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Abstract 

This thesis evaluates the various fields that have influenced the 

development of vertical farms, with a specific focus on the significant gaps 

that are found in the published literature. It aims to improve our 

understanding of the concept of vertical farms, bringing together the 

variety of theories that are attached to this industry.  

This work proposes a novel approach to tackle the gap in knowledge 

related to the area of simulation of vertical farms. Through this 

investigation it was found that the developed analytical and conceptual 

framework proposed has significant potential to calculate certain 

parameters relevant to vertical farms, but it requires further development 

in order to consider in more detail added important parameters. This study 

argues that the approach to vertical farming development requires a 

multifaceted integration of several disciplines and without this integration 

its deployment is significantly more challenging. The lack of 

data/knowledge sharing and transparency of information have been 

hindering the faster development of this industry.  

The proposed approach has been developed by scoping the capabilities of 

HTB2 as a potential software tool to develop a simulation framework. 

Although novel and positive in many areas, this framework still possesses 

several limitations, mainly linked to the shortcomings related to the 

detailing of plants’ characteristics. Simulations normally use a series of 

assumptions and simplifications and this case is not different. Nonetheless, 

the intrinsic characteristics of plants do require better attention. The 

limitations discussed in this thesis, suggest clear advisory steps towards 

developing further studies to be able to take this knowledge on board and 

move it forward. The software mainly focuses on the energy balance of the 

vertical farm, calculating for example the energy consumption of lights, 

ventilation, etc, as well as the relative humidity and other parameters. 

The framework is developed by using an estimated base-case scenario and 

it is thereafter tested with the monitored data of a real case study of a 

commercial indoor vertical farm, actively producing edible plants and fish 



using an aquaponic system, based in London (at the time of this 

investigation).  

Based on the literature found during the lifetime of this project, no other 

software tools have developed a comparative study such as this one, where 

results can be obtained to create parallel appraisals between monitored 

physical vertical farms and simulated representation of the same farms. 

The work presented here aims to serve as a tool for further development 

in this area, it humbly accepts that it is not a solution to all the problems 

faced by vertical farms yet, but it does bring this topic a step closer to 

finding a robust simulation model in this sector. An important aspect of 

this research was also affordability and accessibility of this framework. 

Since this research has found that one of the largest barriers to the wider 

implementation of vertical farms is the financial implication, it is therefore 

assumed by this research that the industry will not welcome another 

financial burden. The software used here is free of charge and open-

source. Furthermore, this framework encourages transparent data sharing 

and flexibility to integrate future developmental needs within the 

framework. 

Overall, this thesis aims to demonstrate how the understanding of all the 

individual parameters and expertise that influence the field of vertical 

farming must be brought together to achieve a successful integration of 

this alternative agricultural practice.  
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Nomenclature 

 

 

ACH Air Changes per Hour. Unit commonly used to represent 

ventilation rates. 

BIA  Building Integrated Agriculture. 

BICEF Building Integrated Controlled Environment Farm. 

BLD Building. Acronym used by HTB2 in the module focused on 

the characteristics of the host building. 

CEA  Controlled Environment Agriculture. 

HDVG  High Density Vertical Growing.  

HTB2 Heat Transfer in Buildings (version 2). This is the software 

used to assist the framework developed in this research.  

LED Light Emitting Diode is a semiconductor device use as an 

alternative source of lighting. 

PF  Plant Factories. 

PFALs Plant Factories with Artificial Lighting. 

PPALs Plant Production System with Artificial Lighting. 

PPU  Plant Production Unit.  

RAS  Recirculating Aquaculture Systems. 

SD  Standard Deviation (statistical analysis parameter). 

SRV Services. Acronym used for the HTB2 module focused on the 

characteristics of the services of the vertical farm. 

UF  Urban Farms. 

VF  Vertical Farming. 

ZFarming Zero-Acreage Farming. 
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The realisation is that it is no longer sufficient to talk about 
a more sustainable food system; but rather there is a need 
for a radical transformation of the system so as to deliver 
sustainable and healthy food for all in the face of shrinking 
resources and a growing global population. 

(Sanderson and Marsden, 2020)  
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Chapter 1 
Introduction 

 

 

“Moving towards cities that behave like ecosystems 
rather than parasites” 

(Despommier 2013) 

 

 

1.1 Background 

Agricultural practices are at a significant crossroads: continuous population 

growth (Roser and Ortiz-Ospina 2018; Wilmoth 2018), increasing evidence 

of food shortage (Orsini et al. 2013; FAO et al. 2017) and reduced land 

availability (Garg 2017) are just a few of the problems highlighting the 

need to improve existing agricultural methods. Moreover, recurrent 

emerging episodes of catastrophic natural phenomena occurring across the 

world, such as global warming (Rosenzweig et al. 2008), increased natural 

disasters (Banholzer et al. 2014; IFRC 2016) and depletion of natural 

resources (IFRC 2016) are pushing the bar even higher, in terms of the 

urgent need to find viable solutions to tackle food security (Benke and 

Tomkins 2017; Nicholson et al. 2021). The research community is under 

pressure to find solutions towards the above issues in tandem with the 

protection of the natural environment and the need to improve quality of 

life (FAO et al. 2017).  

In parallel, urban development and architectural challenges are also 

outlined by the severity of the issues mentioned above, which in a similar 

manner are the result of the continuous expansion of cities due to 

population growth (Ahern et al. 2014). Therefore, it is imperative to find 
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solutions to minimise the impact of urban development on the planet 

(Hasse & Lathrop 2003; Johnson 2001; Despommier 2009).  

There is compelling evidence of the positive impact of the integration of 

green and agricultural elements into the built environment and how they 

help to mitigate some of the damage caused by extensive urbanisation 

(Alexandri and Jones 2008; Safikhani et al. 2014; Benis et al. 2017b; Al-

Kodmany 2018; Bustami et al. 2018).  

 

1.2 Research Aim and Objectives  

The aim of this thesis is to explore the potential and required future 

development of a simulation-based modelling framework to meet the 

needs of vertical farming. The main target of this framework is to provide 

a replicable methodology that can be expanded to integrate further aspects 

of vertical farms. This is with the wider purpose of improving our 

understanding of the concept of vertical farms, bringing together the 

variety of theories that are attached to this industry. The investigation 

proposes an analytical and conceptual framework to test a quantitative 

approach (simulation) to advance the knowledge in the area of the 

design of vertical farms. The framework developed is assisted by an open-

source software tool and encourages future multidisciplinary collaboration 

and data-sharing.  

 
The main objectives to achieve this aim are:    

1. To review the State-of-the-Art of vertical farming, the different 

methods used in this alternative agricultural practice and establish 

the most appropriate method(s) to be recreated through the 

simulation process and data analysis.  

2. To propose, develop and test a conceptual and analytical 

framework that can be used to recreate or modify the behaviour 

of vertical farms in indoor environments, with the assistance of a 

flexible simulation tool.  

3. To test the simulation framework developed, in order to assess an 

active vertical farm (case study). Including the assessment of the 
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framework to allows the prediction of important parameters 

relevant to establishing an optimum environment required for the 

building to host a vertical farm indoors. 

The framework developed in this investigation can potentially be used as 

a standardised approach to assess vertical farms at an early design stage. 

By integrating this method potentially as a vertical farming platform, this 

field can perhaps be further developed in a collaborative manner, by 

encouraging community research engagement and transparent data-

sharing in a multidisciplinary manner. Perhaps empowering researchers to 

develop benchmarks to share data across different countries, with the 

focus on optimisation of indoor environments for plant produce in 

buildings. These characteristics can act as a catalyst for more collaboration 

and therefore allowing larger multidisciplinary teams working together 

towards achieving greater efficiency and affordability of vertical farms.   

 

1.3 Focus Context  

Nature has inspired humans to find solutions to a number of problems 

(Lurie-Luke 2014), this is also known as biomimicry or biomimetic (Dash 

2018; Kuru et al. 2019). There are several examples within architecture 

where the integration of plants provided the best solutions to specific 

problems (Pawlyn 2011; El-Zeiny 2012; Rao 2014; Bingham-Hall 2016). 

Nature inspired solutions offer a significant source of knowledge-transfer 

opportunities, as other researchers have already demonstrated (El-Zeiny 

2012; Breuste et al. 2013b). The synergy between plants and buildings 

can be seen within the world of biomimicry where it has been exploited to 

some extent in the built environment (Kuru et al. 2019), nevertheless, 

examples of it at a large scale are a lot scarcer. Therefore, it is interesting 

that one of the largest advocates of vertical farming, Prof Dickson 

Despommier describes our cities as “parasites” (Despommier 2013). He 

suggests that the concept of vertical farming, particularly integrated within 

cities, can hold the key to help our cities to behave as “ecosystems rather 

than parasites” (Despommier, 2013). This concept could potentially be 

described as urban-scale biomimicry, by aping the logic described above. 
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To elaborate on this point, a comparison of Despommier’s remarks have 

been included in Table 1 below. The various concepts have been extracted 

from Oxford specialist dictionaries (Table 1).  

It can be noted that viewing these concepts from the perspective described 

above, i.e. cities compared to ecosystems or parasites, brings to the 

surface the similarities between these concepts and the behaviour of cities. 

Unfortunately, due to poor planning, lack of holistic design and disregard 

of the impact of urban development on the natural environment, cities 

have developed over the years in a way that resembles more the concept 

of “parasitism” rather than the concept of a sustainable “ecosystems”. 

