yields in order to meet customers demand. When heating of greenhouses is
achieved with the use of natural gas, the consumed energy can reach the 31.6MJ wikig 202Qfor

the production of 1kg of tomatoes. Since the majority ofegnhouses usefossil fuels to meet their
heating demand such as natural gas, diesel, fossil fuel and liquid petroleum gas, it is of vital importance
to strongly limit the greenhouses heat losses, upgrade the heating systems and to shifsatianilof
renewable energy sources (Xydis et #2@). Heat losses can be minigdswith the use of double glazing
coverage material or with the use of multiple screens. The upper goal of these measures is to increase the
environmental sustainability of greenhoupeoduction lines.

2.1.2.2.6 Renewable energy

As it has already been mentioned, greenhouses combine different energy tegiemlautomations and
digitalig G A2y F2NJ LI I yiaQ Y2yAG2NAy3I: O2yiNRttAYy3d | YyR
provide the option to connect with renewable energy resources in order to increase the sustainability of
such systems and the energy efficiency of the various treatments that are necessary for mass food
production (Manos and Xydis, 2019). Different typesarsfewable energy sources such as solar, wind,
geothermal, hydroelectric, biofuels, biomass etc., are found all over the world bringing the possibility to
greenhouse plants to produce yields under a more sustainable, economical areffadient way (Xyd,
2015a). Energy policy strategies in a national and a global level, have as a high priority the support of
electricity generation and heating from renewable energy and biofuels (Xydis, 2015b). Over the last
decades significant improvements in a big vigrief significant renewable energy systems, which are
ground sourcebased, solabased energy systems and wihdsed energy systems have been made
(Koroneos et al., 2009, 2017)yhese can be for example electriettyiven heat pumps instead of
traditional combustionbased heating systems consumesc@5% less energy in comparison to a
conventional fuel heater (Avgoustaki and Xydis, 2019). Another advantage that heat pumps present 1.3
2.6 times higher energy efficiency compared to fossil fuel heaters a5@6¢ 9% reduced C@missions

in the cultivation area in comparison with the conventional. There are also examples of greenhouses that
use several solar systems that store energy or other photovoltaic systems (PV) that undertake the
conversion of solar eargy to electricity that meets the heating and cooling needs of greenhouses. Based
on research conductelly Ntinas et al(2016), greenhouses that utéisenewable biofuel (wood pellet)
present X5 times lower global warming potential in comparison witgraenhouse that use fossil fuels

for heating purposes (0.7 kg of CQper 1kg of harvested tomatoes), even when the required energy

is the same for both cases.

2.1.2.2.7 Land use efficiency Labour

Greenhouses in the Netherlands use complex techgwlor production of various cultivars that gather
multiple operation during the production such are nurseries, growing bedding plants and transplants.
These systems are highly automated and occupy land approximately 10ha or more (Kozai et al., 2016).
Evenif these machineries occupy a lot of potential cultivated space, they reduce therlaost and
therefore the production cost. Without the use of highly automated technology, the average work force
required in greenhouses for cultivating purposes isneated at approximately 8 workers per a 506 m
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production area. According to Penissi et al. (20@8enhouses produce 112g of fresh weight of romaine
lettuce per nt daily, while traditional farming produce 10g of fresh weight of romaine lettuce pépen

day. As it can be retrieved from Table 5, the required land use for obtaining 1kg of fresh romaine lettuce
daily is 9m presenting almost 90% of decreased land usage in comparison to traditional farming.

2.1.2.2.8 Cost efficiency

In greenhouses there amifferent variables that based on their prioritigat can offer different benefits

to the farmers. These could be the location of the greenhouse, the product type, the access to capital, the
required workforce and other requirements. High significancééndost efficiency is also the upfront cost

and the ongoing growing cost of the greenhouse that can also lead to higher cost depreciation and
development rates of the production unit. Based on a comparative study conducted by Avgoustaki and
Xydis (2020), greenhouse farm congiag of a semclosed systenin Denmark, the OPEX and CAPEX
related with the farm were analgsl. Their results showed that by assuming that the wholesale price of
IANBSYK2dzaS LINPRddzOSR 3INBSYSNASE NBFOKSR Il TdoTek]
reaches at25 kg/m?year. It is also presented that the capital expenses for théaliasion of the
greenhouses was calculated 320 e/m? including the hydroponic system and grow unit racks, natural
gas, heating and ventilation system, light connection (for supplementary radiation), and electricity
distribution. Additionally, for the ogrational expenses the total amount of expenses rises to an annual
cost of 225 €/m?, including the leasing costs, the electricity demand costs (lighting, ventilation), the
natural gas heating cost, the water demand, the labx@quirements, the packagingpenses and finally

the use of organic material (seeds and nutrients). Different greenhouse scenarios were presented and a
cash flow analysis in a 3@ar projection, indicated that the cumulative gross profit increased in parallel
with the increasing whealsale price of greeneries. More specifically, the payback period was calculated
much longer than the operational period of the 20 years resulting in negative prices of the Net Present
Value(N + 0> dzyt Saa (GKS ¢gK2f Sal S LINA Oorendalytgadlfiesea Ay ON.
numbers will be examined in the next research paper (2.2 Chapter).

2.1.2.3 Indoor vertical farms

Indoor vertical farming is an innovative type of closednplaroduction system tht provides the
opportunity for controlledenvironment agriculture, which can be controlled according to the crop
regardless of the weather conditionl&/Fsuse artificial lighting athe onlyradiation source to cover the
demand ofplants for growth and development via photosynthesis. Vertical farms are based in soilless
cultivation techniques such as hydroponics, aeroponics or aguaponics.

In addition to the hydroponic systems that recirculate the nutrient solution and benefit goaeseh
cultivations, vertical farms use systems that condense and collect the water that is transpired by plants at
the cooling panel of the air conditioners and continuously recycle and reuse it for irrigation.

Some principles concerning the structure elamts permeate closed systems of vertical farms. More
specifically, vertical farms are thermally wiglbulated and nearly airtight structures that are covered with
opaque walls. This characteristic makes the farms capable to totally protect the insice fooap the
outdoor climatic conditions and make them able to maintain the inddonate conditions atlesired
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levels without having thermal losses. Another characteristic that differentiate vertical farms from
greenhouses is the multiple layers of stacksaints in the vertical racks or horizontal columns. This way,
the construction provides maxisgtion on the possible yield per unit of land in comparison to both
greenhouses anapenield farming. More specifically, vertical farms, according to the simethe
installation, have a multilayer system mostly between 4 and 16 rows or columns with approximately 40cm
of distance between the layers (can slightly vacgording to the selected cultivated crop). Inside vertical
farms air conditioners or heat pumpshich principally are used to reduce the hganerated from the
lamps and provide cooling and dehumidification tlee crop are installed. Furthermore, aonditioners

help to eliminatethe water vapairr that plants transpire ithe cultivation arealnstalled finscirculate the

air in the clture room; at first to achieve constant and stable spatial air distribut and secondly to
improve thephotosynthesis and transpiration status of thepts. Key factor in the optimalperation of
vertical farmsis the CQ delivery units that stabitie the CQ levels in the cultivation area at @und
1000ppm during photoperiodwhen lamps are on) in order to increase the level that plants
photosynthesi® (Kozai, 2018 An important characteristic of vertickrmsis the nutrient solutiorunit

that distributes the nutrients to the cis, the electrical conductivitgontrol unit (EC) and the pH
controllerthat monitors the level of theutrient solution.

Last, it iscritical to analys the radiation systems insideestical farms as part of the total structure
essentia. As mentioned above, vertidakms are equipped with artificial lighting due tosathute lack of
solar radiation.Lighting is a key factor in plantgwklopment and depending on theelected lighting
solution, plants can presemtifferentiations in morphologyflowering and biomass production. Ligist
electromagnetic energy thancludes visible as also invisible wavelengths. Sunliglitég aesource input
that provides plants the whole spectrunfi geveral wavelengths, 97% of itisthin the range of 282800
nm (Kozai eal., 2016). However, accordit@a number of researchers over the lastdeles (Hogewoning
et al., 2010Kim et al., 2004; Lin et al., 2013; Liu et al., 201itlis reported tlat the mostimportant
wavelengths for photosyiiesis, morphology of plants artbwering are the wavelengths in the vikib
(400c700nm) and the infrared700c800nm) spectrum. Lighting emittindiodes (LEDs) offer advantages
in comparison with other typesf lamps sub as fluorescent, incandescethigh-pressure sodiunfHPS)
or highintensty discharge (HID) lamps. Themgdvantages are the robustnesss they produce stable
output that is immaeliately activated after the electric current flovthey have bng life (approximately
100,000 h) andhe opportunity of controlling the ligt output etc. For this reasowgrtical farms focus on
applying lightingecipes that combine differemanometrét | YR OF Yy LINR Y 2 @uSfrom I y (i &4 Q
the spectrum seleatin of the lamps crucial factors for plants afeetdimensions of light, meanirtge
intensity of lightduringlight provision and the duration that lightperate.

Table6. Basic units for indoor vertical farms

No. Basicunits for plant cultivation
1 Well thermally insulated, airtight and clean cultivation area
2 Horizontal or vertical muliiers of racks inside the growing area. Hydroponic systems w

plants are placed on the surface of each tjidrighting sources (with rigfctors) are locatec
on the upper limit of each tier
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3 Air-conditioning, fans and dehumidifying units that mix the air, filter and provide
required air flow

4 CQ supply unit is composed by a pure £4énks, gas valves and pipelines

5 Consists oftte unit that delivers and circulates the nutrient solution for the cultivation be

and is composed by water pumps, tank with nutrient solution, tank with stock nuti
solution, pipelines and nutrient solution sterilizer with filters

6 Data collectionand control unit for monitoring and controlling all the variables in 1
cultivation area

Main elements for crop and equipment handling and employee welfare

Machinery and/or robots and/or spaces that are used for seeding, transplanting, transporitimgping

harvesting, weighting, packagirgjpring and shipping processes that a farm arranges

Rooms for entrance of human in the cultivation room, air showers, handwashing that ensure
safety but also other spaces for various operations (storagetimg, etc.)

3. Air conditioners and fans
1. Thermally well-

insulated, nearly
airtight walls

2. Multitier system

4. CO, supply
unit

5. Nutrient
solution

supply unit SR ~K :el*t\:c“egshtmg

6. Environment f| s ITTTTEER
control unit

Figure9. Configuration of the cultivation area in an indoor vertical farm with artificial lighting, contagikmgain
units (Kozai, 2018).

Cutdoor farmirg techniques in order to maxingigheir yield usually figate almost every plant with extra
water than the amount that the water they only obtain from rain events. Due to the extensive application
of soil improvements, hdiicides, pesticides and fertidissthe run-offs usually end up in rivers, lakes and
the underground aquiferWhen runoffs reachthe aquatic environmentthe nitrogen portion of fertilier
captures oxygen from water amekutralises all the living organisms. On the contrary, indoor vertical farms
can prevent ruroff damage due to the hydroponisystems they use tharovide water enriched with
nutrients to crops and are installed in close loops that allow recirculation and reuse of both water and
nutrients (replace at the same with plants absorbance rate).

2.1.2.3.1 Water use efficiency

Indoar vertical farms have thermally insulated walls and heytel of airtightness that allowetter cooling
conditionsby airconditionersperformanceduring the time that lights operate. This process is functioning
even during cold winter nights, as the inta temperature can be increased due to the operating lamps
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that constantly generate heat in the cultivation rooms. The ultimate goal afaiditioners is to maintain

the indoor temperature at the desired levels. However, during the cooling process,oé the water
portion is lost due to evaporation of plants or evapotranspiration. Indoor vertical farms have heat pumps
with cooling panels, which can condense and collect this water, recycle it and via the close irrigation loop,
reuse it for watering tk plants.According to Kozai et g2016), only a small part of the irrigated mass
water is getting lost to the outside because of the high level of airtightness inside the vertical farm. It is
also pointed out in this research, that the airtightness lefevertical farms should not exceed the 0.02h

1. This is suggested becautes level of airtightness helps to reduce the ;Q@sses to the otside
environment and at the same time to nma@in that sanitie level insidehe farm by preventing pathogens,
bacteria, dst or insects to enter the areaf cultivation.

Greenhouses compared to indoor tieal farms, do not provide thepportunity of collection, reuse and
recycle of the water massdsom the evapotranspirationof plants, because the njarity of the water is
lost viathe ventilation process to the outside area and furthermore most of the waegsour of
greenhouses is mainly condensed at the inner walls, making impossible its collection process.

Another remarkable point that influences the result@énspiration in indoor vertical farms is the
operation of the artificial lighting. More specifically, when lamps do not function, the relative humidity of
the room can reach up to 100% (little transpiration in the culture room), and cause physiological an
morphological disorders to the plants. In order to solve this issue, farmers operate the lamps in rotation
after dividing them in groups (two or three) and each group operates Q1812 per day. With this action,

a constant heat generation during theydérom the lamps that aligns with the 2#function of the heat
pumps that dehumidificate and cool the air in the culture room can be achieved.

In order to calculate th&/UEin indoor vertical farms the following equation is used:
®YO ——, [3]
where

- Wcis the water mass (or weight) that isllemted in the cooling panel d¢iie air conditiones for recycling
purposes (kg*nm*h?),

- Wpis the alteration in the water mass that is detained by plants and hydroponic
substrates (kg*nt*h?) and
- Wsis the irrigated (or supplied) water mass to the indoor vertical farm

2.1.2.3.2 CQ use efficiency (CUE)

In general, CUm indoor vertical farms is around 0.87.89 (when the level of airtightness is between
0.01 and 0.02#) and the concentration is around 1000ppm unlike greenhouses which achieve
approximately a 0.5 CUE with closed ventilation system and airtightness level of!GathCQ@
concentration level at 700ppm (Yoshinaga et al., 2000). Based on these data we can estimate@#Eth
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of indoor vertical farms is 0.88/0.5 = 1.8 times higher compared to the greenhouses that do not operate
the ventilators and provide G@nrichment in the culture room. This phenomenon can be explained
because of the amount of GGhat is released tahe outside area from the culture room and keeps
increasing with the level of airtightness but also with the difference between thelév@ls inside and
outside. The fact that the G@oncentration for enrichment in an indoor vertical farm is usually atbu
1000;2000ppm incomparison to the greenhouses that have around ZIMOppm can be explained
based on that.

In order to calculate the CUE the following equation is used:

#5%

[4]

where

-CpAda GKS ySiG LK2@28d)yiKSGIAO NI dS o>v2t

- Csis the enrichment rate of C£ > Yr&?h?) and

- Cris the rate of respiration of the workers f K SNB | NSO Ay G #&5)Odzt G dzZNBE NR2Y

2.1.2.3.3 Light energy use efficiency (LUE)

Light is electromagnetic energy or also definedlasteomagnetic radiation that includes both visible and
invisible wavelengths in the spectrum. The longer the wavelengths, the lesentrgy and vice versa
(Figure 10. The visible range of wavelengths is between approximatelyn88® 780nm and is whathe

human eye can perceive and process. Visible light is very important also for the plants as it concurs with
the radiation that they use for activating and accomplishing the process of photosynthesis
(Photosynthetically Active Radiation, PAR,-400nm). 97% of solar radiation is within the range of 280
2800nm, and 43% out of it consists of visible light that is useful for plant development, 53% is infrared
that produces heat and 4% is ultraviolktght is charactesed by two conflicting propertieas it can be
observed as a wave phenomenon but at the same time, it performs as discretelgmithat are called
photons. A joton constitutesthe smallest particle of light or a single quantum of lighh the contrary

with other environmental factorsueh as temperature, humidity and €@ncentration, light diversifies

in at least three dimensions; quality, quantity and duration.
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Radiation type

Wavelength
(approximate)

Electromagnetic spectrum

Radio waves | Microwaves Infrared Ultraviolet X-rays G?;?a
30 mm Tmm 10 nm 0.01 nm
Visible light
700 nm 600 nm 500 nm 400 nm

Figurel0. The electromagnetic spectrum

Plant productivity is influenced by the three dimensiafdight that we provide to the crops; light quality

(the qualitative characteristics meaning the multiple light spectra that are provided by lamps for
horticultural production). More specifically, the light quantity (the intensity of the lamp, meaniag th
amount of photosynthetically active photons that leave from a light source and arrive at the growing area)
and the light duration (the photoperiod that crops are exposed to light operation during a day) are the
three parameters of light that can strongiypfluence plant growth, morphology, physiology and
phytochemical accumulations (Zheng et al., 2019). Various studies have already focus on the qualitative
characteristics of light in horticulture in order to identify the most useful spectral combinati@tcan
enhance the absorption of photosynthetic pigments. Under this scope the bE#le7 summarsesthe
AYyFtdzSyoS ST¥TFSOia 2y
(Danila & Lucache, 2013).

LX FydaQ 3INRsGK

Table7. Influence of plants under different light wavelengths.

Wavelength of the Spectrum

Plant Characteristics

280-320nm The effects of UNB radiation is in
(Ultraviolet¢B) general harmful for pant growth
and development
320-400nm Show positive results in plants
(UltravioletA) when they are combined with blu
parts of the spectrum
400-500nm | AAKf& AYyTFfdzsSy
(Blue) tSI@gSaqQ Stz2y13
increase the height of plants.
t NEY2(3dS OKf 2
accumulation
500-600nm Not the major band for
(Green) photosynthesis process but

contributes to photosynthesis ant
is included as a significant

YR RSO@St 2 LIS
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component in the majority of
artificial radiation sources
600-700nm Significantly optimiss the
(Red) maximal photosynthetic capacity
of plants. Howeer,
monochromatic red radiation
sources can cause abnormal
development in most of the

species
700-750nm Increase of flowering, stem
(Farred) elongation etc. of some species (

a function of red/farred ratio)
with the quantity of photons
centered at 78nm to be equal or
higher than the quantity of
photons centered at 660nm

The ight energy of lamps that is seimtthe canopy aims to provide the necessary energy that plasedsl

to grow and photosynthesis However, the salable part of plants can ofikymaximum 2% of the
electrical energy as chemical energy. The remainig®9% of the electrical energy that is not absorbed
by plants is converted to heat energy into the culture room and the remaining is removed-by air
conditioners to the outside aee (Avgoustaki, 2019). The abedescribed effect can also explain the
negligible heating costs in well thermally insulated indoor vertical farms even in the winter cold Aights.
the same time, light acts as an information medium as is involved in theatian of multiple growth and
development processes such as photoperiodism and photomorphogertfesisthis reason, plants
develop photoreceptors, which consist the light sensors of plants that provide the necessary and
important information to plants orsubtle changes of light configuration of the cultivation area and
influence the physiological and morphological responses of plants.

Nevertheless, indoor vertical farms are based in automations and precision agriculture and all the input
resources are meased and validated in order to provide the optimal results in the cultivated crop. For
this reason, all farmstus on measurements and optiration of theLUEboth of the lamps anaf the

plant community. What is imgrtant for these measurements ke ddfinition and estimation of the PAR,
which in other words, is the wavelengths of light that are in the visible spectrum of the780@m and

are the ones that drive photosynthesis. PAR is not a measurement of light; rather it defines the type of
light thatis necesary for plants to photosynthess Apart from the type of light, farmers need to know

and further metrics of light such as the amount and the spectral quality of PAR.