Cities can truly be compared to complex living organisms that often grow 

organically according to the needs of its inhabitants (Berg 2013), this is 

the biomimicry principle (Kuru et al. 2019). By replicating the behaviour 

of living organisms and learning from the principles of biology, cities 

mechanisms can be directed towards finding more efficient solutions 

(Pawlyn 2011). Interestingly, Garcia-Holguera et al (2015) attempted to 

develop a “transdisciplinary design approach rooted in the field of 

biomimetics [which] emulates the interrelated complexity of the parts of 

an ecosystem with the intent to design buildings that are more efficient, 

effective and holistic. Ecomimetics refers to the design of buildings that 

mimic ecosystem processes and functions” (Garcia-Holguera et al. 2015). 

In their investigation, Garcia-Holguera et al found that one significant 

challenge to the application of ecomimetics is the lack of systematic 

methods available or published. This can be strongly related to attempts 

made to apply any sort of ecomimetic (or biomimetics/biomimicry) in the 

wider urban context (Dash 2018; Kuru et al. 2019), i.e.  to emulate the 

interrelated parts of an ecosystem to design more efficient and effective 

cities.  
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Table 1. Biology concepts compared to cities in terms of 
biomimicry 

 

Ecosystems 

“A term first used by A. G. Tansley 

(1871–1955) in 1935 to describe a 

natural unit that consists of living and 

non-living parts, interacting to form a 

stable system. Fundamental concepts 

include the flow of energy via food 

chains and food webs, and the cycling 

of nutrients 

biogeochemically. Ecosystem principles 

can be applied at all scales” 

- Oxford dictionary of zoology 

 

“A biological community and the 

physical environment associated with 

it. Nutrients pass between the 

different organisms in an ecosystem in 

definite pathways […]. Nutrients and 

energy move round ecosystems in 

loops or cycles” 

- Oxford dictionary of biology 

 

“A community of plants and animals 

within a particular physical 

environment that is linked by a flow of 

materials through the non-living 

(abiotic) as well as the living (biotic) 

sections of the system” 

- Oxford dictionary of geography 

Parasites 

“A plant or animal that lives in 

or on a host (an animal or 

plant of a different species) 

for at least part of its life, 

from which it 

obtains nutrients or some 

other necessity.” 

- Oxford dictionary of 

environment and 

conservation. 

Parasitism 

“An interaction 

of species populations in 

which one (typically small) 

organism (the parasite) lives 

in or on another (the host), 

from which it obtains food, 

shelter, or other 

requirements. […] Parasitism 

usually implies that some 

harm is done to the host” 

- Oxford dictionary of zoology 

 

“An association in which one 

organism (the parasite) lives 

on (ectoparasitism) or in 

(endoparasitism) the body of 

another (the host), from 

which it obtains its nutrients” 

- Oxford dictionary of biology 

 



Diana Waldron   PhD Thesis 

Cardiff University  8  Welsh School of Architecture 

Researchers have discussed the movement from the typical linear 

economy in cities and create a paradigm shift into a circular economy 

(Pawlyn, 2011; Berg, 2013), becoming creative with waste streams, for 

instance, and include waste into a useful process (i.e. anaerobic digestion, 

converting waste into energy). One example of this is the vertical plant in 

Chicago, The Plant (Kalantari et al. 2017b). Nate Berg (2013) published 

an article describing a number of concepts related to biomimicry and how 

cities can learn from nature. “From stronger building materials to more 

intuitive water systems, biomimicry has applications in urban 

infrastructure that can dramatically improve the way we live in cities (Berg 

2013; Dash 2018; Kuru et al. 2019). Along the same line, Samangooe et 

al (2016) suggest that cultivating food on buildings could be the key to 

making every element of a city multifunctional and contribute to its 

sustainability and habitability. Here these concepts are illustrating how 

cities already have some of the tools to behave as ‘ecosystems’. “The goal 

of green buildings is to use only as much energy and resources and create 

only as much waste as can be sustained by the environment” (Hanks 

2009). All these authors have in common that they present a picture of an 

‘active’ system of a city, which produce as much as it consumes, instead 

of ‘sucking’ and wasting resources from other sources. In this way cities 

can effectively behave as ecosystems, rather than parasites, as stated 

above. 

However, all these concepts make for an interesting read, but are they 

truly possible? In order to achieve this level of large-scale development 

and improvement, which can potentially help to solve so many systematic 

problems, requires significant interventions: Disruptive innovation 

(Kivimaa et al. 2021). Within this context, this disruptive innovation most 

likely will require to take place in the areas of building design and food 

production symbiotically (Colnago et al. 2021). Perhaps technology holds 

the key to help cities move in this direction (Despommier 2010). However, 

sometimes technological advances are perceived to go against the natural 

environment (Enzi et al. 2017). Nevertheless, in terms of protecting and 

enhancing natural biodiversity in cities, technology has helped to push the 

boundaries of urban greening and agriculture. For example, “the 



Diana Waldron   PhD Thesis 

Cardiff University  9  Welsh School of Architecture 

development of green roof and wall technologies has always been firmly 

based in an ecological approach” (Enzi et al. 2017). 

 “Vertical agriculture represents a synthesis of architecture, 

technology, gardens, and agriculture, aimed at taking form in 

the places of residence and every day urban life” (Torreggiani 

et al. 2012).  

Urban agriculture (UA) has been practiced for a number of years (Kozai et 

al. 2016b; Kalantari et al. 2017b; Graamans et al. 2018; Shamshiri et al. 

2018) and it has been highly dependent on available technology (Viljoen 

et al. 2005; Viljoen and Katrin Bohn 2014; Molin and Martin 2018a), 

especially when it is practiced under shortage of natural resources, such 

as: sunlight, soil, water, nutrients, etc. Dependency on this technology 

puts significant strain on the development of urban agricultural diversified 

practices, mainly indoors, due to the financial constraints (Kozai et al. 

2016a). Land availability within cities is usually an expensive commodity, 

therefore urban growers have the need to maximise the space, as well as 

other resources (Viljoen et al. 2005; Kozai et al. 2016a). Similarly, the use 

of water in high-demand areas comes at a significant cost. Furthermore, 

the available sun-access is usually limited within the urban fabric, due to 

surrounding buildings and suitability of areas to grow. Even if the crops 

are growing outdoors, due to the typical morphology of cities, surrounding 

buildings will almost always cast shade at different times of the day. In 

order to tackle the issue around land availability within urban 

environments, some vertical farming ventures have been the result of 

repurposing unutilised urban spaces such as the Plant in Chicago, UF De 

Schilde in the Hague, Aero Farms in New York and Grönska in Stockholm 

(Molin and Martin 2018a). 

Thorough studies and experiments in the area of urban greening and urban 

farming have taken place in a number of research projects around the 

world, including the concept of vertical farming (Alexandri and Jones 2008; 

Torreggiani et al. 2012; Koyama et al. 2013; Banerjee and Adenaeuer 

2014a; Pérez et al. 2014). However, despite all the advances and research 

evaluating the integration of green elements and farming activities in 
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cities, less sustainable agricultural practices are predominant (Breuste et 

al. 2013a; Kozai 2013b; Al-Chalabi 2015; Davis and Hirmer 2015; Higgins 

2016), this highlights the need for more research in the area of alternative 

agriculture. A recent event highlighted in the international news was a 

reminder of the vulnerability of the world of imports and exports; the 

incident in the Suez Canal, where a large container ship blocked the canal 

for almost an entire week (BBC News 2021). This event was particularly 

impactful due to the strategic importance of the Suez canal which “is one 

of the busiest trade routes in the world with about 12% of total global 

trade moving through it” (BBC News 2021). This event represented 

significant financial implications and a negative impact on the supply of 

current demands, i.e. “£7bn of goods being held up each day” (BBC News 

2021). This episode portrayed a severe lesson to remind countries about 

the importance of diversification and planning for alternative resources, as 

well as to strive to become more self-reliant. Agriculture represents a 

significant portion of imported goods in the UK (Prakash 2018; Cadillo-

Benalcazar et al. 2020) and therefore the country is in a vulnerable position 

by being highly dependent on international food production. The evolution 

and improvement of technological developments can “play a key role in 

determining the future competitiveness of the UK food and beverages 

sector. […] policy makers may nurture innovation by supporting research 

[into] healthier, tastier and convenient food” (Prakash 2018).  

In addition to all the significant issues mentioned above, related to food 

security, air pollution, water preservation, etc., there is also an important 

driver to continue research in the area of urban plants and food production: 

The preservation of plant species themselves and biodiversity (Harkness 

et al. 2021). This is interestingly expressed by Lewis-Jones (2016) where 

he explores the common marginalisation of plants throughout the 

development of the human race. In this publication, a reflection is made 

regarding how plants have been relegated to “a green background to 

human activity” (Lewis-Jones 2016; Rival 2016; Sheridan 2016). However, 

the authors emphasised that recent research is helping human knowledge 

to better understand the role of plants in human development. 

Nevertheless, the increase in urbanisation and reduced direct contact with 
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plants is leading the general public towards “plant blindness- an inability 

to visually and conceptually distinguish and interpret a botanical world that 

has been strip of meaning” (Wandersee and Schussler 2001; Lewis-Jones 

2016). In turn, this has led to the decrease of biocultural diversity, and 

the drastic changes of land use has increased the number of plants 

threaten with extinction (Lewis-Jones 2016; RBG Kew 2016): 

“As we lose plant species to extinction we nor only lose their 

evolutionary heritage, adaptations, ecosystems functions, and 

their potential uses, but also diminish the inherent resilience 

and intrinsic value that biodiversity brings” (Smith et al. 2011; 

Vucetich et al. 2015; Lewis-Jones 2016) 

The increase in urban farming activities can potentially improve the 

knowledge of plants of the general public, making this a compelling case 

for encouraging growth of urban vertical farming practices, since they can 

either be implemented in cities as well as rural areas, as mentioned earlier 

in this chapter. Correspondingly, there is significant evidence highlighting 

the need to develop further research in the area of architectural 

sustainability with the integration of plants (Breuste et al. 2013a; Yang et 

al. 2015; Centre for Sustainable Energy 2015). 

Therefore, the main focus of this PhD investigation is primarily on vertical 

farms, with reference to related alternative urban agricultural and green 

elements. The key novel contribution of this research is particularly centred 

on the development of a simulation framework methodology for vertical 

farms. 

This PhD is part of the Plants and Architecture Workpackage for the Sêr 

Cymru National Research Network for Low Carbon Energy and 

Environment (NRN-LCEE 2018). 
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1.4 Thesis Overview 

This section presents an overview on the structure of the thesis and the 

novel contribution to knowledge. Figure 1, presents the relationship 

between the research aim, objectives, outcomes, and each of the 

chapters of this thesis. 
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1.5 Structure of the Thesis 

This thesis comprises 7 chapters, these are outlined in the schematic below (Figure 1):  

 

 

Figure 1. Structure of the thesis and the relationship between aim, objectives, outcomes, and the thesis chapters 
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1.6 Novel contribution to knowledge  

The outcomes of this research contribute to improve the current methods 

to assess vertical farming buildings. By having a standardised framework, 

different vertical farms across the world can be compared and new 

efficiency benchmarks can be developed, encouraging multidisciplinary 

collaboration and transparent data-sharing. 

This investigation aimed to deliver a step change in: 

I. The development of a novel analytical and conceptual framework, 

supported by simulation (based on HTB2), to appraise the viability 

of vertical farming buildings at an early-stage of the design process. 

The area of simulation of vertical farms have very little development 

and there are no open-source, freely available tools to undertake 

this analysis. This is one of the main gaps this investigation tackled. 

II. This framework has the potential to allow future vertical farms 

design to be optimised before they are built. This results in the tacit 

contribution to better and more energy-efficient vertical farms being 

deployed in the future, by using this framework to forecast different 

scenarios of energy consumption with the potential to assess 

renewable energy integration, where possible.  
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Chapter 2 

 A Review on Urban and Vertical Farms 
 

 

“I can do things you cannot, you can do things I cannot; 
together we can do great things.”  

 
(Mother Teresa) 

 

2.1 Chapter Overview  

This chapter provides a detailed recount on the background and 

development of vertical farms. It starts with a depiction of the historic 

development of Vertical Farming, accounting for the different methods 

used across different periods of time.  Subsequently, a timeline of events 

presents the development of the term “Vertical Farm” from the viewpoint 

of several disciplines. Also the systematic literature review method is 

described in this chapter.  

 

2.2 Introduction 

The initial focus of this research started from the premise that the TWO 

selected fields, shown in Figure 2, possess the potential to have a 

significant positive contribution towards the mitigation of the problems 

mentioned in Chapter 1 when combined in research and development. The 

TWO key areas being the basis of this investigation are: 
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1. Architecture and Urbanism Focus: Provide the potential to 

improve buildings and neighbourhoods with a holistic approach, 

which can be founded on sustainable design (Gillott et al. 2010; 

Ahern et al. 2014; Torcellini et al. 2015). Biodiversity should always 

be encouraged throughout this practice, by implementing 

environmentally inclusive and adaptive architecture and urbanism 

(Lu and Qu 2018; Fallmann and Emeis 2020; Zune et al. 2020).  

2. Urban Agriculture and Food Production Focus: Current methods 

to produce, store and distribute food are in urgent need of 

optimisation (Gras and Cáceres 2020; Liebe et al. 2020). Agriculture 

ought to impose significantly less damage to the natural environment 

(RockstrÖm 2009; Englund et al. 2020). Alternative methods of 

agriculture and diversification of production will contribute towards 

enhancing food production in general and mitigate food poverty 

(Doane 1944; Viljoen et al. 2005; Orsini et al. 2013).  

 

Henceforth, this research departs from establishing a common focus within 

the two key overlapping areas aforementioned. The beginning of this 

research aimed to gather scientific evidence to evaluate current advances 

of the integration of agricultural and green elements within buildings and 

cities in general, taking under consideration viability, sustainability and 

levels of research undertaken in these areas. 

1. Architecture & 
Urbanism  

2. Urban 
Agriculture & Food 
Production  

 
Figure 2. Investigation Focus, Initial 

boundary fields. 
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During the initial literature review, it was found that there is an urgent 

need to make cities more sustainable and in general greener (Howard 

1965; Viljoen et al. 2005; Lim and Liu 2010; Viljoen and Katrin Bohn 

2014). Although sustainability principles are increasingly used to guide 

neighbourhood development (Gillott et al. 2010; Cohen and Naginski 

2014; Sharifi 2016; Coma Bassas et al. 2020), urban sprawl is creating a 

number of negative issues in cities, such as air and water pollution, 

increased noise levels, reduced vegetation, increased UHI Effect (Urban 

Heat Island) and global warming (Alexandri and Jones 2008; Li et al. 2011; 

Safikhani et al. 2014; Molin and Martin 2018a). 

 

Nevertheless, cities also have characteristics that can hold the key to find 

solutions to some of these problems, this has been eloquently described 

by Lim and Liu (2010) using the label of “Cities as solutions”. In their book 

they describe how high-density mixed-use cities can be made more 

sustainable by implementing better planning strategies, which consider the 

integration of various key factors such as maximising land-use by 

developing tactical vertical and horizontal zoning. This would also allow 

and encourage urban agriculture and energy generation at a meaningful 

scale, as well utilise, repurpose and share waste products for improved 

productivity (Lim and Liu 2019). The above somehow echoes Despommier 

(2013) remarks, when he suggests that further research and development 

in the area of buildings and agriculture must take place to help our cities 

achieve their potential to behave as ecosystems rather than parasites, 

which was also touched upon in Chapter 1. As a result, this research 

explored different topics related to potential areas that could belong to the 

overlapped section shown in Figure 2. Vertical Farms was one of these 

areas, it was amongst other potential topics that were considered at the 

early stages of this investigation, the sections below will reveal the reasons 

identified to f along the way and the sections below will describe the 

various and different reasons of how Vertical Farming became the main 

topic of this investigation. 

 



Diana Waldron   PhD Thesis 

Cardiff University  18  Welsh School of Architecture 
 

2.3 Historic Development of Vertical Farming   

Historically, the term ‘Vertical Farming’ originated back in 1915, it was 

used in a publication by Prof Gilbert Ellis Bailey, a Professor of Geology at 

the University of South California (Bailey 1915). In his book he coined this  

 

term also using it as the title of his book: Vertical Farming, he described it 

as a soil-based type of agricultural development (Figure 3). In his book, 

Professor Bailey explores a number of issues, mainly related to several of 

the characteristics and properties of agricultural soil, such as soil texture, 

chemistry, soils moisture, etc. He concluded his book by establishing that 

with the use of inexpensive explosives, farmers can effectively farm deeper 

into the soil layers. Thus, increasing the acreage available in their fields 

and therefore obtaining larger crops (Bailey 1915). Despite the fact that 

this book does not use the term vertical farming as it might be perceived 

nowadays (Despommier 2010; Sarkar and Majumder 2015), with his 

Figure 3. Diagrams and passage from the first book 
entitled Vertical Farming, pp 25 & 63 

 Source: Bailey  (1915)  
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notions, Professor Bailey created an initial foundation of a concept that will 

thereafter be shared with the modern understanding of vertical farms: 

“Instead of spreading out over more land [the farmer] concentrates on 

less land and becomes an intensive rather than extensive agriculturist” 

(Bailey 1915). 

In this first book, the author talks about intensive agriculture in a reduced 

area of land, in terms of deeper levels into the ground. The modern concept 

of vertical farming aims to achieve a similar outcome, but instead of using 

explosives to reach deeper layers of soil, modern vertical farms commonly 

use the vertical stacking of layers of crops (Figure 4), or utilise various  

storeys of a building (Despommier 2009; Banerjee and Adenaeuer 2014b) 

to achieve this concept of “intensive rather than extensive” agriculture. 

Modern vertical farms can achieve this by using a number of different 

techniques, such as Recirculating Aquaculture Systems (RAS), i.e. 

aquaponics, as well as hydroponics, aeroponics, or soil-based vertical 

systems. (Fischetti 2008; Besthorn 2013; Hughes 2018; Khandaker and 

Kotzen 2018; Molin and Martin 2018a). Furthermore, modern vertical 

farms are not required to be underground (although they can be, as 

Figure 4. Pictures taken by the author during a site 
visit to 

GrowUp urban farms in London 
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described by Ward R et al. (2018) and Jans-Singh et al. (2019)), vertical 

farming is a type of alternative farming that can take place above ground, 

as well as indoors or outdoors. Due to this versatility of vertical farms, this 

concept could provide solution for extreme situations such as growing food 

in space, poles and refugee camps (Banerjee and Adenaeuer 2014b).  