In order to estimate the light energy use efficiency of lamps (W& use thdollowing equation:
0 YOO—, [5]

where
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- f is the convention factor from dry mass to chemical energy that is fixed in dry mass (arolhtkgt)

- Dis the increase rate of dry mass of the whole unit of plants or only the salable part of plahts
indoor vertical farm (kgn2 h't) and

- PARis the photosynthetic active radiation emitted by the lamps (v&h'?)

Respectively, in order to estimate the light egg use efficiency of the planbmmunity (LUB is provided
by the following equdobn:

0 yYon— [6]
where:

- PARis the photosynthetic active radiation that is received at the surface area of the cultivation.

Based on the calculations and experiments conducted by Yokoi et al., 2003, it is shown that indoor vertical
farmshave 1.9 to 2.5 times higher LtJ& comparison to the greenhouses. Only 1% of the light energy is
actually converted into salable portion of plants. Nevertheless, there are different techniques which can
be applied and improve the conversion factor to 8% little higher. A simple technique that can be
followed is the application of interplant lighting, upward lighting, and use of reflectegs 1}. Traditional

lighting that is located only on top of the crop can cause undesirable shading in depsebgruneven

light distribution and lead to senescence of the leaves that are in lower levels. On the contrary, the
application of interplant lighting can provide access of light also in the lower levels of the plants, improve
the distribution of light ad therefore improve the photosynthetic rate of the crop.

Figurell. Upward lighting and use of reflectors in a sreéle experimental unit.

According to Dueck et al. (2006), the photosynthetic rate of leaves in low levelgalkyusegative or
nearly zero, but the application of interplant light can increase it in positive values-dégdjned
reflectors can significantly enhance the LUEL as they can réulgertical distance between the canopy
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and the lamps and increasedhistance between the plants or the densijnce plants constantly grow.

The saime positive results by interplant lighting have been reported also in greenhouse canopies. The most
suitable lamp selection for interplant lighting technique is LEDs astibeg small volumeand they
perform lower surface temperatures in comparison to fluorescent and other types of light sources. LEDs
have been proven beneficial for reducing the EBIEo due to the higher conversion coefficient from
electrical energy (@) compared to the fluorescerdimps (0.25{Yokoi et al., 2005AIthough the capital

cost d LEDs is generally higher théne cost of fluorescent lamps, LEDs h&omger operational life and

the prices have considerably decreased ovee thst couple of deades and igxpected to continue
decreasing.

Apart from the lighting adjustments, other modifications can improve the sU&h as the control of the
environmental conditions. Thengironment of plants and thehysiological status of plants can be
enhancel by the optimal selection of air temperature, £€oncentration, water vapar pressure deficit
(VPD), air current speed as well as the combination of pH, electric conductivity (EC) of nutrient solution.
These parameters have to be set according to thectet cultivated species.

Another way to improve the LUEs well as the EUEf the salable part of plants, is to reduce the dry
mass of the nonsalable parts of the plants. In indoor vertical farms, the most frequently selected crops for
cultivation are éafy vegetables such as lettuce, small fruits and heabd it is important to limit the
percentage of the root mass into less than 10% of the total ma#segblant (Kozai et al., 201@)ue to

of the cultivation technologies used in indoor verticalnfiar this is an ddevable measure only by
minimising the water stress of plants by controlling the water vappressure deficit of the room. If the
selected crop is root species, then we can significantly increase the salable portion by harvesting earlier
than usual in order to have an edible aerial part. Finally, other factors that can also help in increasing the
relative annual production capacity (per unit land area) of indoor vertical farms are:

9 Limitation of the culture period between transplanting amakvesting by optimal monitoring and
controlling of the environmental conditions

9 Increase of the ratio of cultivation area under each farming type (field, tier, floor, culture bed)

91 Increase of the salable part of plants as also the percentage of salabks.p

According to Kozai et gR016), it is stated that by applying the above described techniques, the relative
production capacity per land area unit in an indoor vertical farm of 10 layersatsanup to 209250 times
higher compared to outdoor faring, considering that indoor vertical farms already producec160
times more yield than traditional farming (Tab®. In practice, those techniques could double the
efficiency of the whole system.

Table8. Summary of annual dat@r an indoor vertical farm.

Resources Efficiency Indoor Vertical Farms (10 layerdettuce) Citation
Water Use Efficiency 1 L/ kg lettuce/ year Barbosa et al. (2015)
Water Use Usually hydroponics or aeroponics Coyle and Ellison (2017)

Approx. 11 L/head
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Energy Use 250 kWh/kglyear Graamans et al. (2017)
CQ emissions 158 kg/ton of lettuce Gerecsey4018
Light source artificial light that operate 124 hWday Kozai, 2016
Pest control use Indoor cultivation
Sterilised environment
Yield 80-120 kg/ntlyear Coyle and Ellisof2017)
Land Use 365 days/year Coyle and Ellison (2017)
Land Use Efficiency 0.3 n¥for 1 kg lettuce /day
Harvests per year 8-12 per year Coyle and Ellison (2017)
Food miles 43 km

2.1.2.3.4 Fertili ser Use Efficiency (FUE)

Indoor vertical farms use culture beds that are isolated from soil usage and the nutrient solution that
enriches the irrigation water is distributed through pumping to the plants. Because of th@bighated
process of irrigation, the nutrient solution is dnad from the culture beds that plants are growjaand it
follows a close loop by returning to the central nutrient solution tank for recycle and reuse. In order this
process to be achieved, nutrient solution is rarely removed to the outside area. Doissprusually takes
place once or twice per year when the level of certain ions such aandaClare not well absorbed by
plants and the percentage in the culture beds exceeds the normal levels, requiring discharge. In order this
measure to be imiegmented, the supply of fertilistion closes for some days and plants already planted
can absorb the nutrient elements existing in the culture beds (Kozai et al.).ZD46he contrary, th&UE

of greenhouses and of fields in traditional farming is relatively dnd occasionally can cause on the soil,
surface salt accumulation.

In order to calculate thé=UE the following equation is followed:
"0YO — [7]
where:
- lyis the absorption rate of plants of ion element | tlae in the organic fiiliser and
- Isis the supply rate of ion element | into the indoor vertical farm.

It is worth to be mentioned that the ion element includes the basic elements of $attidin
solutions such as nitrogen (N@nd NQ"), phosphorus (P9 and potassiumK).

2.1.2.3.5 Electrical energy use efficiency (EUE)

Artificial lighting apart from a key element in the growth of plants indoor, it does increase the energy
consumption of vertical farms. Shamshiri et al. (2018), noted that three major expenses tical ferm

are the electricity cost wit25-30% of the totalproductioncost, the operational costs (OPEX) with 27% of
the total cost and the capital expenditures (CAPEX) witt20% of the total cost. Indeed, energy
consumption is a significant cost ofdwor vertical farms and can be used as a measure for their
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sustainability levels. Many research groups and institutes focus on developiogative technologies

and optimisng the lighting recipes in order to reduce the energy footprint of vertical faantscreate a

more sustainable and cosffficient type of farming. Even the demand for purchased energy is much
higher in indoor vertical farms than in greenhouses, the energy efficiency of the former is significantly
higher (Graamans et al., 2017). lmdlovertical farms, since are in absolute controlled systems face high
efficiency when operating with renewable energy (Xydis et al., 2020). There are multiple examples of
vertical farms that are operating under smart grid systems that generate energgdaitedmands of the

farm via wind turbines or solar panels or even geothermal energy. Additional roles in the vertical farm
systems towards increasing their efficiency have the connectivity with resourceful batteries that provide
the opportunity for smart us of cheap storeetlectricity from the hours that the electricity prices are
lower. An approach gaining constantly more and more attention also under the dynamic pricing concept,
where also accurate forecasting plays a crucial role (KaraRibgdis, 20130

In order to calculate the energy use efficiency for the lamps (E&/Bllowed the below equation
0YOH —— [8]
where:

- h'is the conversion coefficient of electrical energy to energy of photosynthetic active radiation that is
emitted by lamps. For the latest technology of LEDs this number reacbés3{p.4 (Kozai et al., 2016).

Apart from the energy that is consumed in order to meet the lighting demands, the energy demand of the
heat pumps for the cooling (or heating) proses in the indoor vertical farms should be added to the
equation. This type of efficiency is often referred in literature as coefficient of performance of heat pumps
for cooling purposes. The coefficient of performance of the heat pumps, in a specifi¢ mcreases

when the outside temperature decreases. The electrical energy use efficiency for cooling by heat pumps
(EUK) is calculated by the following type:

0"YO & [9]
where:
- His the heat energy that the heat pumpsmove from the cliivation area(MJ* m?h?) and
- Ais the consumption of electrical energy by the heat pumps (air condit&)@d* m2*h-1).

It is worth to mention that the total energgonsumption of indoor verticdarms is defined by the sum of
the energy consumipn of the lamps, the heapumps/airconditioners and the electricity demand of
other equipment usedor the optimal function of the farms such as nutrient solution pumps and air
circulation fans. If we focus only in the electricity cost demand of ingedical farms, lightingan reach

up to approx. 80% of the annual electriciergy use (assning fluorescent lamps of 40Wjhile the
electricity costdemand for air conditioning is around 16% and 4% the electricity dematiet @uxiliary
electrical eqipment (Kozai et al., 2016)able Goresents the estimated representative values of resource
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use efficienciesn an indoor vertical farm that use artificiéghting. It could be concludedrom Table6)

in comparison to Tabld, that the relative produdbn capacity per land area unit in an indoor vertical
farm of 10 layers is 76 to 1lBnes higher compared to traditional fiaing and 40 to 80 times higher
compared to greenhouse production.

2.1.2.3.6 Land use efficiencyz Waste management

Indoor verticafarming is a type of farming which by definition is developed to provide enough production

in order to meet the local demand in urban areas with continuous increased demand for fresh and
nutritious fruits, vegetables and herbs. In general, the most fredyecultivated species are plants that
have higher profitability and have a relatively high price. A significant factor on crop selection is the crop
to have a short production cycle in order to reduce the required electricity costs for lighting, haating
cooling of the crop and therefore can be harvested as early as po3#sgpommier, 2014)Additionally,
growers prefer plants that have high harvested yield, meaning a high portion of the crop that can be
harvested and sold. For exampie crops lile lettuce and herbs, growers can harvest and sell the whole
unit of the plant, while in tomatoes or peppers they can sell only the harvested fruit but at the same time.
Therefore the electricity used for the rest of the plant, could be considered as duymtowvaste. Another

key issue in crop selection is the height of the plants, meaning that it is way more preferable the crop to
have a compact status in order to be able to reduce the growing distance between multiple plants and
grow more at the same avalble area. Plants are also selected according to the perishability level that
they present after harvesting and reaching the market. Since indoor vertical farms are mainly located in
urban or suburban areas, their goal is to produce crops that can inctieeiseseltlife (even of perishable
crops), by shortening the harvesting and delivery time to the market. Another paracmteideredvhen
selecting crops is the situation in the local market. If, for instance, tomatoes are missing for some reason
from the market, then depending on the price they can get, they could be preferred against of another
fruit or herb that isabundantand its price cannot climb up. Finalilge most suitable crops are those that

have yeairound productivity in order to be affoable for the farmers to have a yeasund market
demand that can be profitable despite the continuous operational expe(&Bsodmany, 2018)The
constant production in a yearly basis of the same crop selection, allows also maintenance of the same,
specih O SYIAYSSNAYy3I aSatdAay3aa 2F GKS ONRLE | @2ARAY3
could cause abnormalities from a horticultural perspective.

Due to the concept of indoor vertical farming and the technology used in the cultivation greasng in

an urban environment do not advantage the crops due to possible shading of the buildirigrti@soils

or dormant soils. This fact can also be considered as one of the major drawbacks as the land price in urban
areas is relatively high. Caraing this approach, indoor vertical farms are often installed in large
warehouses, industrial factories or even abandoned buildings, where the prices aréddoarding to

Kozai et al(2016), it is stated that indoor vertical farms can produce the sgield of lettuce heads and

other leafy greens in only 1% of the land required by traditional farming and 10% compared to a
greenhouse construction. Based on Table8, it can be retrieved that the land use efficiency of indoor
vertical farms (0.3rf) requied for obtaining kg of fresh romaine lettuce per day is almost 97% reduced
compared to greenhouses and 100% comparedutdoor farming. An indoor vertical farm of 10 layers
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can produce 3110g of fresh weight of romaine lettuce pémer day (112 g FW/Ad for greenhouses

and 10 g FW/rfiday for traditional farming). Adenaeuer (2014) mentions that the increase in yield
between indoor vertical farms and traditional farming can be increased by 1.5 due to the technology and
by 709 due to the technology commad with the stacking ability of the plants. Depending on the stacking
area and the volume of harvest, cultivation care and crogppration techniques, the wof&rce can
highly vary. Avgoustaki and Xydis (20289te that 35% of the annual operational genses of the farm
covers the labour expenses if 1 worker is necessary per 30,000kg of pdeépeinding on the laha

costin each country). The same wdokce is required for a greenhouse production and approximately
half of it for an open field farm. bfe analytically, according to Savvas et al. (2015), irbasiéd crops

the labauNJ y dzY 6 S N& , whileXhyuroporicigiéénhouse or indoor vertical farm requires around
cnInnn e€kKF & LINRPRdzOGA2Yy O2ai0® ¢ KMawdksrythayviRl A& Y S|
be hired for specifitabor-intensiveoperations of the farm (like pruning and harvesting) throughout the
year.

Indoor vertical farms have the advantage that allows them to generatevaste as bigproduct during

the process of edikl biomass production. According to the cultivation system that plants grow in
(hydroponic, aeroponic or aquaponic), the opportunity to farmers to collect easily all thedoycts after

the harvest period such as leaves, roots Vilines, stems, or evedamaged vegetable and fruits and use

it as well waste is offered. Based on Adenaeuer (2014), thevate that is collected and used in indoor
vertical farms can be 2443 metric tons per year and with daily plant wastes that are collected for the
indoor fams of roughly 8.11 tons. Since indoor vertical farms use advanced close loop systems, present
also the possibility to convert the daily amounts of daiaste and after careful processing to useful
resources material for the crop as liquid festli or biduel (Nikas et al., 2018). Tiweare several cases of
installation of indoor vertical farms that have designed specific lindsoafvaste management in their
production line that only servthis specific purpose.

It should be stressed that indoor vertidarms have the option to implemertightech equipment for
conversion of fod waste into energy productiowia anaerobic digestion. More specifigal this
technology is a biogagcovery system that captures methanern food waste and convert it theat,
steam and electricity to meet thenergy demands of the farm. Thisocess requires a clodeop system,
which creates biogas from org@ammaterial by piping it into the turbine generatofhe electricity that is
finally produced meets the higknergy denand of irdoor vertical farms such as theperation of the
lamps. Anaerobic dagtion is also compatible withquaponic systems by receiving the orgawiaste of
both fish and plantto produce electricity (AgSTAR 220 United States Environmenftotecion Agency,
2017).

2.1.2.3.7 Cost efficiency

One of the key factors that influences the selection of the farm system is the selling price of the products.
According to Tasgal (2019), traditional farming products are 3 to 5 times cheaper in comparison to
greenhouse an indoor vertical farming products. More specifically, traditional farming lettuce price usually
Oz2ada fSaa UGUKIYy mMekKSFERI gKAfS INBSYyKXIAKSKS I RBd ( dz
Additionally, based on the same study, the ffigant upfront capital requirements of indoor vertical
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farms can highly limit the pool of market participants. This happens because both the land prices, rents
and acquisition of highechnology equipment are significantly higher in comparison with thsitey cost
of farmland.

On the other hand, Avgoustaki and Xydis (2020), by conducting a comparative analysis between indoor
urban farms and greenhouses presented slightly different results. In more detail, they assumed an indoor
vertical farm with the sam@rowing space and wholesale price of the greeneries as in the greenhouse
facility, of 675 A YR T doT €k{1 3 NBALISOGAGSted 'y AYyGSNBalGAy:
yield that can be achieved in an indoor vertical farm compared to greenhouses, reaching at 33,750kg of
fresh greeneries being annually harvested. The operational exgesfandoor vertical farms according to

the examined case reached at 220m?% year resulting in almost similar numbers with the greenhouse
facility. However, the biggest cost of indoor vertical farms noticed were the capital expenditures reaching
at 476 €/m? of grow unit, with the most costly equipment the lamps and integral connection of lamps,
installation of growing unit racks and the electric distribution of electricity. Subsequently, based on their
model and the different cash flow analysis, indoorrtial farms present profitable investment
opportunities with a high Internal Rate of Return (IRR) and a payback period between 3 and 6 years with
I gK2fSalfS LINAROS S| dqirther expldratiog difhe topficlisypresenbenl én 2.2 k | 3
Chapter)

Another research conducted by Liaros et al. (2046)asescenario of a smalVF of 100rhgrowing area
inside an apartment was presented, showing profitability to smallholders under various scenarios. Worth
to mention at this point, micro indoor farming in small growing spaces such as containers sgaragen
simple rooms can be profitable depending on the demand and the flexibility to rearrange different
cultivation parameters aiming for the optimum result. Similar findings were also supported by Ucal and
Xydis (2020). On the other hand, based oeort conducted by Agrilyst (2017) indoor mideoms can

be very costly, nevertheless, there are multiple marketing strategies for ggnignihe results.

2.1.3.Comparison in food safety issues between different farming types

According to the United Nations (JNrojections, the global population will exceed 9.8 billion until 2050,

all requiring to meet their food demand. Additionallige UN estimatathat 80% of the global population

will be located in urban areas by that time. In order all this increased fmrdand to be met, it is
necessary to produce 70% more nutritious and fresh food. However, at the same time, land experts such
as agronomists and ecologists, already warn of the growing shortages in agricultural land, necessary for
sufficient food productin (AtKodmary, 2018). When it comes to highality food, the fact that already

food prices are climbing high also due to limited agricultural resource inputs such as water and energy is
a matter of great concern. Over the last decade, the increase deffieamdore farmland in order to meet

global food demand it becomes more and more obvious. As an immediate effeabfdfdoest areas are
substituted by new farmlands in order to supply this demand. At the same time, since cities constantly
grow in terms darea they occupy, a lot of farmland is lost due to this expansive urban development. It is
important to convert the global production line to a greener form for both human beings but also for the
planet. This implies that food production will not sacefithe attention for the human health against the
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commercial profit. According tthe World Health Orgasation, more than half of the farms globally, still

use for fertilsation purposes of their crops raw animal waste that can attract insect as fliesndain

weed seeds or even diseases which can contaminate the cultivated crops. Subsequently, these techniques
Oty KAIKEE& FFSOOG LIS2L SQa KSIftGdK FyR OlFy OFdzaS

Nowadays, the majority of the food roduced in large, industriabsl farms and is &nsported,
distributed and sold in supermarkets, grocery stores or multinational food outlets. Agronomists, engineers
and farmers in order to reduce the production cost and resource footprint of food production and at the
same time increase the variety tife available food species for the consumers have developed &riou
techniques. The high centraditon level of food supply can allow the possibility of infection from
foodborne pathogens and toxins that can poison large numbers of consumers. Food tsvaly
thousands of miles every day leaving huge possibilities for contamination threats as it can be infected in
one country and develop pollutant populations in another. Because of the high logistic complexity of food
supply, it is worth to mention thadvantages and drawbacks of each farming type during the whole supply
chain. What follows is an exploration of the three subjected farming types, including outdoor farming,
greenhouses and indoor vertical farming. We will compare and evaluate productgrawthg process
under the scope of food safety practices.