Currently, some of the most profitable and common crops are: green leafy 

vegetables, cabbage, lettuce, basil, tomatoes, okra, cantaloupe, bell 

peppers and roses (Sarkar and Majumder 2015). The latest research 

analysing various types of cultivation of edible plants on buildings also 

shed some light in terms of the benefits and limitations of soil-less and 

soil-based agriculture (Samangooei et al, 2016). Their investigation 

assessed a number of case studies under a scoring system using these 

parameters: Environmental, Social and Economic impact. Such study 

revealed that soil-less systems (such as hydroponic vertical farms) are 

more productive per square meter. However, soil-based systems are more 

affordable and are more likely to be more environmentally and socially 

beneficial overall. Nevertheless, (Samangooei et al. 2016) admit to be only 

at the beginning of a larger exploration of the two types of cultivation 

systems (i.e. soil-less and soil-based).  They conclude their research article 

with the following remark: “Cultivating food on buildings and how we can 

do this is key to making every element of a city multi-functional and 

contribute to its sustainability and habitability” (Samangooei et al. 2016).  

Briefly explained, Hydroponics is the predominant method used in 

vertical farming (Gupta and Ganapuram 2019) to grow plants by using a 

water based solution system rich in nutrients, without the use of soil or 

other solid growing medium (Holland Hydroponics & Horticulture 2016; 

Waldron 2017; Hughes 2018; Gupta and Ganapuram 2019), as can be 

seen in Figure 5 below. 
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Figure 5. Schematic diagram of a hydroponic system.  
Source: Gupta and Ganapuram (2019) 

 

Similar to hydroponics described above, Aeroponics is also a soil-less 

method of growing plants, but instead of submerging the roots of the 

plants in a water-based solution, the roots are suspended in air, allowing 

a greater exposure to oxygen for improved nutrients-absorption, see Figure 

6. The roots are nourished by using small microjets  or water-mist which 

spray the roots with a nutrient rich solutions at regular intervals (pH Hydro 

2014; Hughes 2018; Gupta and Ganapuram 2019). 
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Figure 6. Schematic diagram of an aeroponic system. 
Source: Gupta and Ganapuram (2019) 

 

Aquaponics is similar to hydroponics (previously depicted in Figure 5), 

but instead of using nutrient-solutions to enrich the water based growing 

medium, fish waste is used to provide an organic food source for the 

plants, with the added value that plants also help to filter the water for the 

fish to thrive (The Aquaponic Source 2016; Waldron 2017; Gupta and 

Ganapuram 2019). In technical terms, aquaponics is an integration of 

Recirculating Aquaculture Systems, also known as RAS (Somerville et al. 

2014; Khandaker and Kotzen 2018), which means it combines aquaculture 

(raising fish) and hydroponics to grows fish and plants together in one 

integrated system (The Aquaponic Source 2016; Gupta and Ganapuram 

2019). Figure 7 provides an example of aquaponics, nevertheless the 

growing medium for the plants can be soil-based (as shown in Figure 7) or 

it can be water-based (similar to the grow tray of the scenario depicted in 

Figure 5, in the example of a hydroponic system).   
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Figure 7. Schematic diagram of an aquaponic system. 
Source: Gupta and Ganapuram (2019) 

 
 

The above information is a sample of the main types of current vertical 

farms, but there are various other types of arrangements that can be found 

in modernity. These diagrams provide a visual that emphasise the 

significant difference of current vertical farms compared to the ones 

described in 1915 (Bailey 1915). The field of vertical farming has evolved 

throughout the years and there have been a number of different events 

that have influenced its evolution. Due to the multidisciplinary nature of 

this field (Despommier 2010; Kozai et al. 2016a; Benis and Ferrão 2018; 

Kozai 2018; Ryymin et al. 2020) various sources from different disciplines 

have been gathered to develop a timeline tailored to the context of this 

thesis. 

2.3.1 Timeline Development of Vertical Farms 

The main focus of this historic review has evolved around the development 

of the term “vertical farming”, as well as further relevant events in history 

directly related to the systems and methods that have been used to 

implement and develop different versions of vertical farms. The inclusion 

of historic references also considered some of the most significant 

architectural developments in the area of building integrated agriculture 
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and plant growing, attempting to remain within the remit of vertical 

farming. Building integrated agriculture and plants can overlap 

significantly with the area of green walls/roofs, but to maintain a 

manageable scope for this investigation, only the areas that are specifically 

related to vertical farming have been included in this timeline. On a similar 

note, there is a related concept known as Plant Factories, which is the term 

used in some countries as an equivalent name for vertical farms. 

Nevertheless, the author of this thesis does not consider the two terms as 

synonyms albeit related. This is further discussed and explained later in 

this chapter. However, for this historical recount of events that contributed 

to shaping the development of vertical farms, the term Plant Factories is 

highly relevant (as well as other concepts that are closely related to vertical 

farms), hence it has been included.    

There have been a series of relevant events from a number of different 

disciplines that have occurred simultaneously; therefore, in order to help 

the reader to identify key aspects related to different disciplines, the 

following colour-coding system was used:  

• Vertical Farm terminology    

This colour represents any of the historic events related to the term 

“Vertical Farm” or its variations. 

• Hydroponics  

Events marked in blue are related to developments in the field of 

hydroponics or similar. 

• Agriculture integrated in Architecture 

Events marked in green are related to developments in the area of the 

integration of agriculture or some greenery within buildings. 

• Health and Wellbeing   

Events marked in purple are related to research in the area of health 

and wellbeing.  
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• Plant Factories 

Events marked in orange are related to the development of plant 

factories systems/technology (this term will be described later in this 

chapter). 

•  Lighting 

Events marked in brown are related to the evolution of lighting 

technology for the purpose of indoor agriculture.  

 

Following the above conventions, find below the timeline describing the 

main events identified through this literature review. These events have 

been considered to have a significant impact through history to help 

shaping the concept and practice of Vertical Farming: 

 

• 1627  
First published theory of a novel method of gardening without soil, by 

using only water (Bacon et al. 1627), this concept is now known as 

“hydroponics”. Nevertheless, the term “hydroponics” was coined much 

later in history (see below). However, this method had already been 

used by  the Aztecs to grow their crops on floating marshes on the lake 

in 1150 AD (Piccolino 2013). Nevertheless, Sir Francis Bacon (scientist 

and philosopher) first introduced this farming method in his publication 

of a series of experiments of natural history (Bacon et al. 1627; 

Piccolino 2013). 

• 1699  
John Woodward (scientist) published experimental work investigating 

if plants used the nutrients from water or soil to thrive (Asao 2012). 

Using water culture experiments, he found that plants thrived better 

in less pure water, since they derive minerals from soil mixed into 

water (Piccolino 2013). 
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• 1859  
From 1859 till 1965 Julius Von Sachs and Wilhelm Knop experimented 

with the first attempts to add nutrient to water culture. They suggested 

a standard technique of research called “solution culture”, which is 

currently widely used in hydroponics (Asao 2012). 

• 1909  
Satirical Life Magazine published a “realistic-looking diagram” of what 

is considered to be the earliest illustration closely related to the concept 

of vertical farms (Piccolino 2013; Martínez Muñoz 2020). The drawing 

depicted an 84-level steel frame of vertically stacked homes, each level 

containing a piece of garden city, even allowing for the development of 

agriculture (Piccolino 2013; Martínez Muñoz 2020). This drawing was 

significantly ahead of its time and it is known as “the Theorem of 1909” 

(Martínez Muñoz 2020). The principles of this Theorem have been 

revisited by a number of architects throughout history (see below: 

Habraken, 1962; Koolhas, 1978 and SITE 1972). Nowadays, there are 

several building projects that have demonstrated proof of concept (see 

below: Cosmo Park, 2009 and other below).  

• 1915  
The book titled: “Vertical Farming” is published by Professor Gilbert Ellis 

Bailey (geologist). This is where the term “vertical farming” was 

originated (further details of this publication have been discussed above 

in this chapter). 

• 1922  
Designs of the Architect LeCobusier are some of the earliest attempts 

to tackle high-density urbanisation, whilst considering the importance 

of integrating nature in buildings. In 1922 LeCobusier designed 

Immeuble-Villas (Boesiger and Stonorov 1937) that aimed to be a five-

storey apartment block which allowed the integration of green spaces 

for each apartment (Piccolino 2013). Although the complete project was 

never built (only a test prototype unit) (Malott et al. 2015), this concept 
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of integration of green spaces within buildings continued during the 

professional life of LeCobusier. Other relevant designs of his that can 

be directly related to vertical farming is the Cité-jardin vertical, 1935 

(vertical garden city). This was a conceptual design project (not built), 

he envisaged for Algiers and Barcelona and it was shared during a 

lecture he delivered in Chicago in 1935” (Antonelli 2002; MoMA 2018). 

• 1929  
From 1929 onwards William Frederick Gericke (plant nutritionist) began 

his work in the commercial aspects of crop production via nutrition 

solution (Asao 2012; Despommier 2014).  

• 1937  
In 1937, William Frederick Gericke coined the term “hydroponics” 

(Piccolino 2013). “Hydroponic or soilless techniques have been used in 

many aspects of plant biology researches such as plant nutrition, heavy 

metals toxicity, identification of elements deficiency, screening for 

abiotic stresses, screening for aluminium toxicity, root functions and 

root anatomy” (Asao 2012). 

• 1940  
In the 1940s, experiments using artificial lighting for photobiology 

purposes took place (growing plants). Testing fluorescent lamps as a 

more efficient alternative to incandescent lights. It was discovered that 

fluorescent lamps “contain more than 10% blue wavelength of the total 

photon emission within the photosynthetically active radiation 

spectrum” (Mitchell and Sheibani 2015). Furthermore, hydroponic 

systems were used in the Pacific during World War II, where US troops 

cultivated fresh lettuce and tomatoes on barren islands (Piccolino 

2013). 

• 1944  
In 1944, a paper was published titled “Vertical Farm Diversification” 

(Doane 1944; Goodsell 1951). In this publication, the term vertical 

farm is used to describe a type of business model for regular 

agriculture, rather than referring to the concept of the alternative 
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agricultural method, which is the subject matter of this thesis. 

Nevertheless, the concept Doane (1944) describes in this publication is 

still equally valuable to modern agriculture, and therefore worth 

highlighting in this review: “vertical diversification […] refers to the 

production of the most profitable crop, and then diversifying by doing 

other things with the same crop” (Doane 1944). 

• 1949  
“the Earhart Plant Research Laboratory at the California Institute of 

Technology in Pasadena developed the first greenhouse with control of 

lighting, temperature, humidity, CO2, wind, rain, and mist [also known 

as] pytotrons”(Hirama 2015). 

• 1950  
The 1950s witness the rise of several phytotrons in Japan. They “were 

installed in universities, biological, and agricultural research institutes.” 

(Hirama 2015). 

• 1957  
“the agricultural faculty at the University of Tokyo installed a biological 

environmental control facility (biotron) that was able to control 

temperature, humidity, and artificial lighting. It was not only a 

phytotoron, but also an animal and insect environmental control 

laboratory for biological research purposes.” (Hirama 2015) 

• 1962  
The term “supporting structure” term was coined by Habraken in his 

book Des dragers en de mensen, perhaps inspired by LeCobusiers work 

in 1931, “A”, Fort l’Empereur in Algiers (Martínez Muñoz 2020). Also, it 

is claimed that Habraken’s work was a “critique of the repetitive, 

massive, homogeneous constructions built in the postwar era to 

alleviate this shortage” (Nagore Setién 2011). Therefore, this work 

aimed to provide more flexibility to mass-housing, by giving the option 

to occupants to have a say on the design of their homes, for example, 

to integrate green areas within their apartments.  
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• 1970  
During the 70s and 80s, Architect Jean Renaudie designed a series of 

building and urban planning projects integrating greenery and suitable 

small-scale agricultural spaces for residences at any level of a building. 

Some examples of his extensive portfolio of urban projects are: 

Danielle-Casanova, 1972; Jeanne Hachette, 1975; Town Center of 

Givors, 1980 and Villetaneuse, 1985. (Zoetmulder 2014). 

• 1970  
In parallel to the architectural developments described above, in Japan, 

the development of technology for indoor farming continued. During 

the early 70s, “Hitachi Ltd (as part of the Japanese Society of 

Agricultural, Biological and Environmental Engineers and Scientists), 

Takatsuji Masaki, was the first in the world to begin test runs with plant 

factory technologies.” (Hirama 2015). 

• 1970  
In the late 70s experiments begin with Sodium Lamps as alternatives 

to fluorescent lamps. “High-intensity-discharge (high-pressure sodium 

and metal halide) lamps made it possible for a fixed spectral-output 

source of light to grow plants productively” (Mitchell and Sheibani 

2015). 

• 1975  
“Allan Cooperman introduced the nutrient film technique in which a thin 

film of nutrient solution flows through plastic channels, which contain 

the plant roots” (Jones 2013; Piccolino 2013). 

• 1978  
This year was the revival of the concept of the “Theorem of 1902” from 

Life Magazine in the publication “Delirious New York”, 1978, which was 

a work of the architect Rem Koolhaas (Koolhaas 2004; Martínez Muñoz 

2020). Koolhaas work seem to merge the concept of the “Theorem of 

1902” with the idea of the “supporting structure”, by Habraken in 1962 

(Martínez Muñoz 2020). 
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• 1979  
Started the development of an interdisciplinary research area, which 

also relates directly to the added benefits of integrating vertical farms 

and plants within the built environment. In 1979, Professor Ulrich 

published some of his earliest work related to building occupants’ health 

and wellbeing. Ulrich (an interdisciplinary researcher in architecture 

and medicine) began investigating “links between psychological 

wellbeing and physiological responses when individuals are exposed to 

nature” (Soderlund and Newman 2015) in the built environment. His 

work is further developed by other researches (see below) and it 

eventually becomes the foundation of “Biophilic architecture” 

(Soderlund and Newman 2015). 

• 1979  
“In the late 1970s, high-intensity-discharge (high-pressure sodium and 

metal halide) lamps made it possible for a fixed spectral-output source 

of light to grow plants productively. The first large-scale commercial 

indoor farm in the USA was Phytofarms of America, which used high-

intensity discharge (HID) lighting of hydroponic vegetables and herbs” 

(Mitchell and Sheibani 2015). 

• 1980  
The 1980s witnessed a significant development in the area of indoor 

agriculture simultaneously in several countries: “America, large scale 

automated plant factories using natural sunlight became widespread. 

At the same time, in the Netherlands, plant production factories using 

artificial light as a supplement to grow flowers, ornamental plants, and 

seedlings also became prominent. In Japan, SPA (Speaking Plant 

Approach) biometric cultivation technologies were proposed by 

Hashimoto Yasushi” (Hirama 2015). 

• 1981  
Architect and Artist, James Wines proposed the concept  “Highrise of 

Homes” (MoMA 2002; Piccolino 2013; SITE 2015). Wines described the 

Highrise of Homes project as a "vertical community" to “accommodate 
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people's conflicting desires to enjoy the cultural advantages of an urban 

centre, without sacrificing the private home identity and garden space 

associated with suburbia" (MoMA 2002). The images of this project 

suggest a multi-storey residential building highly relatable to the 

“Theorem of 1902” and the “supporting structure” term suggested by 

Habraken, and it calls for a conventional steel tower framework 

(Piccolino 2013). “This housing structure offers apartment dwellers the 

unique advantages of garden space and personalized architectural 

identity in a multi-story condominium. The building is a steel and 

concrete matrix supporting a vertical community” (SITE 2015). 

Martinez Muñoz (2020) describes SITE’s work as the next step, taking 

inspiration from the concepts proposed by Koolhaas in 1978. Potentially 

also building on LeCobusier’s earlier architectural work of Immuebles-

Villas in 1922. James Wines funded SITE: Sculpture in the Environment 

Architectural Group, in 1970 (MoMA 2002). 

• 1989  
“Architect Kenneth Yeang envisioned mixed-use buildings that move 

seamlessly with green space in which plant life can be cultivated within 

open air, known as vegetated architecture. This approach to vertical 

farming is based on personal and community use rather than 

production and distribution matters (Piccolino 2013; Agritecture 2014). 

Yeang designed the concept of “Bioclimatic skyscraper” (Couzens 2012) 

• 1990  
In Japan, significant work is undergoing to improve efficiency of indoor 

farming. With this focus “new techniques such as, fluorescent lighting 

based multiple-shelve cultivation systems, effective use of area for 

denser plant layouts, and cultivation panels floating on a flood bed have 

been developed” (Hirama 2015). 

 

Simultaneously, in the US the 90s were also a significant time for the 

development of technology for indoor farming. Nasa was developing 

LED lights, searching for more efficient methods to grow plants with 

artificial lights (Mitchell and Sheibani 2015). Despite the fact that the 
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first LED was initially patented in 1961, the first high-power (1-W) LEDs 

were only developed in the late 1990s. (Bourget 2008) 

• 1999  
Professor Dickson Despommier (Ecologist) published the book titled 

“The Vertical Farm Feeding the World in the 21st Century” (Despommier 

1999). In this book, Despommier mainly promotes “mass cultivation of 

plants and animal life for commercial purposes in skyscrapers” 

(Piccolino 2013). He proposed a modern concept of vertical farms 

“several floors tall” (Despommier 2013; Piccolino 2013; Agritecture 

2014). The graphical representation proposed by Despommier’s vertical 

farms, are not dissimilar to the “Biophilic skyscraper” proposed by 

Yeang (see 1989 above). 

• 2005  
Building up from the work undertaken by Ulrich in 1979, a fellow 

researcher, Kaplan, followed his footsteps with his investigative work 

beginning back in 1989 (Soderlund and Newman 2015). These two 

researchers provided the initial foundations of what later became 

known as “Biophilic Architecture” (see also 1989). These researchers 

focused on occupants’ health and wellbeing, impacted by natural 

elements in the built environment. “Both Kaplans’ and Ulrich’s theories 

have been put to the test in the years since they were first proposed, 

either directly or by studies revealing supporting results” (Soderlund 

and Newman 2015). In 2005, research undertaken by Berto (2005) 

“concluded that restorative environments and experiences that involve 

nature do greatly support mental fatigue recovery” (Berto 2005). This 

study along with others confirmed the theories initially posed by Ulrich 

and Kaplan, on the positive impact of integrating green elements within 

the built environment on the health and wellbeing of occupants 

(Soderlund and Newman 2015). 

• 2006  
A consortium event took place in the US: a conference gathered 

participants from academia, industry, government, finance, and civil 
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areas “to further discuss The Biophilia Hypothesis. The focus was on 

practical implementation of the benefits of biophilia into urban design 

and architecture. From this conference emerged the book Biophilic 

Design: The Theory, Science, and Practice of Bringing Buildings to Life, 

which established cross-disciplinary foundations for a biophilic design 

approach to the built environment.” (Soderlund and Newman 2015). 

• 2006  
“Nuvege, the forerunner in technology for the innovative growth 

method of hydroponically grown vegetables, developed their 

proprietary lighting network, which increases the return rate of 

vegetable growth by balancing light emissions that also advance 

photosynthesis through amplified levels of carbon dioxide” (Piccolino 

2013; Agritecture 2014). 