2.1.3.1 Openfield farming

2.1.3.1.1 Food safety status of traditional farms

Outdoor farming is applied for thousands of years, allowing an unprecedented human development.
However, over the pastears the continuously increasing demand of the population has led farmers to
apply chemical inputs for nourishing of plants, fighting pests, insects and improving soil quality. However,
because of its nature, crops growing in the open field are facinheldifficulties from severe weather
conditions and the danger of infection from various insects and pathogens. Traditional farming is a type
of agriculture that allows to multiple plant pathogens, bacteria and insect pests to affect crops, causing
scaldle losses in global crop production. After heavily tilled farming applications, severe irrigations and
monocropped selections, soil has been seriously affected causing depletion of its nutrients, highly
requiring additional nutrient solutions that can imgve its fertile condition, making it appropriate for
cultivation.

Once crops are harvested, a big aftervest process and logistic supply has to be followed in order food
G2 06S UGNIYaLR2NISR FTNRBY (GKS FI NX¥SNJ (i 2ege@oss @ardlY S NBE Q
greeneries there is a high level of perishability that needs to be confronted. Crops have to keep cool in
order to maintain the high fresh and nutritious status. In order farmers to retain a high value for their
products, after harvesting, f is transported from the field to processing facilities that are responsible
for the cutting, washing of plants in cold water applying centrifugation methods in order to remove the
excess water from the products. After removing the roots and fulfillvegdescribed procedurg@roducts

begin to decompose. Bommonprocedure that farmers follow is to treat their production with chlorine
compounds and/or antioxidants that expand preservation during and after washing. Continuously, food
is usually packagedhd stored in refrigerators and very low temperatures in order to remain in inertia
status. However, outdoor farmers are not able to perform refrigeration between harvest and transport of
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the products for water processing, making it more uncertain in patinggnfection. In order groceries to

arrive from the processing facilities to the shelves of the markets, they require on average 2000 to
3500km, resulting to @6 days in transportation. According to Kublic et al. (2015), every three days,
products lose 80 2F GKSANI ydziNAGA2dza GFfdzS T FGSNI 6SAy3 K
consumers finally receive severely influenced vegetables in terms of nutritional value.

Based ortheCentresF 2 NJ 5Aa4SFaS /2y GNRf | yR t NEBWSHMEARYS & OK
are food poisoned in the United States. In terms of food safety what products of outdoor farming face is
the severe contamination from improper usé manure, either from human faecebat is used as
fertilisation mainly in developing auintries or from contaminated Concentrated Animal Feeding
Operations (CAFOs). Even if it has been proven by various researchers as a great nutritious source for the
crops after proper compostable process, on the other hand the absence of carefutaggged
application and lack of sanitation can lead to transmission of various types of parasites. A serious parasite
that is worth to be mentioned is Geohelminths (hookworm, Ascaris and whipworm), that can survive their
eggs in soil for years when they finldet right climate conditions, causing diarrheal diseases as well as
permanent learning deficit to children (Hotez and Pecoul, 2010). E.coli was a foodborne iliness that took
high publicity after infecting approximately 265,000 people and causing aboutd#g] after severe
pollution of agricultural water reservoirs farms of California. To summagiseven if there are multiple
technological automations, innovations and outbreaks in outdoor farming over the last decades, the
nature of this agriculturaMpe is very open to foodborne illnesses, illnesses extremely difficult to be traced
rising the total risks.

2.2.3.1.2 Solutions for safety status improvement for outdoor farming

Because of the importance of food safety and in order to avoid further foodbdlnesses, there are

several rules that force outdoor farmers to enhance the safety status of their production for the overall
benefit of the population. The strictest and most widely rgnized organation of food control audits is

the Global Food $ety Initiatives (GFSI), which was established in 2000 to reduce and control the risks
associated with food production as also to streamline and improve the overall food safety while reducing
the operating costs. Various certifications are provided to fngrincluding the Safe Quality Food (SQF)

and Hazard Analysis Critical Control Points (HACCP) that set the necessary rules and prerequisites of a
high-level food safety status. This includes some of the following rules:

1 It is of significant importance theontrol and validation of the agricultural water. To be more
specific, there are rules that prerequisite the testing of the water quality that is applied via
irrigation to the crops, but also the water related to the tangential purposes such asviasitirg
of the workers during or after harvest, the ice that refrigerates food and the surfaces that food
contacts with.

9 Biological adjustments are often applied in soil for or particular nutritional uses that replace
chemical fertiation. It is of vital impdance that farmers who follow these techniques to follow
specific guidelines for the use of raw manure (such as animal and huamegs)as also for the
use of stabiliation compost in order to maintain a high level of sanitation.
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1 There are rules concerrgrthe compliance of domestic and wild animals either they are working
in the farm, invade in the farm or graze.

f CAylLftfter GKSNB IINBE KAIK NBIdZANBYSyida Ay 62NJ] SN
order to prevent the contamination that may sae by humans.

2.2.3.2 Greenhouses

2.2.3.2.1 Food safety status of greenhouses

As has already anald, there are greenhouses that are dodlsed and the more advanced use
hydroponic solutions. In hydroponic greenhouses, plants are transported seveed &ccording to the
growing stage and are monitored throughout the different growing cycles. That give the opportunity to
apply the exact resource requirements in every stage, in comparison withbassb greenhouses and
outdoor farms, where the plantsemain in the same position until their harvest.

Another significant advantage of greenhouses in relation with outdoor farming is the high geographical
flexibility of installation as it allows a significant reduction of the transit time of the products fihem
harvesting and processing point to the final consumers.

Greenhouse plants isnindustry that constantly grovs g A G K (2RIF&Qa fAad | 002 dzy
production and 1/3 of the global pepper production that are distributed in the fresh ndBeuther,

2010). Greenhouses are a significant driver of national economies of the agricultural sector because of

the high profit margin as also the opportunities for high addatlie products. Unlike traditional farming

products, greenhouse productias highly protected from dangerous elements and various contaminants.

However, the technologies that are applied for monitoring and controlling of the environmental
conditions do not guarantee crops free of microbes and pathogens. The management pragtibed in
greenhouses are these that can conduct to growth, survival and spread of foodborne pathogens. A severe
contamination thread could be spread by processing equipment since crates and baskets that are used
for transportation of products, from propgation tools or even for surfaces that food contacts with.

Irrigation water is one of the most important food safety risks even in greenhouses as it can be drawn
from a wide variety of uncertain sources such as municipality supply, rainwater, undergrquiidra
reservoirs or surface water. Greenhouses that use untreated surface water as irrigation source face high
contamination risks. For example, in 2013, Salmlang&haintpaul (CDC, 2013) found to have infected
cucumber greenhouses the US that causedhe infection of 84 individuals across the country as they
consumed imported vegetables with questionable irrigation water status.

2.2.3.2.2 Solutions for safety status improvement for greenhouses

Because of the high risk of infection of consumers, evemfmore controlled agricultural systems
(compared to outdoor farming), regulations for food safety have become stricter by establishing new
standards for food production (Produce Rules). The four areas that these standards focus on are the
followings:

1 Heath and hygiene
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This practice targets in maintaining hygienic conditions of the personnel that is occupied in the
greenhouse factories, involving criteria for personnel cleanliness, -hasthing and use of appropriate
gloves. Even if hardashing is consided one of the simplest and cosfficient practices, it has been
reported that only 22% of greenhouses practice havakshing before the harvesting process.

9 Irrigation water quality and management

Since water quality is one of the most crucial and contargifactors, it seems absolutely necessary the
mandatory establishment of rules that control the water baseline quality profile. @reeses withdraw

water from a bg variety of sources such as municipality supply, wells, reservoirs and surface ponds. By
checking and understanding the quality of the quality of various water sources can provide important
information and reduce the risk of contamination. By regulation, greenhouses have to determine
frequently microbiological testing on the water sources. Rarinore, greenhouses that apply hydroponic
solutions in semclose or closed loops that circulate, recycle and reuse water, have to include filtering
treatments that remove possible pathogens beforeagplying it. Methods that are effective and efficient

in water recycling is UV light or disinfectants.

M Animals and waste

Significant measure for the protection of crops from foodborne pathogens is also to eliminate the
restriction of domestic and wild animals at growing activities inside the greenhousesllaasvie the
outside area of the buildings. Practices that contribute in discouraging animal intrusions can be for
example therapid weeding that will minimérodent<attraction and protection.

9 Sanitation of equipment, tools and greenhouse surfaces

Foodlorne pathogens are usually found all over the greenhouse environment such as harvesting bins and
boxes andrap floor covers of the greenhouse (llic et al., 2014). According to Produce Rule, all the tools
and equipment that used in the production line shaie inspected, cleaned, sanéi and maintain in

this condition throughout the whole production, harvesting and ploatvesting process, in order to
prevent contamination.

Greenhouses in comparison withaditional farming have the advantage of the #ekey elements
application that can eliminate contamination risk: innovations, automations and control. In specific,
innovations provide to greenhouse farms a more secure food safety support such as water filtration
systems, integrated pest management amigher quality control systems. Automations can reduce the
danger of contamination or cross contamination as they misernor decrease the introduction of foreign
specimens. Finally, biometric systems provide to growers the ability to detect trackimgnation
concerning the plants. After harvesting, the produce is set up in a traceability system from the greenhouse
plant to the customer delivery service.

Page9lof 248



e \&
ZNS
6&’:’.45 s
AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

2.1.3.3 Indoor vertical farms

2.1.3.3.1 Food safety status of indoor vertical farms

Leafy greensjegetables and herbs are considered of Hiigh crops since they are usually not cooked but
eaten raw. The usual process of consumers is to rinse their purchased greeneries after purchasing them
from their grocery store and then consume them. This is agiarticularly effective and protective
procedure, since harmful pathogens need interference of chemicals to be detached from plants. Outdoor
farming and most of the greenhouses perform tripl@sh on the harvested plants in order to mitigate

the contaminaion risk, as a pogtarvest process. This process consists of thenashing, a saline wash

and the finabathing of greeneries in saniiig), choline base solutions. Unfortunately, this method cause
guality reduction to greeneries, as is observed |dsavour and texture along with the concurrent risk

of contamination existing and spreading under the possibility of incorrect application.

Greens that grow outdoors follow the tripleash procedure as a pceharvest measure for increasing

their health satus. Harvested crops are transported in the processing facility and sorted, rinsed, put in
spinners, apply a second rinse, spinner again, third rinse, sorted (again), packed, and then at the end they

get delivered at the grocery market. Crops that folldwe above washing method bear usually on the

LI O1F3IAy3d I 0BIBKEROKWREK BRINEA 1I9IPSYy AT (KAa YSGK2R
results in harvested outdoor crops, if the water used for the triple washing process is polluted with
pathogers, then this can spread rapidly to the rest of the harvested crop. For this reagma washing

cannotbe categoried as the most dective and guaranteed process.

Indoor vertical farms apply only nutrient elements in thégiation systenand completey avoid usingny
chemicals during the growing periodf plants, excluding all the types of pesticidégrbicides and
chemical spayintpr fertilisation. The philosophy of indedarming depends on monitoringnd constant
controlling of the crops as alsaf all the resources that come and out from the farmand they are
isolated from Mother Nature wherenany threats and contamination sources nagpear. For this reason,
indoor farmers suggest that their products do not neatllie washed before consumpti, as they are
already clean by protected and purified growingrocess and a quick tieery to local grocery stores.

Hermetically sealed environments, ingitighly controlled spaces thate designed to offer the highest
possible lgel of food safety articularlyfor the growing period, surround the cuttion rooms of indoor
vertical farms. Since there are no seasons to be folldovas in outdoor farming neithehumidity,
temperature fluctuations nor long gaps on pdsrvestingprocesses and packagirigdoor farmers can
dramatically reduce a potentiglontamination with precise systems. Indition, the hermetically sealed
environment protects crops from beinggosed to outside elements suels harmful pes, insects, fungi
and bacteria.

In one of oher type of such systems, agponics, cecultivation of fishwith plants is done. This method
of cultivation uses very innovative watdiltration systems, which extract solids from the fish tanks.
Continuously,solid break down to beneficial bacteria thansforms them into nitratesThen, the
nitrate-rich water circulates to the plant culture area where plaabsorb the nutrients and purify the
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water. Since the aquaponic systdollows a closdoop, the clean water isirculated and reused into the

fish tank.

Plants that grow in soilless systems can tralehg their production proceggiving the opportunity to be
inspectedfor health status. For examplafter sowing, seeds are moved to genafion rooms with high

humidity that boosts their sproutingThen, seedfigs are moved toa propagation roomwith controlled

climatic conditionghat promote their developmentNext, young plants usually located in thexim part

of the cultivated roonin floating rafts, receiving a nutriemtch water. Afer finishing their development

and reaching their mature stagthey are daily harvested arshipped. Between every translocation of

plants, there is intensive qualiP K SO1 (2 LINBGSyld ONRLIEAQ O2y il YAYIl (A2

Highprecision irrigation systems are used in order to manthe water that travels throughout the crops.
Innovative hydroponic or aeroponic methods usually draw water from filtered and drinkable sources and
distribute it at each crop often without even touching the salable part of the plants. This is ackitwad

by the use of water in liquid form, mist or fog that sprays it only into the root section of the plants and
not in the parts consumed.

Extensive steriletion and supplier are also applied methodologies of indoor vertical farms that control
and asste the input resources of the farms such as seeds, nutrients that need to be absolutely safe and
clean. Because of control and monitor mechanisms that are carried out indoor, there is clear advantage
of indoor farms. They are aware of the cleaning statiplants and maintain it with further regulations
during the cultivation period and finally harvest and deliver a healthy and fresh product.

Even if indoor vertical farms produce food safer to consume than the open field grown products,
bottlenecks and haads can still be introduced during the growing process of crops. Such threats can be
dirt and bacteria transferred from the workers and dangerous threats in the nutrient medium that include
chemical sources, cleanliness and water safety. Further risksalsandetected at the pogtarvest
activities such as trimming, sorting and delivery of the products. Thus, it is of vital importance even for
indoor farmers to perform high status and certified systems for detection, monitoring, testing and
evaluation asn outdoor farming and greenhouses.

A study conducted by Purdue University (Wang et al., 2019), found that there is also high risk of crops
contamination due to pathogen pollution in vegetables grown in hydroponic or aquaponic systems. More
specifically, hey reported that E.coli O157:H7 was found in fegtés and because of the circulation that
close loops systems, it caused water contamination of the plant root surfaces that were in the aquaponic
and the hydroponic systems. Since fish probably wereamimated by the bacteria, it is important to
follow a proper and certifie¢ handling, cleaning and sanitig process in order to reduce the
contamination risk in hydroponic and aquaponics.

2.1.3.3.2 Solutions for safety status improvement for indoor farms

Itis a very difficult, timeD2 y adzYAy 3 FyR h O2adte LINRPOSaa (G2 O2yiNI
farm for having a 100% safe food product. Indoor vertical farms use controlled environment of humidity

and temperature in order to provide plants the most suitable condgioHowever, in the case that
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unpredictable production errors occur, e.g., technigalfunctions with the engineering equipment,
temperature and humidity can get out bounds todesiredlevels and creata fertile environment for
bacteria growth. This indent could be possibly avoided in the case of traditional farming, as the constant
natural air circulation and the sunlight could smooth out some of these errors. Bacteria population are
not biased, meaning they do not grow or prefer targeted geogragiations, but they are transported

to different locations by human activities as they can be brought by clothes, shoes or skin. Furthermore,
it should be noted that even if indoor farms consist a safer environment compared to other farming types,
if a contolled environment develops for some reason bacterial infection, it will be extremely difficult to
eliminate the contamination and protect the rest of the growing crop. For this reason, indoor farms follow
high sanity level protocols to avoid the possibi# 2 ¥ ONR LJAQ O2y il YAYlI GA2Y o0&
all the workers involved with various cultivation processes of the plants. That include strict control by
imposing the use of facemasks, hair and beard net, footbaths and clean orssegkiits which can
diminish the risk of contamination.

Another solution for further risk elimination from potential contamination, is the application of innovative
technologies that operate extensive integrated pest monitoring. This can be achieved withete us
ultraviolet light outsidethe farms that detect possible threats as also air curtains that are installed in every
door and can control air that enters the cultivation room protecting it from the danger of contamination.
Additional solution that can increaghe sanitation levels of indoor crops, is the application of certified
HVAC filters, in order to perform an extensive pest monitoring.

2.1.4.Customer opinion on indoor vertical farms

Indoor vertical farms belong to a novel type of farming cooperating withvatiee technologies in order

to provide the safest, higher quality and most fresh and nutritious groceries. Both advocates and critics of
this technology seem to recogei that indoor vertical farms under suitable circumstances (mainly of the
high demand a electricity loads), could offer a solution to the safety and sustainability problems faced in
traditional farming. Howeer, consumers seem to be moreegtical and critical on this technologs.
potential explanation of the can dzY S NBA Q & @& iniekadty and lack of trust in other food
innovations such as genetically modified crops, food nanotechnology and artificial irradiation that
struggled to find acceptance in the market. Nevertheless, the subjective knowledgenamdness level

of consumes on the indoor vertical farming is still limited, even with the excessive spread of technology
and information globally, it is of vital importance to increase the education of people on this new
technology by informing them on the actual growing propestand impugn the unjustified myths and
dangers.

Because of the increasing demand of indoor vertical farms and their establishment in the market, many
researchers have focused on designing and addressing customer surveys and other research
methodologies irorder to define the public opinion on this technology and the status of their trust and
preference on already existing agricultural production systems. Significant angle on these researches is to
explore the existing knowledge and perception of customeesween the three different farming
systems; traditional farming, greenhouses and indoor vertical farms, in respect of the cultivation
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techniques, safety, resource sustainability, quality and their willingness to buy products from each
category. For thiseason, primarily it was of high importance to validatetticansumers are able to
recognie the different agricultural systems between them in order to provide valid, clarify and
comprehensive results.

Different customer studies that investigated custon@rs 2 LJA Y A 2 Y Zcylturdt mekhbds BIBw G I NJ
amoresSLIIAOIE o0StAST O2yOSNYyAy3a y20St GSOKy2f23ASa
perception with technological innovations in agriculture are associated with high risks for food porducti
presenting low expectations on the provided benefits of technology used (Sparks et al., 1994). In another
research (Coyle and Ellison, 2017) participants rated higher the greenhouses facilities and the outdoor
farms compared to the indoor vertical farntsterms of naturalness in the production process and the

final product. Concerning the quality status of the final product people also seem to present higher levels

of confidence and trust on the greenhouse products and subsequently indoor verticaldachiimally in

outdoor farming products. Naturalness seems to be a high influencing indicator for corisunerd St SO A 2
globally as also eritical significant factor on the usefulness of the agricultural system.

According to Jrkenbeck et al. (2019), cushers replied that LED lightingnot considered a too artificial
tool for horticulture and slightly agreethat they do not consider indoor verticalrfaing too artificial
concerninghe overall production system. Evédrconsumers in general prefeaturally and traditionally
produced foodnevertheless the fact that foodf indoor vertical farms grow withdg chemical additives
is highlyconsidered.

On the other hand, under a customer research conducted by Jurkenbeck et al. (2019), it is noticed that
consumers sem to present a high acceptanamn indoor vertical farming concerning theffering
sustainability and théigh ecological footprint. People seem tdese their purchased food basexh their
concerns on the naturalness, etgiand environmentakatus. Inmore details, 95% of the respondents in

that research declare that thgyut an extra effort to select and buy locally grown fdmetause of its high

level in freshness, nutrition and reducéabd mile emissions compared teaditional farming mehods.

On the other land, a significant share of tr@nsumers evaluates indoor vertical farming asadificial
agricultural processn order to trust their footprint outcomeFor this reason, it is pointedut that
knowledge, information and ntitional awareness can becomesalid solution for the higher acceptance

of indoor farming and irradiatefbod products. Respondents of the specifizvey showed a strong willing

on buying products that were producéa an indoor vertical farm witd6.7% of the ttal sample, 36.4%

partly agreedon that statement, and finallpnly 16.8% were not willing to purchase #eeproducts.
However, it shoule noted that the perceived behavial controld&sa y 20 Ay Ff dzSy O0S K¢
willingness to buy, but it haoomeinfluence on the behavigral intension of willingness to purchase the
product. Overall, the behavigal intention of customers to purchase prodgctrom indoor vertical farms
ishighly dependent on sustainability.

Under a different analysis, it has becomwiearthat perceived sustainabilitgf indoor vertical farming is
the main reason of acceptance.has been observed that the more positive the resulted sustainability
status2 ¥ GKS aeadsSy Aaszx GKS KAITKSNI | yopudhésStheumuct 2 Y S NA G
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is. Furthermore, basedn the perceived sustainabilitievel of indoor vertical farms it seemsat
customers increase and theicceptance of this innovative techlogical food production systenBased
on these results, we could indimathat the growing involvemenand concern of consumers to select
products from agricultural systentlsat present high environmental performance.

2.1.5.Conclusions

Indoor vertical farming can be very advantageous in terms of resources sustainabilitydemade
application ofhigh technology and the soilless cultivation systemhgonsumes way less on natural
resources (e.g., water and nutrients). Additionally, indoor vertical farms significantly decreasethe CO
emissionghat are correlated to food transportebn from the producers and the processing facilities. In
specific, indoor vertical farms can provide 100 times higher productivity per year per unit land area
compared to traditional farming due to the zero dependence on weather conditions, seasonality an
possible infections from insects, pests and bacteria. Due to the evoluti@etofiology it is not anymore

a prerequisite holding a large area of land for sufficient fresh food production, but the use of multiple
layers, optimally controlled (environmgad conditions and physiological parameters of the crops and
minimum possible loss from crop threats).sgnificant characteristiof IVFSn termsof sustainability is

the minimisation food delivered losses. In addition, significant reductions can bereéd in the cooling

fuel demand, necessary to cool the production in order to be transported in long distances. This can be
achieved sincdVFsare usually installed in the urban or suburban areas in shaded and/or abandoned
buildings (or even basementsjel to the soilless farming techniques and the artificial lighting, providing
access to fresh and nutritious greeneries to citizens. Finally, one of the signifieaefits thatIVFs
provide is the ability after propgprocessing of the use of wasteater, crop wastes and excessive £0
produced in urban areas, as inp@tsources of water, nutrients and i@ the culture area.

To summarie some of the basic improvemenin resource savings providdy IVFscompared tothe
immediately following highechnolagy cultivation system, the greenhouses are the following:

9 Indoor vertical farms save 100% of the peigle use in their interior bynaintaining the culire
area clean and insedtee.

9 Because of the application of close piorigation systems and of thellection, recycle and reuse
of the water vajpur that plant leaves transpirendoor vertical farms can reduceuo 95% the
water consumptionFurthermore, the use of closeddps can decrease up to 50% thestiliser
usage since it is feasible to meulate and reuse the nutriergolution.

9 Significant land reduction up to 90% caa hchieved with the applicationf indoor vertical
farming, due to tle important increase (more thah0 times) of the annual producttyiof crops
per unit land area.

91 Yield vaiation can alsde reduced by 90% becausetbE constant monitoringand control of the
crops and the lack of influence from the outdamvironmental conditions.

Food safety and traceability of products is another important factor higélgvant to indoor food
production systemsEven if it does not prage a 100% safety for consumeesien thoughcrops grow in
a controlled environment protected by wildlife, animals, birds and insects, it upgrades the safety and
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security feeling of the products than thogkat grow inthe open field. The majority of the selected
cultivated crops of indoor vertical farms are among the species with the higher contamination risk when
they grow outdoors or unprotected, because they grow very close to the ground level. Fuoitesrome

of the most crucial factors that greatly affect the possibility of contamination is the water quality that
involves during the whole production process, including the irrigation water as also the washing water at
the postharvest processing techmies. Farmers of all categories should follow high standards and criteria
for the water sources that channel water into the farms as also frequent control and monitor of the crops
for potential threats of contamination.

It is now clear, thatVFsare a hifp necessity for tackling the challenges concerning the conservation of
their resources. Nevertheless, in order to enhance the environmental sustainability and improve the
efficiency and sufficiency of food production supplies for our society, it is nagessaevelop more
diverse, effective and ecological agricultural systems including both the traditional farms and the
greenhouses. Further research and experimentation it is absolutely necessary in order both to improve
the efficiency of resources in andoor vertical farm but also to possibly eliminate the possibilities for
contamination threats and constantly provide the outmost safe, fresh and nutritious fresh fruits and
vegetables to the human population.

Notwithstanding the promising benefits that eadinked with indoor vertical farming, there are also
important challenges in the further implementation of this farming system in the future. It is of vital
importance further improvements on the efficiency and effectiveness of the equipment that wdltéea

a significant decreada the energy demand of the systems. By achieving the reduction of energy demand,
it will add extra value in the environmental sustainability of the systeut also it would also make it

more appealing for the public, the inwess and the industry and wilincreasethe viability and
profitability. Howeveri|t is pointed out by DespommigR011) that there is the opportunity for engrg
recovery from the norsalableONR LJA Q LJ NIia |y R Ol lofiedeNipthag carcrédd®y S 4 | 0 €
zero energy building for hosting indoor verdicfarms. At the same time, thehole system of indoor
farming cansynchroniseand manipulate hugeamounts of carbon and simultaneously eate into the
atmosphere oxyged N2 Y LJ | y i a Q ficAldBisialsh the-sianiposi® thdt Ar@syokiated with
indoor vertical farms as it is clear that it is more expensive to develop a vertical greenhouse than a normal
greenhouse (Fletcher, 2012). As it has been highlighted by many studies one alsoriegythzt indoor
vertical farmers have to confront is the public resistance to these type of products as social masses face
difficulty in accepting indoor vécal farms instead fotraditional farming ones because of the natural way
that food is producedAdditionally, as indoor vertical farms serve the concept of local, fresh food
production and they are mily installed in urban or petirban areas, they have also to salient the issue

of affordability because of the expensive land and space use. Bae#son, key factor is the productivity

rate of indoor vertical farms that can maintain them profitable and keep them prevailed in the future.
More specifically, if indoor vertical farms achieve to produce up to 50 times more yield compared to
outdoor farming, then they can offset the capital expenditures and the expensive landFusally,
another drawback that is linked with indoor farming production is the limited variety of crops that can be
produced with this technology, such as lettuce, herbs, taeatand berries. Even if theoretically, all types
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of crops could be cultivated indoors, that would not be economically feasible due to the highly increased
energy demand. Thus, levalue agricultural crops such as wheat and barley will continue to growrund
economically and environmentally unviable conditions. Under these circumstaiwfeshave to face a

f AYAGSR LINBRdzOGA2Yy O2YLI NBR (2 GKS aGftAYAGEt Saasg
scaling up would be particularly costly and cdicgted.

The last years that indoor vertical farming gained more recognition and research interest, a plethora of
new studies, prototypes and innovation designs have been presented under the academic and industrial
scope. Indoor vertical farming presemt$igh interest and potential to play a critical role in the demanded
sustainability in food of urban areas. This becomes even more important by the muliglees that
estimate and analys the significant increased food demand in urban areas. Indodicakifarming
presents important advantages compared to traditional farming, concerning the required sustainability in
our times by focusing in three main categories: environmental, economic and social.

There is a high demand for further development incaaaation. This will be scaling up the projects in order

to create more feasible scenarios both from economic and commercial perspective. Future research is
necessary towards a holistic approach via the investigation and the analysis of the-tyltldes indoor

vertical farms and the impact to the environment compared to the traditional farms and greenhouses.
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2.2.Indoor Vertical Farming in the Urban Nexus Context: Business
Growth and Resources Savings

This journal article reveals the profitdibi and the cash flows of indoor vertical farms by comparing it
with the economics of a greenhouse installation. The purpose of this study is to provide the necessary
insights on vertical farming economics from dagtracted from peefreviewed papersconference
papers andcompanyreportsandthe use ofa detailed simulation model to compasthe financial viability

of the two agricultural methodologieS'he comparative analysis performed in this research reuveals
strengths the risksand thechallenges that can influenceand riskthe development of aVFcase study

that producedfresh basil year round in the region of Aarhus, DenmaAdditionally, a techneconomic

cash flow analysis under different financial schemes between greenhouses (GH)swedt\fifovide the
necessary evidence of the internal rate of return (IRR), the net present value (NPV) and the repayment
period of a business plan of an IVF and a GH.

2.2.1.Introduction

In recentyears, the phenomenon of urbaison, i.e., the continuous incese of population in cities and
towns, has rapidly increased. Many metropolitan cities require fresh footspots to feed their
population According to Angel et al. (2011), urban land cover will increase globally from 300,000 km
2000 to 770,000 kfin 2030 and to 1,200,000 Knin 2050. One of the most revealing examples of
urbaniation is the case of Lagos in Nigeria, which had about 300,000 inhabitants in 1950, but today, the
city has reached 17.5 million inhabitants (Lagos Production, 2019). Lambaim regions must lmme

more efficientand better organied to maximis the space usage. The population increase in megacities
(cities with more than 10 million people) is an inevitable fact that academia and businesses need to
investigate in order tomprove the quality of life overall. The growing need for more food has escalated
over the last few years, and as a result, it is of vital importance to adopt more sustainable and efficient
food production solutions. Ithe Food and Agriculture Orgaaton (FAO) reporfUN, 2015), it is stated

that the number of agr-businesses must increase up to 70% by 2050 to meet the food demand in
megacities. In this context, it is also very important to mention that more sustainable ways of distributing
food globallyare needed to prevent the massive food waste. In fact, if food waste wesertry, it would

be the thirdlargest greenhouse (GH) gas emitter in the world with its four biligms of food waste
annually (Fuldauer et al., 2018yhe competition betweenobd and energy commodities due to the
limited land and weer should also be mentioned (Manos and Xydis, 20@re than ever, it is crucial to
make biofuels more efficient and limit their use. In addition, greaféorés should be made to achieve

the susainableglobal goals by using energy sources that are not dependefttazhbiomass but promote
energyefficiency in industries and households. Every,dagd travels between 100 and @8 km from

the producer to the consumer, accounting for 8%% of theenergy used justa bring food to the table
(Cuesa, 2005According to resealt conducted by Blanke (20Q5mported fruits demand 27% more
energy tharthose locally grown.
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Providing food to urban residents is one of the most complicaeatedures in agculture. A UNeport
(2018)states that one of the most advantageous farming procedures is organic farmiragemetology.
In a study published by @eye Mason University (2005} was proven that in Africasmallscale farms,
the yield productivity ioreased up to 116% using agroecological farming techniqoespared to
traditional farming. Another solution that can increase food quantity is biodiversitghéngyun (2009)
argued that the production yield could be increased from 33.2% to 84.78@twsing monocropping
techniques but altering the crop between the years (and the use of legufies)ly, urban farming is one
of the most prosperous ways that food can be provided to urban citizBimee the population is
constantly increasing and the faing areas needed are already equal to tiee of South America
(FAOSTAT, 2016he most sustainable option is to include urban areas as part of produstioemes.
Many cities already reuse abandoned properties as urban farms and cultivate their ashvdgetables
to feed their citizens.

2.2.1.1. The Danish Reality

{AYyOS GKAA NBaSFNOK F20dzaSa 2y GKS 5FYyAaK YIN)]SGz
According to OECD statistics, Denmark emitted approximately 51,620 tons of GHng28&6 {OECD,
HAMpOod Ly FlLOGE I OO0O2NRAY3I G2 | 22C NBLERNI o6HamnoX
largest in the world after Qatar, Kuwait, and the United Arabs Emirates. In 2014, Gitte S&&li&gthe

secretary general of WWF Dmark, stated in a newspaper that the Danish nation consists of roads, cities,

and wheat fields, but one of the main problems is the lack of biodiversity in Denmark. Adding to this, the

5 ySaQ KAIK YSIG O2yadzYLIiAzy Adecobgical foRtdrint.(Fkdly, 6 A 33 S
Global Footprint Network has calculated that Denmark has &&jacity per person of 4.4 global hectares

(gha) and an ecological footprint of 6.7 gha per person. Furthermore, it states that until 2014, the
ecological footpint versus the biecapacity in Denmark was 40,246,094 gha. Clearly, there is an
immediate need for food production change, distributiamd consumption in the country.

Researh conducted by Tropp (2013hows that demand for fresh, locally grown food veimost $12

billion in 2014, and was to reach $20 billion by 2019. Commercial GHs are the major sourcesfobéresh
productionfor cities. For this reason, the annual growth rate of these businesses reached 8.8% in 2016,
FYR GKS YI NJ S i B a&xpestbiPtasekdéed $20.845b@ibi2020 (Markets and Markets,
2017) GH production is the oldest form of controlled farming, where plants can be cultivated in an
isolated environment, which is partly independent of the outdoor weather conditions. IGétlption is

an intensive cultivation method that uses air management techniques as well as cooling and heating
processes to produce high crop yields. In recent years, GH growers have #taiadithgartificial lighting

in addition to thehydroponic cuivation methodsin order to further increase the yield of crops and
reduce their water footprint. There are no detailed literature studies linking the need for indertical
farming facilities in areas with a lack of solar energy, which is vital fod fm@duction (40% average
sunshine percentage from April to September and around 20% the rest of th¢ (weatherand
climate.com) In 2017, the import value of vegetables and fruits to Denmark amounted to roughly DKK
11.2 billion, which equals a rise22.81% over the last 10 yedStatista Denmark, 2019 other words,
Denmark imports between 24,450 and 27,850 tons of freshisfrand vegetables annually (FAO, 2011)
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The country has some of the highest electricity prices in Europe, but at the sameatvery high level of
renewable energy (mainly wind energygnnected to the main grid (Xydis et al., 20IIMe combination
of Vs with renewable energy and batteries can lead to a radical decrease of system energy costs.

2.2.1.2. Indoor Urban Vertad Farming

Vertical farmings another way of allowing a fresh, locally grown food production, i.e., the possibility of a
yearNP dzy R ONZ LJ LINRPRdzO(GA2y ® ¢KS RS@St 2LIvSyitolgdF DI & K
agricultural systems. Verticdarming is the new promising teatology that allows us to optinés
agricultural production and convert it from traditional farming to an integrated urban network using the
most innovative and sustainable technologiaahievements of our time. IVFs, plants grow indoors by

using hydroponic methods (aeroponic or fogoponic in a few cases) and artificial lighting that simulates
solar radiation. An IVE an intensive type of vertical farmingrefers to a massive plant production
establishment equipped with themal insulation. Its structure is completely isolatedrh the outdoor
environment (Kozai, 2013)Unlke traditional agriculture, N NB &ASYof S | & LINR RdzO{ A
warehouse, where cultivation shelves are statleeveral meters high to maximishe utiisation of the
vertical space. \&include seeding, transplanting, moving cultivation panels, harvesting, pollinating,
weight control, packaging, metal inspection, and panel cleaning. Companies that have implemented this
type of technology use differemhethods, numbers, and applications of the above techniques according
to their business plan and strategy. B/Bresent many advantages that make them very competitive
compared to conventional farming, especially for consumers located in the urban nefWwekise of
pioneering systems in I'geliminates the use of fersérs and pesticides in éhgreen production although

IVFs consume almost 2% water in comparison with ofield water footprint, as 95% of the water from
plant evapotranspiration in this sign is compressed in the air conditioning evaporator in the form of
liquid water (Kozai, 2013After this procss, water is collected, ster#éid, and then returned to the water

tank to be reused. The water is enriched with a nutrient solution, and,raswt, the nutrient fluids in

the cultivation area can be reused and recycled. Another bettelie highlighted is that \dFreduce CO
emissions, as they are located in urban or suburban areas, virtually eliminating food transportation and
thus the carlon footprints of food. The nutritional value of fresh fruits and vegetables diminishes during
the shipping process, even at verwleefrigerating temperatures.-Bitamins are very sensitive to freezing

with a loss in the transportation process rangimgnfi 20% to 60% (Barrett, 2007\ Japanese study
describes how waste heat from fossil fuel powéans is imported to nearby I'éFthereby reducing GO
emissions by 1204 tons per year (Togawa et al.,, 208¢me IVF avoid electricity peaks during the
daytime by switching o lights only at night to utilis surplus electricityKozai, 2013; Avgoustaki, 2019)

The area around industrial factories and mining operations is particularly worrisome with pollution rising
significantiyto 36.3% (Yang et al., 2018pwever, in areas with many job and business opportunities that
have a developed industry and a denser population, the likelihood of people eating local crops is high.