• 2008  
“Hershey (2008) said that growing plants in solution culture is often 

easier than soil culture because there is no need for dirty soil, there are 

no soil-borne diseases or pests, irrigation is less frequent in solution 

culture than in soil culture, solution culture irrigation can be easily 

automated, roots are visible, and the root zone environment is easily 

monitored and controlled.” (Asao 2012) 

• 2008  
“A Japanese national policy known as the “Economic Growth Strategy 

for Widespread Plant Factory Use” was launched to promote the spread 

of completely controlled environmental and solar based plant factory 

businesses.” (Hirama 2015) 

• 2009  
“SkyGreen Farms built a vertical farm consisting of over 100 nine-meter 

tall towers in Singapore where green vegetables […] are grown, stacked 

in greenhouses, and sold at local supermarkets” (Piccolino 2013). 

Singapore’s is the world’s first hydroponics vertical farm, growing 

tropical vegetables by using minimal resources, i.e. water, land and 

energy. (Piccolino 2013; Agritecture 2014; SkyGreens 2014). “This 
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farm “uses sunlight as its energy source, and captured rainwater to 

drive a pulley system to rotate the plants on the grow racks, ensuring 

an even circulation of sunlight for all the plants” (Piccolino 2013; 

Tsitsimpelis et al. 2016).  

• 2009  
Cosmo Park was built in Jakarta, Indonesia. This is a residential 

development built on top of a 10-storey shopping mall/car park 

(Guimapang 2019). Cosmo Park could be considered as a proof of 

concept, for the earlier concepts described as the “supporting structure” 

by Habraken (Nagore Setién 2011; Martínez Muñoz 2020). “The 

community comes complete with 78 two-story residences, tennis 

courts, asphalt roads, a large community pool and greenery.” 

(Guimapang 2019). Several other projects have also been built 

integrating green and cultivation areas within buildings (Martínez 

Muñoz 2020). Other similar examples are The Pinnacle Duxton, 

Singapore 2009 and The Tembusu, Singapore 2016 (Arc Studio_ 2018). 

These latter building projects are of similar nature to the “Bioclimatic 

skyscraper” (Couzens 2012) of Architect Kenneth Yeang (see 1989) 

• 2010  
Pasona Urban Farm/Office block was built in Tokyo. A project 

integrating indoor agriculture within an office building, developed as a 

retrofit project of a 9-storey office building (Andrews 2013). This is the 

most holistic integration of indoor farming that has been found in the 

lifetime of this PhD entailing a building design for humans and 

plants/crops to coexist indoors. Although, the agricultural produce is 

not for large/commercial scale production, it is proof of concept for 

multi-storey vertical farming. This building portraits an integration of 

two key concepts: “Biophilic Architecture” (see 2005 above) and “Plant 

Factories” (see 1980 above), where a balance is achieved by 

compromising on both sides: Biophilic Architecture tends to focus more 

on the health and well-being of occupants and how this can be improved 

by integrating greenery in the built environment, whilst “Plants 

Factories” focus on plant productivity. As a result, in Pasona, plants are 



Diana Waldron   PhD Thesis 

Cardiff University  35  Welsh School of Architecture 
 

less about being just ornaments (biophilic principle) and more about 

being productive plants (plant factories) but without the need to do it 

in such a large scale so that plant growing can take place whilst the 

building is occupied by people too (office block). The space of the 

building is shared between occupants and plants/crops and the 

produced crops are used in the canteen and coffee shop of the building. 

    

• 2011  
“Dutch agricultural company, PlantLab uses red and blue LEDs instead 

of sunlight in their vertical farms and grow plants in completely 

controlled environments. By giving the plants only blue and red light, 

PlantLab can avoid heating its plants up needlessly, leaving more 

energy for growth” (Piccolino 2013) 

• 2012  
“Local Garden, North America’s first ever VertiCrop farm, was 

constructed in Vancouver, Canada, shifting sustainable farming and 

food production practices. VertiCrop, a new technology for growing 

healthy, natural vegetables in a controlled environment maximizes 

space usage and eliminates need for pesticides” (Piccolino 2013; 

Agritecture 2014). 

• 2021  
Research work undertaken by Shao et al (2021) integrating vertical 

farming within an office block, and taking measurements related to 

indoor air quality. This research has found that the levels of indoor 

pollution are reduced by integrating vertical farming, hence suggesting 

the reduction of the levels of air conditioning required to maintain a 

healthy indoor environment (Shao et al. 2021). 
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Torreggiani et al (2012) succinctly described the importance of 

multidisciplinary collaboration for the further development of vertical 

farms, by highlighting that it urgently requires the integration of several  

disciplines to be able to bring together the power of nature assisted by 

high-tech (Torreggiani et al. 2012). Nevertheless, one of the most 

significant challenges faced by unifying all the disciplines related to the 

field of vertical farm is the issue around clarity of concept. Vertical farming 

means different things to different people (Hughes 2018; Butturini and 

Marcelis 2020). This literature review had to focus also in getting further 

clarification on the meaning of vertical farms.  

To undertake the necessary thorough literature review compulsory for a 

topic of this scale, a systematic literature review has been developed for 

this research. The purpose of this systematisation is mainly to fulfil two 

important goals: (1) to include as many of the important disciplines related 

to vertical farm, (2) whilst also establishing and maintaining the 

boundaries of the research, to be able to fit this investigations within the 

size of a PhD project. 

 

2.4 Systematic Literature Review 

As shown on the timeline above, vertical farming is also multifaceted 

(Ryymin et al. 2020), hence a systematic literature review has been 

identified as the best approach to include the most relevant factors of this 

field. Theorising about the focus of the the key concepts of this research 

was initially challenging due to the number of ramifications that this area 

can take, hence, an initial superficial review took place. Mainly to gauge 

the territory of the potential research “routes” and possible related 

concepts.  The words “vertical farms” were cross-referenced with various 

potential routes: biomimicry, urban farming, urban ecology, architecture, 

sustainable farming, vertical green systems and urban green areas, 

growing methods, etc. This initial gathering of information introduced 

several other concepts that also seemed to be closely related to the term 

vertical farms. 
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Thus, the chosen approach for this literature review was chosen to follow 

a similar path as the well-established systematic approach: Moher’s 2010 

protocol (Moher et al. 2010; Booth et al. 2012; Gough et al. 2012; 

Mavrigiannaki and Ampatzi 2016). This method follows a four-tier 

literature review process to provide a robust approach to wide research 

areas.  These four key stages of the review to assess the available 

literature are: Identification, Screening, Eligibility and Inclusion (see Table 

2 for details). There are several literature resources that have been 

explored and included within the lifetime of this PhD journey, which have 

gone beyond this initial systematic review. However, at the early-stage of 

the research, two relevant electronic databases have been chosen to follow 

this systematic review:  

• Scopus and  

• Web of Science (WoS) 

This process guided the initial approach to the available literature, in order 

to better select and classify the available resources. To widen the inclusion 

of the most relevant literature in this investigation, two main terms have 

been used in this review protocol within the databases: VERTICAL FARM, 

as well as PLANT FACTORY. The latter has been included due to the fact 

that several international publications would refer to vertical farms as plant 

factories (Chen et al. 2013; Kozai 2013a; Chen et al. 2016; Tsitsimpelis et 

al. 2016). 

This initial systematic approach aimed to help to highlight some initial gaps 

in the body of knowledge of vertical farms. Table 2, presents the outlined 

structure of the systematic review and further details about the number of 

publications included in the initial review. Nonetheless, as previously 

mentioned, other databases beyond Scopus and WoS have also been used 

during this research journey on vertical farms, this systematic approach 

did not limit the investigation, but it provided a solid foundation. The 

overall background research for this thesis has also included books, 

published doctoral thesis, newspapers articles, specialised magazines, 

interviews to experts, lectures & seminars, videos/documentaries (such as 

TED Talks, latest news, etc), amongst others investigative streams.  
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Tier 1- Identification Stage: # of records identified

Scopus WoS
Vertical Farms Plant Factories Vertical Farms Plant Factories

258 804 162 445

Total: 1062 Total: 607

Stage 1 total: 1669

Scopus: 95 non-English or Spanish Excluded: Remaining records: 967

WoS: 22 non-English or non-Spanish Excluded: Remaining records: 585
Total: 1552

After removing duplicates: Total: 984

After not direct relevance to this research: Remaining records: 490

Tier 4- Included: Finally the 490 remaining publications have been read and identified as 
part of this literature review. Some of the most relevant papers have been evaluated to 
assess if they have any particular focus on the items listed on Table 3. Alternatively, if they 
are strong papers anyway, they have been included in the full reading list for this literature 
review. 

Example of discarded topics: Main focus on greenhouses than vertical farming, specific 
plant species research and their biological characteristics, research on reproduction of 
bugs in indoor farming, protein production specific research, not particular focus/relevant 
information on vertical farms, i.e. focused on any type of urban agriculture/too generic/not 
particular added value regarding important characteristics of vertical farms to develop a 
simulation framework 

Tier 3- Eligibility: Remaining papers are skimmed through, mainly to determine specific 
relevance to this PhD research boundary. Mainly by looking in more detail into the 
presented abstracts and skimming through t the list of remaining papers.  The analysis of 
their abstracts to assess relevance to the focus of this thesis and the research boundaries. 
Papers that were focused on singular elements of vertical farming that fell far out of the 
remit of this research were discarded at this stage. 

Tier 2- Screening Stage: Exclude duplicates or unknown language publications and non-
peered review papers. Then the author screened titles of the papers to discard any items 
that were considered not related or relevant to vertical farms. 

After discarding irrelevant records by 
screening the titles of the paper: 

Total: 871

Table 2. Systematic Literature Review steps and number of 
papers included 
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1. Identification (Tier 1):  

 

This investigation used the results from the two databases 

aforementioned: Scopus and Web of Science (WoS) as the main 

databases to some of the most relevant papers. Nevertheless, the 

overall literature review did not limit itself to these databases alone. 