2.2.1.2. Food Waste and Management

Food production must remain sufficiently intensiverteeet consumer and food demands. Cultivation
methods must be made more efficient and sustainable but without further compromising land use and
biodiversity. Farming techniques must be opted, including waste processes. GloballyGE% of fruits
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and vegéables are wasted or lost during the food supply ch&A®, 2019)In Europe, 39% of food
resources such as energy, land, and water are wasted in the manufacturing procgz®dbsts,
overproduction, and weather conditions) and almost 42% in the houdsh@verpurchasing and
disorganigtion). In Denmark, hous®lds waste around 260,000 tomshile the agriculture/food industry
wastes 133,000 tons of the total 700,000 tons of food wasteh year (United Against Food Waste, 2019)

In Denmark, fruits andegetables are still part of the wholesale link in the food supply chain and are
ASLI NI GS FTNRY NKBSdzOSNH Q { Gded Qy $28918. Chdsdlidlaing Rusinessds | £ f 2 N.
in order to reduce food waste amherefore difficult. Furthermore, frits and vegetables are the largest
waste producersn the retail and wholesale market@Nordic Council of Ministers, 2016\ ccording to

Ettrup and Bjgrn (2002), farming techniques supported by the retail market creat®@®b%g of food

waste for every 130,000 in revenue. In a Danish household, fresh vegetables produce 1.42 kg waste per
week of which 77 % is unprocessed vegetables (Halloran, 20IH¢ development of farming techniques

that will perform under a finite and limited resource base is neaegs ThdRUE needs to be optimis¢al

reduce fruit and vegtable waste

Already by definition, MF haethe ability to transform biewaste into useful byproducts that come from
crop leaves, damaged fruits and vegetabktems, and roots. Although I¥Ee rapidly developing, they
only have a very small share of the overall food market. The high constructioruptadsts are directly
related to thislack of market exposure. An IMith 10 tiers costs on average around $4700 per square
meter, and only aér 5-7 years can the capital be reclaimed. The initial investment is approximately 15
times higher than a normal GH, making the business entry too expensive (Kozai, 2013). Angtheisrea
profitability. Many IVFgrefer to grow markebriented crops sut as lettuce, herbs, and microgreens.
Howe\er, IVIS as higkitech companies have high start/up costs, reaching up @ ZBozai et al., 2016).
New indoor vertical farmingpusiness are more common in Asian countries such as North Korea, Japan,
China, ad Simapore. In Japan, 165 &/®ere in operation in 2016 (Kozai et al., 2Q0H8)d in China, the
forecast shows that the number of IVFs will reach 200 by ZBBiyan, 2013)Nevertheless, more and
more IVFfacilities are being installed worldwide, with annugrowth rate reaching 24.8%, which is
expected to gow to $5.8 billion by 2022 (ReportsnReports, 2019)

This research analgs a case study on the profitability atite financial viability of I\&; creating a nexus
between energy, fod, and water in urbamreas (Avgoustaki and Xydis, 2028)techneeconomic cas

flow analysis for the use of indoor farmiilgthe Central Denmark Region (Region Midtjylland) with two
different altivation techniques, GH an¥F, was evaluated. In both cases, the selectedvatiibn plant

was basil, as this plant responds extremely well in clintat@rolled environments, has a short
production cycle, and thrives at a high plant density. The purpose was to find the optimal conditions and
solutions for usingertical farmingto influence the Danish population to consume theiro produced
products and minimis the cost of imported products. The two techniques are compared against the
internal rate of return (IRR), the net present value (NPV), and the repayment period of adsuyslizne for

a newlVFE Another objective was to compare the two cultivation methods from a resecocserving
perspective with the aim of developing a case study to act as a guide for private funds, presenting various
investments scenarios.
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2.2.2.Materials andMethods

The locatn and the size of the GH andH facilities studied were determined. It was decided that the
case study should take place in an industrial area in the city of Aarhus, Denmark. The area of Aarhus is
about 91 million mMand is located onhe east cost of the Jutland peninsula. The size of the municipal
population is approximately 340,000 citizens. This area was chosen because:

a) Aarhus is the second largest city in Denmark, meaning that a business providing sufficient
guantities of fresh frus and vegetables to the consumers can be a sustainable case.

b) Aarhus is considered one of the major global hubs in the wind energy market. Indeed, Denmark
is one of the most energy sedtifficient countries in the world with a rate of 94% and a 28% share
of gross energy consumption deriving from renewable energy\@aste (Danish Energy Agency,
2019). Denmark is among the NordPool countries that exchange electricity with Swedish,
Norwegian, German, and other power grids in an integrageder system

c) The vegetables available in Aarhus supermarkets and grocery stores are of very high quality.
Denmark has one of the highest organic market shares in the world. In fact, more than 11% of the
Danes buy organic products, of which vegetables and fruitspcise 33%(€1.8 billion) (Kaad
Hansen, 2019)Customers are familiar with higjuality products, and they are willing to pay
more money to buy higimutrient value and chemicdiee products.

We chosenot to use Copenhagen as théf2 @aselocation, as it is the mosixpensive region in Denmark

with real estate prices almost 76% higher than in Juti@itzau, 2019)in order to create a more objective

case, actual data from the Danish market were combined based on previous literature studies. However,
since a detaild costanalysis of the various vertical farmiagpenses is presented, some of the numerical

data are based on assumptions (all mentioned in the analysis). As previously discussed, the plant used in
this research was basil, as it is one of the most fregjyesultivated plant species in bothMFs and G4

with high product value. Herbs can be a great crop for market growers and are usually morabpeofit

than leafy greens (Storey, 2019; Liaros et al., 2016).

2.2.3.Basic Assumptions and Resource Analysis

2.2.3.1Assumptions

1. A semiclosed GH was chosen, as this would reduce costs compared to a closed GeloS=ni
GHs have vents, which can be used to cool, dehumidify, and control pestainda. Similarly,
plants in YFsgrow in a closed loop with horizontalylers (one above the other). This method
cannot be applied in GHs, as lower plants will receive limited sunlight radiation due to shading.
For this reason, 5000 DHamps were installed in th¥/F facility at an assumed price of &/4v?
(approximately 16/bulb) to smulate the solar radiation (US Department of Energy, 2015)

2. Assuming that theMF facility used a closddop production system, the waste could be recycled
and reused intaiseful resources, e.g., fertidiss or biofuels. In such systems, waigconstantly
circulating in closed loops, with wastewater recycled and reused through installing volcanic rock
particles in pipes that, through pumping these rock particles, can extract nutrients and reuse them
in the nutrient solution. Using this methothjo-waste can be used to create a plant nutrient
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solution. According to Adenaeuer (2014) [38], the estimated quantity of nutrients is equal to
almost 50% of all the essential nutrients of the plants. Consequently, the estimated nutrient costs
can be redued up to 50%.

To make it easier to compare the two farming techniques, it was assumed that both plant factories
had a cultivation area of 6753nHowever, the\F facility had a smaller unit area of floor space
(225 n?), since the crops are grown in mulépayers. Based upon real estate leasing standards
in the Aarhus area, it wassemated that the rent of the\IF facility was 31é3m?/year and
25.&/m?year for the GH.

No safety measurements against fungi, different types of bacteria, pests, and disease
assumed for the design of the building. However, necessary measures tanpaw combat
diseases in thevF facility were needed, but this will be examined further in a future study.

To achieve this result, we used the same environmental conditionthe cultivation area,
including relative humidity, air temperature, and £@ou et al. (2018yecommend 14
mole/m?/day for a 16hour photoperiod as the optimal daily light integral (Dfor sweet basil
(Beamman et al., 2009 the GH facility, thartificial lighting was used only as a supplementary
lighting and not as the main light source, which was solar radiation. However, adding artificial
lighting would be necessary considering that the number of lighting hours in Denmark is very
limited, speifically in winter.

No calculations were performed on the structural condition of the dind. Instead, several
estimationswere made based on previous literature studies on the building structure and the
location of the structuralmaterials of a vertidafarm. Vs are completely isolated from the
outdoor environment and have no window openings. For this reason, the ceiling and the walls
surrounding them have a better thermal insulation compared to a GH facility.-Vati& for both
facilities was defiad. The Rralue expresses how well a building is insulated; the higher the R
value, the better the insulation. We assunmibt the MF facility was installed in the interior space

of a warehouse, and thus amRlue of 13 wasised (Colorado Energy, 2018ile the GH had

an Rvalue of 0.95, assuming that the coverage material was sjpayhe glass. It was assumed
that the height of the building was the same throughout the building.

In terms of construction and equipment, it was assumed that the GH haatmbgecooling, and
air-conditioning (HVAC) system that operates primarily with solar radiation for heating purposes
and with heating natural gas in a seoldsed system and with natural ventilation for cooling and
dehumidification purposes. The heatingdaoooling costs for the GH case very much depended
on the latitude and external climate conditions of the facility, and because of the mean of natural
gas we did not convert their energy loads using coefficient of performance. As an alternative, it
was asamed that the conversion of natural gas to electricity has the same conversion efficiency
as heating. For the GH facility, the &¥el was assumed 800ppm. For the case of th&fF that

is a closed system, we assumed a forced circulation system ohgeatioling, and air cooling

The interior climate in theMF had a limited interaction with the outdoor conditions, making easier
and more efficient the energy use for heating, cooling, and lighting purpdsesakulate the
energetic loads ithe IVF, ve converted them to electricity using their respective coefficients of
performance sourcing from previous lisgure (Graamans et al., 2017) was assumed that the
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CQuse of the VF remains stable throughout the whole year, 1000ppm daily, to assureltras
have enough C{o transform into sugars through photosynthesis and continue their optimal
growth. In order to define th total electricity demand ofhe IVF, we proceeded to energy
calculation of heating, latent cooling, and sensible coolingdtit@n, to control the humidity
and cooling of the farm, ventilation fans powered by electricity were used.

8. Finally, it was assumed that the wholesale price of basil was the same for both facilities’kg)37
and that the distance from the facilities to the consumers was the same. This was assumed due
to the floating prices in the real estate; the closer a facility is to theadtytre the higher the
rental price per m(Chalabi, 2015)IVFs are locatedin and around city centers and can provide
products that are fresher, more sustainable, and of higher quality. However, the rental price is
much higher in urban cities, which is the reason the above assumption was established.
Additionally, the number oharvests was different depending on the facilities and the yield per
harvest Table 9. Furthermore, it was assumed that the density of the plants was the same in
both facilities.

9. Based on previous literature, it was considered tWdt/Ecan reah up to 70%n a closedoop
IVF facility comared to a semclosed GH (Naus, 2019; Pennisi et al., 2019)

10. It was assumed that the/F facility consumes 50% less nutrients than the GH, as minerals are
added to the irrigation water and supplied to the plants direetiytheir roots by the hydroponic
system (Zhiyan, 2013%ince the\'F facility is based on a closkedp system, where nutrients are
circulated, it is possible to design a circulatory system without nutrient waste in the production
line.

2.2.3.2. Real Esta

As stated previouslyVFs are located in the urban network. They are installed indoors in a controlled
environment without access to natural lighting. For this reason, the use of LED lamps is necessary to
imitate solar radiation, which is essential fulant growth. Therefore, 5000 LEDs were installed based on
the size of the building and the intensity of light needed for the plants to grow to their full potential.

Calculations foMF operation indicate that it requires a ftilhe employee responsibl®r harvesting, the
application of cultivation techniques, crop management, as well as weedingldpging of the crops
(Department of Primary Industry, Australia, 202The possibility of hiring, in the future, a pdirne

worker for the picking periosl or various administrative tasks is also considered. Calculations are based
on the average monthly salary in Denmark, and there are two categories: 1) the average monthly salary
of agricultural workers (farmers), which is 3&€0@nd 2) the average monthly salary of engineers, which

is 450@ (Trading Economics, 2019)

Labaur costs are ne of the largest expenses in vertical farmihigDenmark, the average hourly salary of

workers with four years of practical experience andiieeessary practical qualifications for working tasks
in this environment is approximately ¢89 e/h. For tasks requiring less expertise and qualifications,
workers from the second salary group (with at least one year of practical work experience) caedoe hi
with a salary cost between &I8 e/h. In our analysis, two experienceagricultural workers were
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employed, one working futime and the other partime. Most of the numbers of the basic assumptions
in this case study are presented in Ta@le

Table9. General case study assumptions.

GH IVF Unit Citation
Real Estate
Lease 25.76 315 € K%Y https://www.matchoffice.com
Width of Building 18.3 15 m
Length of Building 91.5 15 m
Height of Building 4.6 7.5 m
Growing Space 675 675 m?
Grow Levels 1 6
Grow Unit Size 1.5 1.5 m?
Labour
Labourers/10.000 kg 0.18 0.18 person Dorward A., 2013
yield
Hourly Cost of Labou 43.5 43.5 € KK Trading Economics, 2019
Electricity
Electricity Cost (560  0.18823 0.18823 €eKl12?2K Statista (Tiseo 1.), 2019
2.000 MWh)
Electricity Cost 0.10086 0.10086 €eKl12?2K Statista (Tiseo 1.), 2019
(20.000 70.000)
Internal electricity 0.45 0.45 € K2 Eaves J. and Eaves S., 201
distribution capital
cost
Electricity Demand 13 13 € K1i? www.hydroguebec.com
Charge
Utility electricity 0.30 0.30 € K 2 Eaves J. and Eaves S., 201
distribution capital
cost
Plants- Basil
Harvest/Year 5 10 Department of Agriculture:
Republic of South Africa, 201
Yield/Harvest 2 5 Kg/n? Raimodi G. et 312006
UC Davis WIFSS, 2016
Wholesale price 7.37 7.37 ekl3 www.tridge.com
LED price 1.48 1.48 €
LED efficacy 4.8 4.8 >Y 2t kK Runkle E. and Bugbee B., 20
Photosynthetic
Photon Efficacy (PPE
Heating and Coling
Ventilation System 0.986 0.986 € K 2 Eaves J. and Eaves S., 201
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Heating system 0.0208 0.0208 € K 2 Eaves J. and Eaves S., 201
capital cost

2.2.3.3. Yield/Biomass Production

The calculations used for estimating the harvest, yield, and the kdsmeoductiorof basil for both the
GH andVF facilities were based on previous literat(@aamans et al., 2017; tridge, 2019; Putievsky and
Galambosi, 1999)0n average, the annual harvest of basil in a GH is 16,875 kg/year, whil¥ Fhfanility,
33,750 kg of fresh basil are harvested/yedreWifferences between GH andH for basil yields per year
are shown in Figurgé2.

Annual Yield

Y E

B GH

B IUVF

Figurel2. Total annual yield produced under the two cultivation facilities (red: indoor urbancatifarming
IUVF; green: greenhouseGH)(Chalabi, 2015; Runkle & Bugbee, 2019; Birkby, 2016)

To calculate the operational expenditures (OPEX) and the capital expenditures (CAPEX) of an indoor urban
vertical farm, equations from previously pudilied literdure were utilsed (Eaves & Eaves, 2018he
calculations varied according to the primary plant species used on each farm. Thmitlsethat was
examined was basil, which constitutes one of the mostjfiently selected species N, as it has the

ideal properties for indoor cultivation (high density, low height, and high yield).

2.2.3.4. Mobility and Dynamics on OPEX and CAPEX

The key data collected and ansay initially were DLI for Denmark, the annual outside temperature, the
annual indoor tempeatures, the indoor cooling and heating, themidity requirements in theMFunit,

and the heat generated by LEDs. These data were collected, and their connections and interatlyighs h
define the CAPEX for aviHunit and the associated equipment. Atidnally, these data determined the
OPEX necessary for the optimal function of the facility in ordentancebasil yield.

TableslOand11 provide the results of the averageonthly electricity consumption for the acquisition of
optimal environmental coditions for each farm facility. Furthermore, they indicate the electricity
required forthe optimal operation of the\M'F facility to reach the optimal performance of the LEDs, the
cooling system, and the ventilation system (fans). The waste heat mamdyaged from lighting in winter
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can be beneficial, for heating purposes. In the summer, however, the excess heat (energy) produced by

the LEDs must be either stored and redistributed in the system or removed with the ventilation system.

Both tebles also idicate that in anVFunitz (G KS &deaidsSyQa G2d0Ff St SOGNROA
kWh/year, while the natural gas (NG) use for heating purposes is around 273000 m

Table10. Total monthly electricity consumption used in the GHIfigewith basil (Eaves & Eaves, 2018).

Electricity (kwh)

Month Tout Tin (°C) DLI NG Ventilation LEDs AIC Total
(°C) (mol/m? Heat lighting  Cooling electricity
d) (m°)
Jan 0.0 18.3 25.2 4,738 8 24,517 0 24,524
Feb 1.0 18.3 28.8 3,136 7 14,991 0 14,98
Mar 3.0 18.3 32 3,037 8 7,237 0 7,245
April 6.0 21.1 315 2,139 13 0 0 13
May 12.0 21.1 27 1,330 13 0 0 13
June 15.0 21.1 225 0 13 0 2,769 2,781
July 17.0 21.1 19.8 0 91 0 2,794 2,886
Aug 17.0 21.1 15.3 0 91 0 3,573 3,665
Sep 14.0 21.1 12.6 386 88 4,913 0 5,002
Oct 10.0 18.3 14.4 1,717 21 11,557 0 11,578
Nov 5.0 18.3 17.7 3,081 20 21,636 0 21,656
Dec 2.0 18.3 21.6 3,782 21 28,837 0 28,858
Total 23,345 396 113,686 9,136 123,218

Tablell. Total monthly eletricity consumption in the IVF facility with basil.

Electricity (kwh)

Month Tout Tin (°C) DLI NG Ventilation LEDs A/lC Total
(°C) (mol/m?/d) Heat lighting Cooling electricity
(m°)
Jan 0.0 18.3 0 3,823 4 59,076 0 59,081
Feb 1.0 18.3 0 4,830 4 53,359 0 53,363
March 3.0 18.3 0 3,296 4 59,076 0 59,081
April 6.0 21.1 0 3,442 4 57,171 0 57,175
May 12.0 21.1 0 2,638 4 59,076 0 59,081
June 15.0 211 0 1,942 4 57,171 2,041 59,261
July 17.0 211 0 263 29 59,076 1,950 61,055
Aug 17.0 211 0 298 29 59,076 3,273 62,378
Sep 14.0 211 0 29 28 57,171 0 57,199
Oct 10.0 18.3 0 706 4 59,076 0 59,081
Nov 5.0 18.3 0 1,862 4 57,171 0 57,175
Dec 2.0 18.3 0 3,096 4 59,076 0 59,081
Total 26,225 125 695,576 7,265 702,966

The percentage of electricityonsumption for covering the lighting demand of an IVF is approximately
82% of the total energy demand of an IV continuationby air conditioning equipment for heating and
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cooling purposes of the growing environmésiaround 1%o6and finallyother eledric equipment(such as
pumps for the mitrient solution, fans, steriletion units etc.)is <56% of the total energy demand of the
farm (Figure 13

ELECTRICAL ENERGY USE

PC, 1% Fan, 1%

Pumps, -

A/C, 13%

Lighting, 80%,

Figurel3. The electrical energy use of the total equipment in a growth are d¥/&n

2.2.3.5. Resource Use Efficiency

Accordng to the model calculationyYF requires greater amounts of electricity to achieve optimal
efficiency and biomass pdaction (Tabled0Oand11). The semclosed GH facility allows and supports the
use of avdable solar energy. Thus, the GH requiressslpurchased energy to operatean the VF; the
GH requires 83% more eteicity than the IVF facility.

IVFs use their resources moreffeciently than GHsSWUEIn closed systems (as iWF) provides higher
efficiency in comparisoto semtopen production systems (Figuid) (Graamasns & Baeza, 2017)

Electricity Use Efficiency (EUE) Water Use Efficiency (WUE)

mGH mGH

m IUVF

Electricity used per fresh weight (kWhe/kgpy)

Vater Use per Fresh Weight (L /kge,.)

I
W
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Figureld. RUBor a) electriciy and b) water in a GH and arA facility.

2.2.3.6. CAPEX and OPEX

In the Table 2 below, the modelig results for the CAPEX of an indoor urban vertical farm in the Aarhus
area are presented. The local rental prices and electricity prices in Denmark have been taken into account.
The first column shows the CAPEX cost per grow unit for cultivating basilmle the second column
provides the percentage of each capital expenditure out of the total CAPEX. In table 10, both examines
cases of a greenhouse and subsequently the case of vertical farm are presented.

Table12. Capital expeditures (CAPEX) for GH and IVF basil production.

GH IUVF
Cost €) per Totalin % Cost €) per Totalin %
Grow Unit Grow Unit
Lights 180.87 21.08% 370.55 43.19%
Integral connection of lights etc 51.67 6.02% 105.87 12.34%
Electric distribution of electricity 36.20 4.22% 74.14 8.64%
Grow unit rack 112.94 13.16% 112.94 13.16%
Hydroponics 98.15 11.44% 98.15 11.44%
Ventilation fan syst. 5.91 0.69% 5.97 0.70%
NG heat syst. 0.24 0.03% 0.08 0.01%
Others 90.34 10.53% 90.34 10.53%
Total CAPEX Facility 216,123 321,763

One of the major CAPEX related to installimg two vertical farms is the acquisition and wiring of LED
lamps. However, the two selected plant species do not have different values, as the desired density and
the yield of the plants do not affect the actual instéitm at the facilities. Table 18iows that the
acquisition and wiring of the LEDs represent 32% of the total CAPEX for the GH, while this number rises
up to 65% dr the case of theMF. Table 1Bresents the OPEX for the GH aléF Ibasil production.

Table13. Opeiational expenditures (OPEX) for GH and IVF basil production.

GH IUVF
Annual Costq) % Total Annual Costq) % Total
Real Estate Lease 43,058 28.4% 7,087 4.7%
Lights electricity 13,443 8.9% 49,290 32.6%
Ventilation electricity 35 0.2% 520 0.3%
Elect. Demand Charge 6,050 4% 13,897 9.2%
Heating Cost (NG) 26,603 17.6% 15,805 104%
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Water 1,677 1.1% 882 0.6%
Nutrients 1,149 0.8% 574 0.4%
Seeds 7,031 4.6% 7,031 4.6%
Package 556 0.4% 2,511 1.7%
Labor 53,200 35.1% 53,200 35.1%
TOTAIOPEX 152,802 150,800

Table 13provides the diffeences in OPEX between GH avi# for basiproduction. In particular, there

are significant differences in the quantity of nutrients used at each facility. As mentioned by Birkby (2016)
and Xydis et al. (2020)/Fsconsume less water and nutrients compared to even hydroponic GHs while at
the sametime increasing the crop growth. In the presentaddel, it is assumed that aWF uses 50% less
nutrient solution than a semilosed GH because it operates in a clelmp cultivation system with
virtually no input wastes. In this environment, the plagnstantly obtain minerals for their growth.
Therefore, growing andharvesting times of plants inVFs can be increased up to 10 times annually
compared to traditional farming, and;2 times annually compared to GHs (Pedersen, 2014)

2.2.4.Cash Flow Analysis: &narios Proposed

For the basic scenario, it was assumed that we received a loan from a Danish bank, whiclowerloec
CAPEX listed in Table. B:cording to analysts in the Dangsfyricultural market (Pedersen, 2014ganks

and mortgage banks are thmost important and vital sources of funding in Denmark. Since there is no
government subsidy, the approved loan covering 50% of the total initial investment (the other 50% is
equity financing) is onlgonsideredn the vertical farm basic scenario. Therawgas fully amortied over

10 years, following periodic payments into a sinking fund, depending on the market rules. The loan was
used to cover the CAPEX for the two farming facilities. The calculations below were made to estimate the
gross profit of theséacilities.

The operating cash flow (OCF) was calculated by the following equation:

yr=20 yr=2x0 yr=20
Z OCF = Z To — Z OPEX
yr=l yrel yr=l

[10]

where, To is the turnover. In the event that extra private equity or a loan has to be fully repaid (depending
on the size of the subsidy) from the total @stment cost, IC represents the participation rate. In the
examined case, the possibility of receiving a private equity not examined. The unamosig value (UV)

was given by the following equation:

yr=20

Z UV = ax<IC
yr=1 [11]

where, 0.6<=a<=0.7 (an guity of 60%70% of the total IC).
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According to Xydis (201,3he depreciation rate A can be calculated using the formula:

yr=20 yr=20

Y A=15%s Y Uuv
yr=1 yr=1

[12]
where, 15% represents the declinifdgalance method of depreciation.
The loan interest ri@ | is calculated by the following equation:
yr=20 yr=20
Y I=ix Y L
yr=1 yr= [13]

Where, i is the interest rate. The calculations are updated annually according to the loan balance. The
loan amount needed for the paymeof the loan L was calculatathile it was assumethat the interest
rateiis given by the equation:

yr=10 yr=10
Y. Do= Y (Li)/[1-(1+i)N]
yr=1 yr=1 [14]

where,Dois the monthly loan amount and N equald@year loan repayment period.

From the above equations, the profits before taxes (PBT) were calculated:

yr=20 yr=20 yr=20 yr=10
E PBT = Z OCF — Z Z I
yr=1 yr=1 yr=1 yr=1 [15]

where,Ais the depreciation rate.

¢tKS SEIYAYSR a40SyI NAR2 AyOftdRSa (KS 5FyAaK<gtlE | 3¢
Income<=above with a marginal tax rate of 56.5% (including labor market tax). From these data, the

profit after tax (PAT) aabe calculated by removing the tax factor on the profits before tax (PBT). As a

result, the net cash flow (NCF) was calculated as follows:

yr=20 yr=20 yr=20

Z NCF = Z PAT+ Y A

yr= yr=1 [16]
Moreover, the final net cash flow (FNCF) equaled:

yr=20

Z ENCF = Z NCF — Z NRA

yr=1 [17]

Pagel18of 248



= g
Nz
6&’:"45 e
AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY
where, NRA is the net regyment amount. Then, the conversion coefficient ratio of the current values

(C\oef) and the cumulative cash flow (for all 20 years) were calculated with the following equation:

1
CVeoef = ) yr

(1+CDR [18]

where,CDR is the capital discount rate ayrdndicatesthe number of years. Finally, the current value of
the final cash flow (CVFCF) was given by the formula:

yr=20 yr=20
2: CVECF = CVcoefx E: ENCEF
yrzl yrzl [19]

which provides the NPV. Furthermore, the increasing revenues from the project were calculated, and last
but not least, the IRR, vich is a metric to estimate the viability of the proposed investments, was
calculated.

2.2.5.Results

The scenarios examined intended to provide comparisons of two farming methods, GH and IVF facility,

for basilproduction. In all cases, th¥F facility was thenost successful in terms of productivity. In the

default case examined, the 8D (equity/loan) approach was used. They&ar cumulative gross profit

and OPEX were 6,418,268nd 3,977,61@&, respectively, with a sweet basil price of 763Kg. The IVF

project cost was estimated at 321,764and for the investment, an interest rate of 6.50% was estimated.

The NPV was calculated to be 911,81ahd the IRR to 34.74%, with tpayback period tdour years. In

Tables 14 and 15the results are presented analytically for both the IVF and GH facilities. The
GO9ljdzA ekt 2FykoaddzoaARe Uy -@wAINA OBHNEOR 2WS [3yOB yit R 2 pwr'a (2
from equity financilg and 50% from a bank loan (0% funding from other sources) at a basil price of 7.37

€K1 3D LYy a6E3¢Fy NARE D IAVRMOF 1Sa GKIG wr:r 2F GKS TdzyR
a bank loan, and 30% from other sources (e.g., crowdfunding) at a basil price efk§37

In Tables 14part 1 & 2) the results othe cash flow anlgsis of the VF facity are presented. The analysis

shows that the 26/ear cumulative gross profit increases with highasil wholesale prices but altoat

the 20year cumulative OPEX and the total costs of the projeciaierateady. It is seen thatfdhe 50

50, 4050-10, and 5040-10 scenarios (all with a wholesale price of &), the differences aremall in

terms of IRR and NPV, with an equal payback period ofyears. It should be noted thaven with a

wholesale price of 6.3@/kg, the business is viable (with a payback period of six years bat at a lower

price. If the wholesale price drops to 5.37kg, the business is no longer profitabknd investorswill

have their money ack in 21 years. Even with a difnt business plan, the resu#t the same (e.gwith

an equity of 70%, a loan of 30%, and the samelesuale price (0f 5.3k { 300 ® ¢ KS LINRP2SO0Qa
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For Scenario 6 (which has an equity of 25%, a bank loan ofang%n interest rate of 6.25%he results
are even better (an IRR of 63.3%) with a thyear paybaclperiod. Lastly, in cases whesapplementary
funding is found (e.g., crowdsourcing or possible statesgly), the cash flow analysissults show that
the business is extremely profitable with a NPV value above 1 millian IRR d87.5%, and a twyear
payback period. Figur&5 comparatively illustates the results of NPV and IRR ofeatight funding

scenariodVFs.

Tablel14. Vertical farming scenarios and cash flow analysis (part 1).

VERTICAL FARMING SCE_1 SCE_2 SCE_3 SCE_4 SCE_5
EquityLoanr(Subsidy)price) 50-50 40-50-10 50505.37 5050-8.37 50-50-6.37
208 SI NE Odzydz | (A 6,418,265 6,418,265 4,676,538 7,289,128 5,547,401
208 SI N& OdzYydz | & 3,977,610 3,977,610 3,977,610 3,977,610 3,977,610
sweet basil [Price/kg] 7.37 7.37 5.37 8.37 6.37
t N22SO0 / 2a 321,764 321,764 321,76 321,764 321,764
Subsidy/Alternative Funding 0% 10% 0% 0% 0%
Loan 50% 50% 50% 50% 50%
Equity 50% 40% 50% 50% 50%
Interest Rate 6.50% 5.80% 6.50% 6.50% 6.50%
bt + we8 911,317 966,881 168,570 1,275,569 547,065
Project IRR (%) 34.74%  45.25% 0.38% 52.24% 17.96%
Period Payback (Yrs) 4 4 21 3 6
Table 14 Vertical farming scenarios and cash flow analysis (part 2).
VERTICAL FARMING SCE_ 6 SCE_7 SCE_8 SCE_9
EquityLoan(Subsidyprice) 2575 504010 2050-30 70-30-5.37
208 S N& Odzydz | Gk 6,418,265 6,418,265 6,418,265 4,676,538
208 SI N& OdzYdz I § 3,977,610 3,977,610 3,977,610 3,977,610
sweet basil [Price/kg] 7.37 7.37 7.37 5.37
t N22SO0 / 2a 321,764 321,764 321,764 321,764
Subsidy/Alternative Funding 0% 10% 30% 0%
Loan 75% 40% 50% 30%
Equity 25% 50% 20% 70%
Interest Rate 6.25% 5.90% 4.40% 6.70%
bt + we®8 857,409 988,363 1,095,480 226,049
Project IRR (%) 63.34%  37.49% 97.55% 0.04%
Period Payback (Yrs) 3 4 2 21
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Vertical Framing
NPV & Project IRR

120.00% 50-50-8.37 1,400,000
100.00% 20-50-30 1,200,000
40-50-10 50-40-10
80.00% o 25-75 1,000,000
800,000
60.00%
50-50-6.37 600,000
40.00%
70:30.5.37] 00
20.00% 50-50-5.37 R0,

J/ l 200,000
0.00% 0

Project IRR (%)

. NPV [€]

Figurel5. Comparative resultef different scenarios of an IVF.

For the GH, the same analysis methodology was followed, similar scenarios were tested, and more
scenarios were added compat to the MF case. In Table$ {part 1 & 2) the results are analytically
presented and illustragd in Figure 16.

Tablel5. GH scenariosral cash flow analysis (part 1).

GREENHOUSE SCE_1 SCE 2 SCE 3 SCE4 SCE5 SCE 6
EquityLoan(Subsidy)price) 50-50 405010 50-505.37 5050-8.37 50506.37 2575

20-years cumulative Gross
t NPFAG e 3,209,132 3,209,132 2,338,269 3,644,564 2,773,701 3,209,132

202 SI N& OdzYdz I 3,907,011 3,907,011 3,902,743 3,909,146 3,904,877 3,907,011

sweet basil [Price/kg] 7.37 7.37 7.37 7.37 7.37 7.37
t N22SOi0 /2 216,127 216,127 216,127 216,127 216,127 216,127
Subsidy/Alternative Funding 0% 10% 0% 0% 0% 0%
Loan 50% 50% 50% 50% 50% 75%
Equity 50% 40% 50% 50% 50% 25%
Interest Rate 6.50% 5.80% 6.50% 6.50% 6.50% 6.25%
bt + we8 -475,965 -503,174 -928,760  -249,568 -702,363 -538,813
Projec IRR
Period Payback (Yrs) NEVER NEVER NEVER NEVER NEVER  NEVER

Table 15 GH scenarios and cash flow analysis (part 2).

GREENHOUSE SCE 7 SCE 8 SCE 9 SCE 10 SCE 11 SCE 12 SCE_13

EquityLoan(Subsidy)price) 504010 205030  50-50-11.37  70-305.37  50-509.37  50-50-10.37  20-50-30-11.37
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20-years cumulative Gross

t NP FTAO € 3209132 3209132 4,950,860 2,338,260 4,079,996 4,515,428 4,950,860

208 S N& OdzYdzf | 3907011 3907,011 3,915549 3,902,743 3,911,280 3,913,414 3,915,549
sweet basil [Price/kg] 7.37 7.37 7.37 7.37 7.37 7.37 7.37

t N22SO0 / 2¢ 216127 216127 216,127 216,127 216,127 216,127 216,127
Subsidy/Alternative Funding 10% 30% 0% 0% 0% 0% 30%
Loan 40% 50% 50% 30% 50% 50% 50%
Equity 50% 20% 50% 70% 50% 50% 20%

Interest Rate 5.90% 4.40% 6.50% 6.70% 6.50% 6.50% 4.40%

bt + we®6 477,426  -565,282 359,468 871,795 -26,754 172,630 430,861

Project IRR 17.42% -12.11% 4.64% 50.22%

Period Payback (Yrs) NEVER NEVER 7 NEVER NEVER 15 3

The analysis for the GH again shows that the/@&r cumulative gross profit inreases with higher basil
wholesale prices. In all the scenarios with wholesale prices lower thare&k84{regardless of financial
scheme, i.e., equity/loan/subsidy), the payback period ixmlonger than the operationaluration of
the project (more tha 20 years). In practice, this means thiae investors never get theirapital back,
FYRZ F2N SEI YLX SCEpdoyT 65K Sl ANILHWV WAAR2E adplnA f €

The NPV only turns positive with wholesale prices greater than or equal tod@@TnthesSy | Nk 2 & p n
50MndoTéX GKS LINE 2SO0 Qa ybhckperiodB 157&a& andiedeom stlnot Yy R K ¢
considered the best investment option. If the wholespléce rises to 11.37 (shown as Figure, 1@e

business becomes profitable and thevestors will get their money back within 7 0B35S | NBA -606 KS dH n
30MM®PoT E SOWRPEGEPH AO0SYFNAR2A GAGK 'y Lww 2F mMTdnw> |

Greenhouse scenarios NPV [€]

20-50-30-11.37 meeess———— 430,861
50-50-10.37 msssssm 172,630

-26,754 56-50-9:37- =
-871,795 E—— 0= 0=5eS =

50-50-11.37 meesssss——————— 359,468
-565,282 mammssseeee?0=50=80mm
-477,426 ——S0=40=10==
-538,813 e—— =S
-702,363 EEEEEEESS———C0=50=GS
-249,568 50=50=887mm
-928,760 e 5 0= 5 0=58
-503,174 ——l0=50=00mm
-475,965 mEsssss——0=50=

-1,000,000 -800,000 -600,000 -400,000 -200,000 0 200,000 400,000 600,000

Figurel6. Comparative net present value (NPV) results if the variousc8hhsos.
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2.2.6.Discussion

Due to growing urban environments throughout the world, the financial opportunities and risks for
commercial IVF and GHcilitieswere compared for basil production in the Midtjylland region of Central
Denmark. Due to the high frestuft and vegetable dmand in Denmark (Growth et al., 20Gind great
opportunity to use renewable enerdXydis et al., 2020}V were shown to provide a greater financial
gain compared to GHs. By 2020, 30% of the energy in Denmark will be based oabierewergysources
(Denmark.dk, 202Q)which provides the perfect opportunity to promote more sustainable food
production systems in the country, resulting from food being produced closer to consumers, resulting in
lower CQ emissions.

Our study indicatetby using IRR and NPV indextbsit vertical farmingcan be a profitable and successful
model of innovative and sustainable food production, as an investor can receive their investment back
within a period of 3 to 6 years when the basil wholesale price %636 €/kg. Thus, there is great
opportunity in urban agriculture to include innovative production systemghsas IVFs. However,
although VFs are one innovative method to produce local food for megacities, there are many associated
risks with such a veure. Production of fresh fruits and vegetables are low margin produce items that
require relatively high initial capital investmerdad high lighting operational expenssisould be taken

into consideration when contemplating an urban agriculture busindsat includes growing and
marketing these products.

2.2.7.Conclusions

Using an adjusted model, taking into account the lower population density than in megacities, the aim of
this study was to examine the business opportunities for vertical farms in Denmdrtcanthese, with
various adjustments, can be made a viable investment. Numerous scenarios were examined, and cash
flow analyses were implemented and their results used to evaluate the scenarios based on NPV, IRR, and
the payback period. It was found thatgardless of financing scheme, the IVF facility was much more
profitable compared to the GH. In most of the GH cases examined, the investors cannot get their money
back until the end of the operation in which they invea become a profitable GH invesént, the
wholesale price must be significantly higher (aboveellt a price which is objectively considered
expensive in the market), and alternative funding, such as crowdfunding or a state subsidy, should be
found. On the other hand, the iegtment oppatunities for the VF facility (based on the cash flow
analyses) were considered very interesting with high IRR rates and a payback perumst inases,
between 26 years.
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3. How can the risks associated with artificial light
operation duration be Ilimited for indoor food
production?

Thesecondchapter defingl the key characteristicef indoor vertical farms, the technical specifications
and RUE the sustainability status and thesksthat are associated with 'éFContinuously, presented
comparable esearch betweendifferent undercoverage agriculture methodsGHsand IVB), that
examinedthe profitability under different financial schemes and evaluated thieased on the NPV, IRR
and the payback period-histhird chapter seeks to introduce new methodologies that danit the risk
that is related with the artificial light operationf indoor vertical farming installatienin the Nordic
countries. The following articledocus on investigatinginder different experimentalprotocols, the
barriers and benefits ofeduced and intermittent photoperiod for indoorplant cultivation More
specifically, the first article of this chapter focusegeducing thdight duration in indooproductionand
evaluates theresponse of plants teeduced amount of receivedight radiation. The second scientific
paper of this chapter focuses omow intermittent light intervals can influence plant growth and
development inan indoor cultivation system The resuls of this experimental research & were
conducted, have defined and the follavg studieghat were conducted ithis PhD research project, due
to the limited literature on the topic of intermittent lighting imdoor horticulture. The bllowing journal
papers answer &earch Question 2:

1. AvgoustakiD. D. (2019)Optimisation of Phobperiod and Quality Assessment of Basil Plants
Grown in a Smalbcale Indoor Cultivation System for Reduction of Energy Dentamefgies;
12(20), 3980 https://doi.org/10.3390/en12203980

2. AvgoustakiD. D., Li J. & Xydis. (2020)Basil Grown undeintermittent Light Stress in a Small
Scale Indoor Environment: Introducing Energy Demand Reduction Intelligent Techndtogigs
Controt 118. https://doi.org/10.1016/j.foodcont.2020.107389.