A significant amount of vertical farming development also occurred 

outside the academic realm (i.e. commercial). Therefore, further 

sources were also appraised, such as books, newspapers, video 

conferences, etc. Nevertheless, this systematic literature review 

process allowed the author to cover the majority of academic papers 

publicly available in the area of vertical farms. The specific terms 

used for the search in these two database platforms were: 

 “vertical farm” OR “vertical farms” OR “vertical farming”  

And a separate search also including publications which included: 

“plant factory” OR “plant factories”.  

 

2. Screening (Tier 2):   

 

Following the process outlined above, all the results are gathered in 

a spreadsheet (1,062 papers from Scopus and 607 from WoS = 

Total of 1,669 articles), then Tier 2 consists of discarding the papers 

that are duplicates, or in a language that is not understood by the 

reviewer (i.e. all articles in English and Spanish have been 

considered while other languages have been discarded).  In 

addition, non-peer review papers are excluded and finally some 

papers were also discarded if they were considered not related or 

relevant to vertical farms. See sample view of the process described 

above process in Figure 8). These last few steps were determined 

by the author of this review, based on the title of the paper 

(remaining publications = 984). 
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3. Eligibility (Tier 3): 

Papers remaining after Tier 2 were further assessed by browsing 

rapidly through them and filtering the ones that were sufficiently 

relevant according to the aims of this PhD project and therefore 

determined how many were chosen for further examination (871 

publications remained after this). The author of this investigation 

developed a physical diagram with some of the key papers from this 

process (see Figure 9). This step aimed to pinpoint the most 

relevant parameters in the area of vertical farms (and plant 

factories) and to find a thread amongst the different concepts used 

across the related fields. This aided the selection of the main 

classifying parameters. The schematic created (Figure 9), helped to 

identify some of the main papers that focus on the parameters 

outlined in Table 3, presented in Tier 4 below. 

 

 

 

 

Figure 8. Sample view of the matrix Tiers 2-3 (stages) of the 
selection process of papers for inclusion in the literature review. 
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Figure 9. Diagrammatic charts to analyse selected papers for 

filtering selection characteristics 
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4. Inclusion (Tier 4): 

Following the tier-stage process described above (also detailed in 

the Table 2), the final number of papers that have been identified 

from Scopus and Web of Science for this main part of the literature 

review are: 490. In order to narrow this selection down to the final 

relevant detailed reading and analysis, the characteristics 

highlighted in the Table 3 below were considered. The focus 

parameters included in the table were based on findings gathered in 

Tier 3.  

Table 3. Focus parameters 
Types of vertical 

farming / 

classification name 

Themes Methods 

Acronym  Description Description Description 

VF 

 

PF 

 

CEA 

 

BIA 

 

Vertical 

Farming 

Plant 

Factories 

Controlled 

Env. 

Agriculture 

Building 

Integrated 

Agriculture 

System optimisation, 

Thermal 

Design 

Vegetation 

Humidity 

Nutrients 

Growing medium 

(Hydroponics, 

Aquaponics, 

Aeroponics, Soil-

based) 

Review 

Experimental 

Simulation/Modelling 

Experimental + 

Simulation/Modelling 

Survey/Questionnaire  

 

Based on the selection process above, the papers that were related to 

the concepts outlined in Table 3 were therefore selected to draw a 

wealth of information in the area of vertical farming (and related 

concepts) that will be described below in the sections below. 
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2.5 Green Walls vs Vertical Farm. 

As highlighted in the introduction chapter (Chapter 1) there is an urgent 

need to make cities more sustainable and in general greener (Howard 

1965; Lim and Liu 2010). Although sustainability principles are 

increasingly used to guide neighbourhood development (Sharifi 2016), 

urban sprawl is creating a number of negative issues in cities, such as air 

and water pollution, increased noise levels, reduced vegetation and 

consequently increased UHI and global warming (Alexandri and Jones 

2008; Safikhani et al. 2014).  

However, cities can also hold a key for the solutions to these problems, 

“cities as solutions” (Lim and Liu 2010). There is significant research 

evidence in the published literature on the benefit of the previously 

mentioned green elements within cities, such as the long-standing concept 

of urban parks and allotments (Orsini et al. 2013; Seguí et al. 2017). 

Additionally, there are also somewhat more modern building greening 

methods such as green walls and green roofs, which sometimes overlap 

with agriculture (Alexandri and Jones 2008; Silva et al. 2015; Bustami et 

al. 2018). These areas have been significantly well researched throughout 

several decades and numerous publications provide evidence supporting 

that these greenery elements and systems have a significant effect in 

mitigating Urban Heat Island effect (UHI) (Alexandri and Jones 2008; 

Cheng et al. 2015) and several of the previously mentioned issues 

(Safikhani et al. 2014; Sun et al. 2014).  

These green wall/roofs systems have been relatively well investigated and 

spread across different cities around the world (Alexandri and Jones 2008; 

Koyama et al. 2013; Sun et al. 2014; Silva et al. 2015; Solcerova et al. 

2017). In addition, there is significant published research evidence 

showcasing the benefits of having green elements integrated within cities 

(Safikhani et al. 2014; Thuring and Dunnett 2014; Wolch et al. 2014; 

Solcerova et al. 2017; Xing et al. 2019). “Applying vertical greenery 

systems not only reduce temperature, but also have many economic, 
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environmental and social benefits” (Safikhani et al. 2014). The research 

community has unveiled large amount of data on how these systems work 

and perform under different conditions (Alexandri and Jones 2008; 

Koyama et al. 2013; Brown and Lundholm 2015). For instance, interesting 

advancement has been done on the thermal properties of green walls/roofs 

in order to insulate a building more effectively (Sun et al. 2014), as well 

as research done in how this green elements add to counteract pollution, 

acoustic contamination, enriching urban micro-climate conditions, etc 

(Safikhani et al. 2014). Furthermore, Safikhani et al (2014) provide an 

exhaustive list of useful research studies and real-life examples of green 

walls. However, they describe in this paper that green roofs “are more 

extensively researched than green walls, or vertical greenery as the author 

calls them”. Building on this issue, vertical farms are far behind these two 

methods of urban greening (green walls and roofs) and there is an urgent 

need to move them forward.   

However, some of the areas of study in green wall/roofs systems are less 

popular in the research community than others (see Table 4). Therefore, 

an initial comparison based on the number of publications related to 

several fields linked to urban green and agricultural elements. Table 4 

presents the topics that have been compared on this search. The Boolean 

operator asterisk (*) was used to ensure that the search will include 

related variations of the specific key words, which included the comparison 

of a number of publications related to green elements and agriculture of 

cities. 

Table 4. Number of publications per topic comparing 
Scopus and WoS 

Topic Scopus WoS 

"green roof*" 3,099 2,914 

"urban parks"  2,934 2,943 

"urban agriculture"  2,880 2,803 

"urban farm*" 938 731 

"green wall*" 621 547 

"vertical farm*" 331 272 
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In the above literature, there is evidence supporting that  greenery in cities 

help to mitigate Urban Heat Island (UHI) effect (Alexandri and Jones 2008; 

Cheng et al. 2015) and various other issues previously mentioned in this 

chapter (Safikhani et al. 2014; Sun et al. 2014). Table 4 shows that based 

on the publications available on these two databases, the topic “green roof” 

is the most popular. This green element integrated into the built 

environment has been significantly well investigated across different cities 

and countries (Alexandri and Jones 2008; Sun et al. 2014; Thuring and 

Dunnett 2014; Brown and Lundholm 2015; Silva et al. 2015; Solcerova et 

al. 2017). The topics of “urban parks” and “urban agriculture” are just 

below “green roof” in terms of extensive research. 

Thereafter, there is a significant drop in the number of publications of fields 

related to green elements and agriculture after the top three most popular 

topics mentioned above. The next most popular topic placed fourth place 

in Table 4 is “urban farm”, which accounts for three times less popularity 

compared to the topic above it, publications such as Viljoen et al. (2005); 

Broyles (2008); Torreggiani et al. (2012); Orsini et al. (2013); Thomaier 

et al. (2014); Ward R et al. (2018) focus on the history, development and 

benefits of urban farming. In occasions these publications reflect how this 

concept overlaps with some of the other concepts included in Table 4 

(Viljoen et al. 2005; Benis et al. 2018). Similarly, on the topic of “green 

walls”, several research publications related to this topic overlap with other 

concepts on this table, this investigation found in particular several 

connections between the topics “green walls” and “green roofs” (Alexandri 

and Jones 2008; Sun et al. 2014; Silva et al. 2015; Xing et al. 2019). 

Further relevant articles in the area of green walls, such as Koyama et al. 

(2013); Pérez et al. (2014); Safikhani et al. (2014); Solcerova et al. 

(2017); and Bustami et al. (2018) and Akinwolemiwa et al. (2015, 2018) 

demonstrate with scientific studies the important benefits of this greening 

urban element, related to the problems highlighted at the beginning of this 

introduction. For instance, “applying vertical greenery systems not only 

reduce temperature, but also have many economic, environmental and 

social benefits” (Safikhani et al. 2014). The research community has 
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unveiled large amounts of data on how these systems work and perform 

under different conditions (Alexandri and Jones 2008; Koyama et al. 2013; 

Akinwolemiwa and Gwilliam 2015; Brown and Lundholm 2015).  