3.1.Optimisation of Photoperiod and Quality Assessment of Basil
Plants Gown in a SmaltScale Indoor Cultivation System for

Reduction of Energy Demand

The third journal article investigates the photoperiodiethodologieghat can be applied for indoor basil
production for maintaining a highield production but with the leagpbossible energy demand for the
system. More specifically, @dontainsan experimental method that was applied in an indoor sreaille

growth chamber that was located at the Chem Lab of BTECH Department of Aarhus University in the
campus of Herning in Darark. The comparisons that carried out present the development growth rate

of basil plants under differerdailylighting periods irorder to explore the tolerance levels of basil crops
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under reduced photoperiod. The purpose of this research is to exahomesustainability and energy
efficiency of the systa could be optimisedvhile maintaining a igh cropgrowth anddevelopment. ©
proceed with the performance comparisons, three different phaopd treatments were applietb basil
plants under stabledaily light integraland constanhanometre(nm) peak emission wavelengths fol al
the different experimentasessions. Plants were daily monitored and data were collected from different
physiological and morphological indices, such as chlorophyll cortiferent chlorophyll pigmentsthe
photosynthetically active irradiance absorbed by the kadithe leaf temperatureAt the same timethe
environmental conditions of the indoor growing aregere constantly monitoredto provide evidence
from potential stess indication®f the plants.After completingthis experimental session, plants were
harvested andnorphologicallyexamined and compared under pdsarvest treatments such dseight,
leaf areaand biomass productiorio provide sufficient evidenceroplay” (i i&fl@ence from thedifferent
and reduced photoperiod treatmentsThe main objective of this experiment was to investigate the
possiklities of a reduced and optines photoperiod for basil plants that will provide significant energy
demand reductiongind subsequently lower electricity cost for the cultivation unit.

3.1.1.Introduction

In recent years, rapid growth in urban populations has led to an increasing need for fresh food. Controlled
environments located in or near the urban network allow for continsigield production of fresh greens

and fruits of high nutritious value and prevent losses in quantity arality during transportation (Kozai

et al., 2016) However, one of the major challengtst vertical farms (controlled environments with
artificial lighting) faceis, among others, the higanergy demand cost of the artificial lighting. The annual
electricity cost of vertical farms amounts to approximately 25% of the total production cost; where 80%
of this cost covers thighting needs of the syste (Johnson et al., 2019)

Many improvements and studies have been conducted in the field ofilglwith the continuous
optimisation of the LED technology, which is mainly used in vertical farms, as it can consume up to 70%
less energy compared twaditional lighting options (Kozai, 2018)ertical farms allow their users to
simulate the most beneficial conditions for each plant species and provide an optimal environment for
the highest yield and best quality of the plants. Today, LEDs are the maindigfintircce in vertical farms,

as they consume around0% less energy than HPS (HRghssure Sodium) lamps and 86% less than
incandescent lighting systems (Zhang et al., 2017). Due to the minimal radiant heat emitted, LEDs can be
placed close to plants, reding the cultivation space. Finally, because their function is based on the
movement of electrons in a semiconductor material, they are designed to reach in the most beneficial nm
for the plants. For this reason, the diodes mainly peak in the redefirand blue part of the spectrum.
These narrow bands of the spectrum boost the growth of the plants, as they satisfy the chloeo{@ll

a) and chlorophylb (Chlb) requirements (Peng et al., 2018).

Apart from the reseaitcin the LED technology, an essialrole in the energy demand of vertical farms is

the duration of the plants under the artificial lighting, i.e., their photoperiod. Lighting is the factor that
affects the productivity and quality of plants in vertical farms most, and it variesfetetit growth stages
(germination, vegetation, flowering, etc.) (Touliatos & Dodd, 2016). During germination, plants are grown
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under long photoperiod conditions, until their roots are activatadd they start to uptake nutrients and
water from the substree (Stearns & Olson, 1958). Photoperiod and air temperature are used to control
plant responsiveness and development (Keatinge et al., 1998). However, the adequacy of light for the
optimal plant growth is not very clear, especially between wavelengthgZ@®nm of the solar spectrum,
where the photosynthetically active radiation (PAR) occ8tadies have shown that botlght duration

the light intensityand light quality (nm selection of the lamparticularly in green vegetables that require
large amounts of light, play a criticable in the optmal distribution of instant PAR.

Light intersity, as mentioned above constitutasnajor parameter in light specifications. In other
words, light intensity affects the biosynthesis of the secondary metatsolitarotenoids, phenolic
compounds ascorbate, and glutathioreof plants. According to Manukyan (2013), the increase in light
intensity can result with enhancement of the polypherfadeoduction in herbs. For this reason, vase of
studies have atady focis on the importance oproviding sufficient light in horticulture to drive
photosynthesis and modify the light intensity (quality) in order to simulate differeinsymthetic
pathways for maximegion of crop production under the desired compounds but aisin the required
plant characteristics (Zheng et al., 2019).

Finally photoperiod is a crucial factor affecting plant growth and quaéityd itsoptimisation seems very
important. Sugumaran et al. (2018pnducted research testing both light intensitgcaphotoperiod in
lettuce plants, proving that higher light intensity combined with a short photoperiod can improve the yield

of plants. Kozai Toyoki@28)SELJX  AYSR GKFG I FGSNI GKS LXIydiaQ aSSR.

demand in photosyntheti photon flux density (PPFD) dasreduced up to 50%.

Photosynthesis is one of the most important processes in the plant development that can control the
growth rate of plants. During photosynthesis, antenna pigments in leaf chloroplasts absorb the light
radiation (solar or artificiaBnd, via resonance transfer, platdan produce chemical energy. What actually
happenssgthat water and carbon dioxide enter the cells of the leaves and, through the energy trapped in
the chlorophyll, photosynthesis producesigar andoxygen thatexit the leaves.In other words,
photosynthesisllows plants to generate oxygen from the electron transport activities of the chloroplasts
and the respiration processes of mitochondria (Zheng et al., 2019).

In the photosynthesis picess, chlorophyll is one of the most important antenna pigments, as it promotes
the oxygen conversion of light. Chlorophgll(Chla) molecules can be found in all photosynthetic
organisms. All the other pigments absorb the energy that cannot be captivateChla (Chemistry for
Biologists, 2019)important pigments in the photosynthesis are also chloropiythlb), xanthophylls,

and carotenoidsi (-Carotene). Chd has the highest absorption peak at 430 nm and 660 nm, followed by
Chibat 450 nm and 640 nm, and carotenoid€180¢460 nm and 486485 nm (Croft & Chen, 201&)igure

17 illustrates the chlorophyll absorption peaks of light energy tismtmainly in the red and blue
wavelengths of the visible spectrum, while carotenoids mainly absorb light energy on blue and green parts
of the spectrum.Chlorophyll parameters (biomass, leaf area, etc.) are very useful growth indicators for
the phenologial development and the physiolagl state of the plants (Tanaka, 2000; Kancheva 2014)
This is why their behavim and development in a crop can be used as a vegetation state indicator for
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plants that are under healthy cultivation conditions, as wellbagpfants growing under a stress ttezent

6t @t 20A06 SG It ®X HnanmnO RdzSpiginénts 8 &8 b & dadisratos i LI2 NIi |y
transforming the absorbed light radiation and its activity during the process of photosyntrasis the

synthesis of organic substances in planRichardson A. (200Xtated that low concentrations of

chlorophyll could directly reduce the photosynthetic rate of plants and, consequently, their primary
production. Therefore, the assessment and development ofroplayll and other important pigment

indicators (Chk/Chl b, Chltot/car, and carotenoids) can be used for monitoring and detecting the
vegetation stage of plants.
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Figurel7. Absorption spectra of the main chlorophyll and caré pigments of plants (Johnson, 2016)

In this research, the quality of basil plants was evaluated by measuring different physiological indices,
including Chla, Chlb, total chlorophyll (Chtot), the fraction of photosynthetically active irradiance
absabed by the leaf (a), and leaf temperature; all under varying photoperiod treatments. In addition, the
energy demand and the biomass production were studied to determine the sustainability and efficiency
of a given estimation protocol in a smattale inder growth chamber.

3.1.2.Materials and Methods

3.1.2.1. Plant Material and Growing Conditions

The experiments were conducted from March to April 2019 in a controlled scelk chamber, located

at the Department of Business Development and Technology, Aarhuerklty in Herning, Denmark. The
dimensions of the chamber were the following: Height = 1000 mm, width = 915 mm, and length = 457
mm. The air temperature, relative humidity, and £&Oncentration were automatically controlled using

a climate control sensd TROTEC BZ30, UK). The light given in the systems came from the LED (Budmaster
I GOB2, Osram, UK) with a 9@att energy consumption. In the LED specifications, the peak wavelengths
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are 40@520 nm (blue) and 61720 nm (red and NIR); these remained $athroughout the whole

experimental period.

Basil plants (Ocimum basilicum) were selected for this study, as they are one of the most frequent plant
species cultivated in vertical farms, owing to their high nutritional value and cultivation densitattidre |
playing a key role in the yield rate of vertical farms.

The basil plants were grown by planting seedlings filled in perlite (ISOCON Perloflor Hydro 1). Two rows
of plants were used, each row with four plants. The mean volumetric water content ofepatlfield
capacity was 565%. The measurements started ten days after transplanting, when the plants had about

2 pair ofleaves each and were abositxcm highin order to facilitate the following measurements with
sufficient leaf sizesThe nutrient slution supplied to the crop via a drip system and was controlled by a
commercial time irrigation controller (two irrigation events per day, at 08:00 and 20:00, for ten minutes
each) with set points for electrical conductivity at 2.4 d$and pH at 5.6ln each plant, a constant flow
dropper with a flow rate of 1 L/h was installed.

To study the effects of photoperiod on crop quality and quantity characteristics, three different
photoperiod treatments were applied. The first treatment lasted for 17 dagatfol) as alsahe other

two treatments lastedl7 dayseach treatment (stress)At the beginning of the control treatment, which
O2@SNBR mnmx: 2F GKS LI IydaQ ySSR F2NJ f A3KGAy3A:Z (K
eight hours of dark aaditions (P8D16L). In the second part of the experiment, the dark hours were from

09:00 to 19:00, i.e., ten hours of dark conditions (P10D14L), and in the third part of the experiment, the

dark hours were from 09:00 to 20:00, i.e., eleven hours of darklitons (P11D13L). The average light

intensity obtained at plant level when the LED was tureeditting 500 PPF[b71PPFDand 615PPFD

(>mol/m?/s) for the P8D16L, P10D14L and P11D14L respeciivelgler to maintain a stable daily light

integral DLI at 28.6oles/n?/day.

The total water consumption during the 31 days of the experiment was 35 L of water. At the beginning of

the experimentthe water tank was filled with 15 L of water, i.e., the maximum capacity of the tank. A

total of 35 L of water (20 during the experiment and 15 from the original water capacity) and 100 ml of
nutrient solution (10 ml of nutrient solution for every tvitresof water added, according to the protocol)

were used during the experiment (excluding the relaxation phase between the two stress treatments,
GKAOK fLFaGSR F2NJ (62 RI&@8&40d 5dzNAy3a GKS SELISNRYSY
water as well as evapotranspiration.

The experiment was repeateithiree in the same indoor smaficale chamber. It was not possible to
maintain twodifferent climate conditions (different photoperiods) for stress and control, respectively, in
the chamber. For His reason, we first conducted the experiment under control conditions, and
subsequently, we repeatetivice the same experiment with the sequence described above, creating
virtually identical environmental conditions. In the Tali& you can see the enwnmental conditions
throughout the whole experiment in each lighting treatment.
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Table16. The growing conditions applied to the cultivation of basil plants in the experimental-sozd lighting

system.
Treatment  Length Relative VPD Tar (°C) CQ(ppm) Hours of Energy
(days)  Humidity Light Demand
(RH %) Vapor (kWh)
Pressure
Deficit (Pa)
P8D16L 17 3315 1876 + 207 23+1 440127 18:00 76.09 +
10:00 13.47
P10D14L 17 32+5 1827+ 133 22+1 414+20 19:0Qg 64.07 +
09:00 16.5
P11D13L 17 29+4 1947+73 22+1 425+18  20:00g 58.06 +
09:00 13.1

3.1.2.2. Data Collection

Prior to the experiment, the air temperatures(Tin °C), relative humidity (RH %), anc C@ncentration

of the chamber were measured and calibrated usingiraate control sensor, placed 50 cm above the

crop area in the middle of the chamber, to automatically log data every ten miutesvh ¢ 9/ . YHp [/
Air Quality Monitor, Germany). Theiylnd R values were used for the calculation of the air vapo

pressure deficit values. Leaf temperature (Tleaf in °C) was measured using a thermocouple attached to

the leaf surface area (Solfrafc,LJF A y 0 ® { dzo & G NI (i Sany<distiaie taNfRrat@e (JsiS y & o
in °C) wereestimated using a capacitance sensor (VWK Wet Sensor, Deltd Devices Ltd., UK).
Measurements took place every 30 seconds, and the average values of 10 minutegeeededin the

data logger.

The chlorophyll measurements were extracted by a chlorophyll sensof5@MChlorophyll Meter,
Solfranc, Sga) that was calibrated beforne experiment. The measurements were made manually every
day at 08:00 in the morning fen lights). The sampling was done from five leaves of each plant from
young to fully developed leaves. The portable sensor acquired data of chlorophyll based on the
absorbane of plants at 660 and 940 nm (Kozai et al., 2016)

Eight badiplants of the sam age and sewere used for the measurements. Each plant was measured
every day. The data were logged every ten minutes and the manual data once a day. According to
Gorgalves L.F.C. et al. (2008pplying the method of Lichtenthaler and Welburn (1983)detecting
chlorophyll concentration with pigment extraction can be equally effective using a portable chlorophyll
meter. The photosynthetically active irradiance absorbed in a 8afgn be described by the ratio:

a= Chtot/(Chltot + 76) [20]
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(Evans and Rwoter, 2001) with Chitot 6 1 KS OKf 2 NP LIK&f f O2%/ Sy G0 YS! adzNB

3.12.3. Plant Biomass Measurements and Evaluation of the Electrical Energy Input

Consumed for Basil Production

The fresh weight was measured separately in thet and shoot part of the plants (including stems,
flowers, and leaves). For the dry weight measurements, the shoot parts of the plants were placed in an
oven at 80 °C for 24 hours, during which all the water evaporated.

The input of electrical energy waseasured using a power and energy logger, PEL 103 Chauvin Arnoux.
The electrical energy consumed for the basil production was measured for each growing treatment, taking
into account the total leaf biomass produced by the eight plants, the length of gaaktment, the
photoperiod (hours of light), and the energy consumed by the system per hour. The result is presented in
kWh kd*.

3.1.2.4. Statistical Analysis

Data were subjected twneg¢ I @ Fylfeaira 2F OGFNAIFIYyOS o!bh+x! 0 7
O2YLJ NRazy (S ahac anaysis test.dxhafysewiere Ipigfarmed using SPSS for Windows

(IBM Statistics for Macintosh, version 25.0).

3.1.3.Results

3.1.3.1Development and Study of Abiotic Indicators under Different Photoperiods
In this section, thedata collection results of the physiological parameters of the crop during the
experiment are presented.

3.1.3.1.1. Development of Leaf Temperature

In Figure 18the curve of leaf temperature for the three treatments is shown. The average temperature
varied between 2@3and 21.7 °C throughout the whole experiment. There was a significant effect in the
change of leaf temperature at the p < 0.05 level for the three diffephotoperiod treatments (F (2,48)

= 3.787; p = 0.030 Posthoc comparisons using ¢hTukey HSD (Honestly Significant Difference) test
indicated that the mean score for the leaf temperaturdhe control treatment (M = 20.26; SD = Pdid

not differ significantlyfrom the first stress treatmenP10D14L) (M = 21.16; SD = ().B8&anwhié, it was
significantly higher than the second stress treatmPatlD13L (M = 20.78D = @8).
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Figurel8. The daily means of leaf temperature between healthy plants (blue line) and stressed plants (orange
line). Days 417: P8D1B (control treatment); days-7: P10D14 (stress treatment); daysl7: P11D13L (stress
treatment).

In Figurel9, the evolution curve of the substrate temperatures(ip for the three treatments is depicted.
The average subvaried between 18.1 and 2® C throughout thecontrol experiment(P8D16L) There
was no significant different between the three treatnismt the p < 0.05 level (F (2,48) = 2.362; p = (,105
with Tsub for the control treatment at (M= 19.3, SD= 0.71), for the P10D14L treatment d&tqMsD=
0.78) and for the P11D13L treatment at (M=18.7, SD= .88)
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Figurel9. The average daily evolution of the substrate temperature (perlite) between healthy plants (blue line)
and stressed plants (orange line). Dag&Z: P8D&L (control treatment); days-17: PIOD14L (stress treatment);
days 117: P11D13L (stress treatment).

3.1.3.1.2. Development of Chlorophyll Content

In Figure 20the evolution curve of the chlorophyll content for the three treatments is shown. As can be
seen from the graph, the average value of the chlorophyll content in the plants under the second stress
treatment (with a 13hour photoperiod) waslrastically reduced from day2lbof the experiment (the first
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day of application of the reduced photoperiod fdne crop). As the experiment progressed, the
chlorophyll values continued to decrease until the end of the experiment, where the value was 25.44
SPADMore specifically, the chlorophybntentof the healthy phnts (P8D16L) ranged between 19.7 and
36.5 SFAD throughout the experiment, while the chlorophytlontent for the stressed plants was
significantly reduced when applying the second stress treatnfPAtLlD13L)The chlorophyll content
during the first stress treatmentP10D14Ljvas not statistically sigficantly reduced compared to the
healthy plants witfSPADrvalues varying betweeh9.6and 38.38SPAD
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Figure20. The average daily evolution of chlorophyll content between healthy plants (blue line) and stressed
plants (orangdine). Days ¢17: P8D16L (contréteatment); daysl-17: P1OD4L (stressed treatment); dayg17:
P11D13L (stress treatment).

3.1.3.1.3. Development of Claland Chlb

In this research study, a portable chlorophyll meter was applied to estimate the phigiaccontent of
the basil crop. Using the research findingfRoizEspinoza et al. (2008) e calculated the concentration
of Chla, Chlb and Chltot from relative chlorophyll content (SPAD) valuath the following equatios:

Chla =-0.0046+0.0008*(SPAD) [21]
Chlb =-0.0014+0.0002*(SPAD) [22]
Chltot =-0.006+0.001*(SPAD) [23]

where, SPADs the measurement of theelative chlorophyll contentetrieved from portable chlorophyll
meter (CM500).
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In Figure 21the values of the Cld index can be seen. Calis one of the most important chlorophyll
pigments (in combination with Chl as they differ minimally in thestructure) (Stearns & Olson, 1958)
A crucial property ofchla is the versatility, enabling active participation in multiple functions in the
photosynthetic procesfOxborough, 2004)ncluding photon capturing, transfer and storage of photons,
and energy storage at the antenn@Siedor etal., 2008) Chla absorbs radiation in the red and blue
nanometers of the light spectrum. Apart from @hplants use other pigments (Qhlc, carotenoids, and
phycobilins), which absorb radiation with intermediate wavelengths. This process makes usstef
lightenergy.

A oneway betweensubjects ANOVA was conducted to compare the effects of the reduced photoperiod
on Chia of basil plants with the P8D16L, P10D14L, and P11D13L treatments. There was a significant effect
of photoperiod on the Chd (mg/'cm?) of the plants at the p < 0.05 level for all threedtments (F (2,48)

= 4577, p = 0.05). Posthoc comparisons using the Tukey HSD test indicated that the mean score for
P8D16L (M 6©.019 SD =0.004 wasnot significantly diferent from P10D14L (M0.018 SD =0.004).
Howeve, the P11D13L treatment (MG:015 SD 9.003 did differ significantly from P8D16L.

A oneway ANOVA was also conducted to estimate if I€fing/cn?) was affected by the different
photoperiod treatments. There was a signifit@&ffect of photoperiod on CH of basil plants at the p <
0.05 level 6r the three treatments (F (2,4&4.577, p = 0.01% The poshoc analysis revealedségnificant
difference between P8D16M =0.0045 SD =0.001) and P11D13L (M 0035 SD =0). Furthermore,
P10D14 (M =0.0043 SD .00]) wasno statisticallysignificant different from P8D16L.

Subsequently, a onay ANOVA was performed for @bl (mg/cn?) under the three treatments. There
was a significant effect of photoperiod on @jtlof the plants at the level p < 0.36r all three treatments

(F (2,48) = 447, p =0.015). A posthoc comparison test showerdo significant diffeences between

P8D16L (M 6.023 SD $6.005 and P10D14L (MG023 SD 6.006. However, compared to P8D16het

P11D13L treatment (M 6.018 SD .004 showed statistical difference.

Finally, @ oneeway ANOVA was performed to find the fraction of photosynthetically active irradiance
absorbed by the leaf between healthy plants, a, under the three photoperi@ggrtrents. There was a
significant effect of photoperiod on a of the plants at the level p < @0all three treatments (F (2,48) =
4576, p = 0.0%). A subsequent podtoc analysis indicated that the mearof P8D16L (M = 0003 SD =
0.00007 differedsignificantly from the mean a of BD13L (M = 0002 SD = 0.0005), but not from the
mean a of PAD14L (M = @003 SD = 0.0008).

In conclusion, these results suggest that chlorophyll pigments are not affected or diminished when the
photoperiod is reduce to two hours after the plants enter the germination stage. However, it should be
noted that too short a photoperiod of the P11D13L treatment donesappear topromote theincrease

of chlorophyll pigmentsn basil plants and leads to significantdecreae of chlorophyll contenand
pigments
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Figure21. The average daily evolution of the contents of (a)&lib) Chb, (c) Chtot, and (d) the fraction of
photosynthetically active irradnce absorbed by the lead)(between healthy plants (blue line) and stressed plants
(orange line). Dayscl7: P8D16Icontrol treatment); days-17: P1OD14 (stress treatment); daysil7: P11D13L
(stress treatment).

3.1.3.2. Quality and Physiological Euation of Basil under Different Lighting Conditions

The length of the growing cycles was 17 days for the control treatment (P8D16LY aags for each of

the stress treatments with shorter photoperiods (P10D14L and P11D13L). The control treatment was
longer, as the plants were in the germination stage and needed enough light intensity for their optimal
developmentbefore their transplantingThe plants were subjected to shorter photoperiods at equal days
after their germination period.

The yield was meased as the head biomass production for each of the plaitse leaf area index
measured in the plants after the P8D16L treatment was significantly higher, with a value of 838 cm
compared to the two stress treatments with 379 €for P10D14L and 279 érfor P11D13L, respectively.
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The height of the plants measured at the end of the P11D13L treatment differed statistically from P8D16L
and P10D14L treatment, with a decrease rate of 6.16%, and substantially from the P8D16L treatment,
with a reduction of 21%.

The shoot fresh weight (i.e., measurements of stems, leaves, and flowers) of the P8D16L treatment with
a mean value of 41 g presented a statistical difference from P10D14L and P11D13L, with mean values of
22.40 g and 19.02 g, respectively.

The leaves growmiP11D13L showed the lowest shoot dry weight (3.44 g) compared to the P8D16L
treatment (4.74 g). However, there was no statistical difference compared to the values measured in the
plants grown under the other experimental conditions (Figz@d).
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Figure22. Effects of the different photoperiod treatments on growth and developmer®oimum basilicungrown in a smal
scale closedype growth chamber: (a) Leaf area @rof the plants; (b) helg (cm) of the plants; (c) shoot fresh weight (gr);
and (d) shoot dry weight. The values are means + SD (n = 8). Various letters indicate significant differences amomgrthe diffe
growing cycles (p < 0.05).
3.1.3.3. Plant Biomass Measurement and Estimatof the Input Energy Consumed for

Basil Production
The total dry biomass of the plants was estimated by the following equation:
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Biomass = drgnass () x cultivation area () [24]

Figure 23shows the electrical energy neededr fthe total crop production in each treatment. The
conditions applied in the P8D16L and P10D14L treatments performed the highest biomass production
achieved with a reduced electrical energy input compared to the P11D13L treatmenthd®ost
comparisons usimthe Tukey HSD test indicated that the mean score for the biomass production in the
P8D16L treatment (M = 1.44; SD = 0.66) was not substantially different from the total biomass in the
P10D14L treatment (M = 1.63, SD = 0.68). Furthermore, the total bgoimése P11D13L treatment (M =
1.21; SD = 0.55) did not differ significantly from the P8D16L and P10Rddindnts. However, from
Figure 23it can be observed that the highest biomass with a lower electrical energy input than the control
treatment was ttained during P10D14L.

K'Wh

{45) ssewo|g I00Ys (B30 L

PBD16L P10D14L E11D13L
Treatmaent

Figure23. The left axis (histograms): The input of electrical energy consumed for basil production (kwh). The right
axis (line): The total shoot dry biomass produced in each growing treatment. Varitars latlicate significant
differences in energy demand among the different growing cycles (p < 0.05).

3.1.4.Discussion

One of the maost important aspects of this research was to investigate the sustainability and feasibility of
an indoor cultivation system, theby providing an evertgreeneg production system for fresh
vegetables. The main @ztive was to study and optineghe energy demand in a smabttale cultivation

area without affecting the yield of the crop.

The energy demand in an indoor cultivation @ie mainly distributed to the lighting system (in addition
to the fans and pumps of the cultivation area). Therefore, wesehio focus primarily on optimisg the
light emission by reducing the amount of light, i.e., the photoperiod.
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3.1.4.1. Different Rotoperiod Conditions Affecting Basil Quality, Physiological

Parameters, and Leaf Functionality

Quality is one of the most important factors for evaluating plant growth conditions, specifically in herbs
such adasil, as it can greatly affeitte salable prt of plants and consequentbpnsumef) éhoice. Quality
control can be achieved using multiple indices, devices, and protocols from a wide range, one of which
can be the visual appearance (aalpshape, size) of herbal leaves. Therefore, many reseas ol
chlorophyll to investigate and extract results of physiological responses to the satisfactoriness and
purchasing power of basil. Kopsetlal. (2005)ktate that chlorophyll concentration and the green amo
gradation of leaves can be used as inthcaof the xanthophyll carotenoid levels in basil. In these plants,
xanthophyll is one of the most important carotenoids affecting the nutritional value; therefore, further
research is needed to estimate xanthophyll pigments during different photopeitoutsloor cultivation

areas. Johnsoet al. (2019kurprisingly showed that a 2Zdour photoperiod of photosynthetically active
radiation has a positive effect on the flawoof basil plants cultivated under indoor environmental
conditions. Since this studipes not examine aroma molecules of basil plants, further research is needed
in this area. In the current study, plants exposed to the second photoperiod treatment (P10D14L) showed
no significant differences the chlorophyll content of the basil leavasth a two-hour lower energy
demandcompared withthe plants in the control treatment (P8D16L)should be mentioned that after

10 days following theransplant shorter photoperiods were applied to the plants (10 daysnfreowing

to transplanting and 1@aysafter transplan). Furthermore, from these data, we found that the shoot
biomass measured in the plants after the P10D14L treatment did not reflect a significant reduction from
the shoot biomass accumulation in the plants following the P8D16L tredtriMoreover, the graphs in
Figure21 suggess that the values of Ch, Chlb, and Chkot indicate a slow and stable state of the
photosynthesigfficiencywhen putting less energy into the system with stable smaller light periods (two
hours less)sincechlorophyll strongly participates in the process of photosynthesis and can be used as a
useful indicator of the photosynthetic capacity (Pavlovic et al., 2014Tanaka & Tanaka, 2000;
Papageorgiou & Govindjee, 2Q®athore & Jarsai, 201Bancheva et al2014; Maxwee & Johnson 2000;
Baker & Rosenqvist, 20D4rhis might stimulate the activity of Rubisco, a key enzyme in the carboxylation
process of the CalviBenson cycle. The CalgBenson cycle refers to the chemical reactions of
photosynthesis that haw the ability to convert carbon compounds anther compounds into glucose
(Jablonsky et al., 2014)n other words, for most plants, the photosynthesis begins witteaction
between C@ and a fivecarbon sugar known as RuBP (ribulose bisphosphate).r@hision is then
catalysed by Rubisco, producing the G3P molecule. During the P10D14L treatment, the temperature of
the cultivation area remained stable without provoking any kind of stress in the above process. In addition,
it allowed leaf stomata to been and new C&lo enter in order to replenish the G@onsumed by the

cycle (Ricklefs et a2014) AO2 NRAY 3 (12 LINSJA2dza a i dzivies plantd wse Kt 6 S |
the Rubisco enzyme (and consequently gain additional G3P) and are exposedtrmlezbmight
conditions, a short light inductance period used for chlorophyll data acquisition activates no
photochemical processes scattering excitatiorergy to heat. In this studyChl parametersnaintained

in the same levglChla: -3.6%from P8D16lto P10D14L) with a lower amount of light, implying that there
was a combined effect allowing the plants to continue the photosynthesis process for a specific period of
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time with lessenergy demand. However, from P81 P11D13L, there was a reductiontlie Chl
parameters (Chd: -21.3%),indicating that there was a combined effect of the reduced light period in the
development of the plants. Based timese results, we can hypothesishat plants continue to develop

and increase theinet primary produdbn (biomass production resulting from photosynthesis and plant
growth)when they fulfil their vegetative stage forcartain period until they realesthat theyreceiveless

light energy and start reacting to thabiotic stress(Loconsole et al., 2019The net photosynthesis was

not measured in this research study; however, we can assume that the same results would be obtained
with all three treatments. Further research is needed in the specific field to identify when basil plants
continue to increase thiechlorophyll contenundera shorter photoperiod and thus less energy demand.

3.1.4.2. Effect of Different Photoperiod Conditions on Biomass Accretion and Energy

Demand

t K2G2LISNA2R A& 2yS 2F GKS ¥FI O 2 Ndnas§|é&af size, &dtl aréa | v
(Adams & Langton, 2005hnitially, it was expected that a longer photoperiod would result in higher
biomass production for the plants. We observed a reduction of the shoot dry biomass in the P10D14L
treatment; however, our analysis etved that it was not statistically significant. Nevertheless, when the
photoperiod was further reduced, there was a marked decrease in the shoot dry biomass of the plants.

Moreover, it was found that a shorter day length also led ® hinimisgd fresh weght accumulation and

a lower leaf area in the shoot of the basil plants. This could be due tphbtperiod manipulatiorin

basil production, which would reduce the concentration of nitrate and simultaneously increase the
chlorophyll and carotenoid conies of the plantsAs to the production of edible bionsa in basil plants,
Beamanet al. (2009) found that a higher carotenoid concentration, together with a reduced nitrate
content, can produce a highly nutritious produweth acceptable nitrate contenofr human consumption

in basilplants that grow unde28.8 DLIHowever due to lack of measurements witrate in this research,

this is a statement that cannot be verified by thisidy and future examinatiorare required.

Today, LED technology is the shavidely used technology in largeale vertical farms because it is
considered the most energgfficient, with a lower electricity consumption comparedaibother types of
lighting (Beaman et al., 20Q9However, in smabcale production environmentseveral factors can
contribute to a specific result and affect the feasibility and efficiency of the LED lighting technology. In this
research study, we measured the energy input in the cultivation system that was consumed in each of the
three treatments Our goal was to identify an accurate energy saving and variation in the different growing
conditions and how to reduce the production cost, specifically in a ssnall environment, including
minimigng energy loss and other demands (heating,tiaton, etc.) Molin EMartin 2018)

Based on the data collected from the experiment, the P10D14L treatment included the production of a
commercially profitable product that generated the sagrewth rate,yield and higkguality herb leaves
with lower energy casand footprint when compared to the control environmie(P8D16L). As seen in

Figure 23the biomass in P10D14L was in the same statistical range as P8D16L, but it used approximately

12.® kWh less than the control treatment. From an economic perspective,smaliscale cultivation

AN

area is equal to aenergy cossaving trendof 3¢ Kk Yuk Rl @ 60aAyO0S (KS NBaSI NOK
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we used the averagBPanishelectricity price, as follows).219¢ k | foKbusinesses (Eurostat, 2020
Although the secondtress treatment (P11D13L) provided a further decrease in the energy demand, the
results for the total dry biomass of the plants were also the lowest (Figure 16). A further study is needed
to determine the exact period when the basil plants are in a stéitgrowth and where less energy can

be provided without affecting the optimal development of the crop. Furthermomaoae detailed study

is needed for the economic and environmental impact of a limited photoperiod in indoor farming, as well
as the opportmities and results of a larggcale indoor vertical farm.

3.1.5.Conclusions

Growing basil in a smadkale indoor cultivation system, where we can control all growth parameters,
presented a positive effect on the quality and quantity of the plants. A m&unghotoperiod with 10

hours of darkness and 14 hours of light (as opposed to 8 hours of darkness and 16 hours of light) showed
positive effects on the chlorophyll content and, thus, the physiological development of basil ptants 1
days after the plants weregansplanted into a hydroponic substrate and placed in the setalle indoor
chamber. The basil plants did not show significant differences in their yield when comparing the first stress
treatment (P10D14L) with the control treatment. In this experimehg tnain objective was to maintain

a highvalue product in terms of quality and quantity, yet at the lowest energy cost possible in a small
scale environment. Future research is needed in the field to examine the optimal lighting conditions (light
intensity, tolerance under shoftlay photoperiods, and optimal nm selection in LEDs) for a larger variety
of herbs and fresh vegetables and laiggale installation to increase the economic value of the product.

Since vertical farms are a novel type of cultivatibat offers numerous advantages for cities to meet
their demand for fresh vegetables, herbs, and fruits, many studies have dmretucted to anyse and
optimise the technologies and the cultivation protocols used. However, the energy demand is one of the
main drawbacks limiting the feasibility of vertical farms. This is why it is important to assess the utility of
vertical farms under the appropriate framework. Thus, it is crucial to continue with further studies to
examine the economic and environmentaitpntials of vertical farms, and how they can become even
more sustainable, especially in a laigeale application.
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3.2.Basil plants grown underintermittent light stress in a smaHlscale
indoor environment: Introducing energy demand reduction

intelligent technologies

The fourth journal papeof this PhD dissertatioimtroducesthe researchof a new lighting methodology

for artificially lighted farmsVertical farms is a highly increasing method of cultivation that provide locally
produced greeneries for consumers without agrochemicals and high automation systems. However, at
the same time, the operational costs of artificial light operation can jeopardise the profitability of vertical
farms. For this reason, this scientific methodology seeks to redefine the operation limits of artificial light

under the scope of how they influénS LJ I y 14 Q 3INER g K The/pRoposetheifiddia & LINE R

this researchargets to examine if indoor farms could use shifted energy demand response for lighting
operation in order to exploit the opportunity of usitige dynamic loads with fluctuatipelectricity prices

that benefit Nordic countriesd=romthe third submitted paper of this dissertation, it has been presented
that basil plants can sufficiently growth in the limited light period operation of 14 hours with edigily
photosynthetic capeity as the 16 hoursTo provide a morefluctuating light schedule for indoor
cultivation becomes very crucial to reduce as possible the light operation until the level that does not
affect negatively the growth rate of plantdn order to provide validasults, this method examines and
compares continuous liglghotoperiodwith photoperiod with interruptedightingintervalsand reports

and analyses the effect afitermittent lighting photoperiodon plant? RS @St 2 LIYSy &4 | yR
Underthis scope, he photosynthetic rate, chlorophyll pigments, leaf area, biomass production and other
physiological and morphological indices are reported to agbesguality and quantity of basil crops. The
purpose of this study i® determine if intermittent lighing exposure couldenhancethe sustainability

and efficiency of IVFs by increasing the flexibility and reducing the energy footprint of lamp operation
without adversely affecting the growth rate and biomass production of the plartie results of this
experimental study indicatehat the short and interruptedight cycles (1@min) were sufficientto attain

the optimal photosynthetic efficiency of the cultivatidor 19 daysand later and until the harvest that
showed signs of stress due to intermittent ligigi operation Finally, the evaluation of the energy
footprint under various light treatments can have a positaantribution on the energetic, economic,
business, and ecological of indoor food production.
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3.2.1.Introduction

Vertical farming is a novel type td€rming that provides the opportunity to cultivate plant species in an
indoor, fully automated environment with a continuous monitoring of the growth and development status
of the plants \ertical farms replace solar radiation with artificial lighting, @ndurban horticulture,
conventional lighting is often replaced by liggrhitting diodes (LEDs), which focus on specific wavelength
ranges activating the spectral response of plant growth and development. LEDs convert 45% of their
power supply into visibléght absorbed by plants and can be used as a light source througimantire
production processvhile the remaining heat requires efficient heat removal through efficient thermal
management. Modern LEDs in horticulture are usually equipped with adissipation system, which
performs heat sinking using anodid aluminum extusion, enabling them to achiewdficacies up to 3.2
>Y2f KWO G tesdd oo Xyais2eNad (2020krtical farming is a farming business scendiniat
allows high profitabilityas well as multiple revenustreams and business modelsdambinationwith
smallscale wind turbines.

According to previous resear@vgoustaki & Xydis, 2020), thkectricity costs of a vertical farm accounts

for the highest portion of th@perating costs with around 25% of the pradion costs. More specifically,

the lighting of a vertical fan accounts ér 80% of the totaklectricity costs. As a resuljere is an
increasing demand for further optimisation ght dimensions in vertical farms to redusperating costs.

This involvedight duration (photoperiod), lighquality (combined wavelengthia nanometreg, and light
guantity (light intensity known as thehotosynthetic active radiation PAR).LEDscreate electron
movements in a semicwluctor material, and thus thegan reach the most crucial nm fotrpy/ 4 8 Q AN ¢ (i K
and development byctivating thephotosynthesis process. Ftitis reason, a typical LED foorticulture

shows a peak wavelerigin the absorption spectrum &60 nm (deep red), 450 nm (deep blue), 525 nm
(green), and 735 nitfar-red) (Ashdown, 2015). LEDs perform higher correlateducaéamperature (CCT)
compared with HPS lamps as they perform higher levels of CCT that provide more power at the short
wavelengths of the spectrum. Furthermore, LEDs can produce up to 134% more bright light compared to
HPS lamps even in similar illuminandeeels (Fotios & Cheal, 2011). The primary function of LEDs is to
satisfy the requirements of leaf optical properties that include different chlorophyll pigments to capture
the energy and initiate the photosynthesis process.

As mentioned by Touliatos, Doddnd McAinsh (2016), photoperiodism (i.e., the duration of light that
plants receive daily) can affect the productivity and quality of the canopy at different growth stages of
plants (germination, vegetation, flowering, etc.). According to Kang, Sugun#stdh AL, Jeong, & Hwang
(2013), both optimal light intensity and photoperiod can increase the yield of plants.

The photochemical processes of plants have three different types of time constraints: 1) primary
photochemistry, 2) electron shuttles, and &rbon metabolism (Yeh & Chung, 2009). According to
Matthijs et al. (1996), longer dark periods tend to reduce the growth rate of plants. However, a decrease
in light flux undeiintermittent light seems to reduce the growth rat plantsless than in thease of a
similar flux decrease under a continuous lighting systemermittent light (IL)is a technique that allows

dza G2 S @I t dzkphofchdniical yeackiofs, whitly are correlated with the reduction of
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