Significant advances have been reflected on academic publications 

regarding the various achievements on the thermal properties of green 

walls/roofs in order to insulate a building more effectively (Sun et al. 2014; 

Bustami et al. 2018) or to achieve cooling thermal comfort in hot climates 

and improve energy efficiency (Akinwolemiwa and Gwilliam 2015; 

Akinwolemiwa et al. 2018; Xing et al. 2019). Furthermore, research has 

been undertaken to evaluate the positive impact of these green elements 

on tackling pollution, acoustic contamination, enriching urban micro-

climate conditions, etc (Alexandri and Jones 2008; Safikhani et al. 2014; 

Bustami et al. 2018). In particular, research publications such as Safikhani 

et al (2014) and Bustami et al (2018), provide an exhaustive list of 

research studies including simulation work, real-life monitoring case 

studies of these green urban elements. Various authors mentioned above 

have published their own exhaustive literature review on green walls and 

green roofs. The number of benefits provided by façade-integration 

vegetation has attracted significant amount of interest in the research 

world as shown above. Nevertheless, green walls are usually integrated 

with the focus on the aesthetics only, few buildings actually integrate green 

walls with the specific purpose of improving the energy efficiency 

(Susorova and Bahrami 2013). On a similar note, Safikhani et al (2014) 

agree that the area of green walls is still under-researched and this 

statement concurs with the statistics presented in Table 4. Safikhani et all 

(2014) explicitly make the remark in their publication that the area of 

“green walls” is significantly less explored than the area of “green roofs”.  

Adding to the previous argument and taking into consideration that other 

academic authors also acknowledged the fact that the area of green walls 

has been under-researched, especially when compared to its counterparts 

presented in Table 4, there is yet another intriguing field that has been 

even more under-represented in the academic literature. With 

approximately half the number of publications compared to green walls 

(see Table 4), the topic of “vertical farms” stands at the bottom of the 
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classification of topics presented in Table 4 related to green and 

agricultural elements of urbanised areas. Therefore, the topic of this thesis 

has been subsequently focused on the topic of vertical farms. 

 

2.6 The Issue of Defining Vertical Farm. 
 

There is not an agreed definition of the term Vertical Farm (Hughes 2018; 

Butturini and Marcelis 2020) alternative sources define this term 

differently. Thus, the definition provided below is the conclusion of the 

author of this thesis based on the extensive literature review and 

engagement with the vertical farming community: 

As the name suggests, vertical farming is the concept of growing 

food or plants vertically. This cultivation method is considered to be 

an alternative agricultural practice. Various approaches can be used 

to achieve verticality. On one side of the spectrum, this can be 

accomplished by stacking plant pots, containers or trays to grow 

various layers of plants or food above each other. On the other end 

of the spectrum, vertical growing can be achieved at a building scale, 

where the growing of plants takes place on any number of levels of 

a multi-storey building. Both ends of the spectrum can be deployed 

at small or large scale. However, the financial implication of either 

approach must be carefully considered and planned in advance, 

since the cost-benefit of this practice has not been completely 

proven yet. Independent of the method used to achieve vertical 

farming, the important element is to provide plants with all the 

necessary characteristics for them to thrive and ensure quality 

produce. The main requirements being: a growing medium, 

nutrients, water, optimum air quality and light. 

Other important characteristics particularly relevant to establish 

clear differences between the various types of vertical farms are: 

the type of lighting (natural or artificial), environmental controls 

(natural ventilation or mechanical) and location (urban or rural). 
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Vertical farms can follow either of the characteristics above, as long 

as the right environment is provided for the plants to grow.    

Returning to the TWO initial boundary fields established earlier for this 

investigation: 

1. Architecture and Urbanism.  

2. Urban Agriculture and Food Production. 

The particular topic of Vertical Farms does fall neatly within the 

overlapping area of these TWO initially outlined boundaries of research  

(previously shown in figure 2). At an early stage of this investigation, it 

became evident that vertical farming is a highly multidisciplinary field  

(Despommier 2010; Gillott et al. 2014; Al-Chalabi 2015; Sarkar and 

Majumder 2015; Shao et al. 2016) and there are several closely related 

variations of the concept (i.e. Plant Factories, Building Integrated 

Agriculture and other concepts, which will be further described later in this 

chapter). One common aspect across most, if not all, references and 

networking events related to this field, is the agreement on the issue that 

this is an area still considered to be in its infancy. This particular issue is 

highlighted by various authors in the field (Higgins 2016; Benis et al. 

2017b; Graamans et al. 2018; Khalil and Wahhab 2020), as well as being 

a central topic of conversation in networking events and seminars 

(Farquhar 2020; Storey et al. 2020; Zimmerman-Loessl et al. 2020).  

Popular research databases can provide valuable historical information 

related to various topics of publications, particularly in terms of quantity 

and types of articles published. These databases often have records of 

publications going back several decades. For instance, Figure 11, provides 

an initial idea of the level of publications available in the area of vertical 

farms, which had an incremental acceleration during the past 4 years. As 

a result, the lifetime of this PhD has witnessed a significant change in this 

area. Thus, this investigation has been a dynamic research project, 

throughout the years and alongside the simulation work for his PhD, the 

author has also been an active member of the vertical farming research 

community, attending seminars, conferences, staying up-to-date with new 

developments and advances. At present this a significantly fast-paced 
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research area, as a result, this literature review has been populated in 

parallel with all the other activities of this research project, in order to stay 

on top of this constantly evolving field.  

Figure 11 was developed using data gathered from the two databases used 

for the systematic literature review: Scopus and Web of Science (WoS). 

Similar to the results previously presented in Table 4, the Boolean operator 

asterisk (*) was also used in this investigation, to ensure that the search 

included as many related variations as possible of the words “vertical 

farm*”. The results from Scopus are marked in blue in the bar chart and 

WoS is marked in orange. Both the table and the bar chart represent the 

number of publications per year. 

As it can be seen in Figure 11, the number of records for “vertical farm*” 

in Scopus increased from 13 publications in 2015, to 87 in 2020. WoS 

follows a similar incremental pattern: 12 records in 2015 and 59 in 2020.  

Figure 12 provides further historic context of the incremental growth on 

the number of publications in the area of vertical farms. In this occasion, 

the data presented in the graph below is only based on publications from 

Scopus, since WoS followed a similar pattern. Figure 12, depicts a close-

up of this accelerating period witnessed during the last few years. 

Publications related to vertical farms were experiencing a gradual increase 

from 2008 until 2016 where a noticeable acceleration has occurred during 

the last 4 years.    
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Year Scopus WoS
2005 0 0
2006 0 0
2007 0 0
2008 6 3
2009 3 2
2010 2 4
2011 6 7
2012 8 2
2013 8 8
2014 16 6
2015 13 12
2016 15 11
2017 34 22
2018 58 33
2019 63 42
2020 87 59

"vertical farm*"
Number of publications per year

 

Figure 10. Number of publications per year, comparing two databases: 
Scopus and Web of Science 

Figure 11. Scopus Statistics for number of 
publications per year 
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Some researchers define vertical farm as a “new method of modern 

agriculture […] producing food in a multi-storey building or tower in 

controlled environmental conditions.” (Kalantari et al. 2018). Despommier 

(2014) defines vertical farms as a form of controlled environment 

agriculture, or CEA. Others attach negative connotations to the term 

vertical farms, such as Thomaier et al (2014) who describe it as “the most 

far-reaching vision of farming in and on urban buildings”. In their 

publication the authors associate the design of vertical farms only with 

futuristics multilevel urban structure that solely serves the purpose of food 

growing (Thomaier et al. 2014). Nevertheless, the cited work by Thomaier 

et al based their arguments on one version of vertical farms, which is also 

known as ‘Zero-Acreage Farming’, or ZFarming.  

In general, the literature available on vertical farms is rather fragmented 

across the world, often contradicted. It comes across as a concept that is 

not clearly understood in terms of cohesiveness between all the different 

references, despite the fact that there are several examples of various 

types of vertical farms around the world. Different stakeholders describe 

concepts related to vertical farms based on their own agendas, often 

without the consideration of the bigger picture, i.e. the fact that vertical 

farming comprises a number of relevant disciplines that interact with each 

other. Overall, there is a common lack of clarity of the terminology used 

in this field. Therefore, aiming to establish the most sensible foundations 

for this research, this investigation starts with the scrutiny of the terms: 

“vertical farms” and “vertical farming”.  

However, during this process, it has been found that even by bringing 

together as many published references as possible, both from academia 

and industry, it is evident that attempting to find a homogenous language 

in this field is a complex issue. This is due to the non-standardised manner 

by which this topic is documented. It is difficult to find common concepts 

and descriptions across the board. This complexity was also highlighted 

also by Hughes (2018). 
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Therefore, it was identified at an early stage of the literature review that, 

first of all, clarity must be established between these two basic concepts:  

• Vertical Farm: As a noun 

• Vertical Farming: As an activity 

Across the literature these two terms seem to be merged, as if the noun 

were the same as the activity. If the vertical farming community does not 

have a clear understanding of this basic difference, then it is unsurprising 

that there is a lack of cohesiveness in the development of vertical farms 

around the world. There is little evidence of collaborative work towards the 

improvement of this practice. By establishing clarity of the fundamental 

concepts associated to vertical farms, this investigation aims to encourage 

better future communication amongst researchers and industry partners, 

towards the further improving of the efficiency of vertical farms. Therefore, 

this thesis aims to find some clarity on the most appropriate context for 

both terms: “vertical farms” and “vertical farming”, in order to achieve 

consistency. By establishing congruency at the foundation of this research, 

this project aims to structure a replicable methodology of framework to 

analyse vertical farms in order to make them more efficient, sustainable 

and also available to more people.   

One simple root of the problem to the misunderstanding amongst the two 

terms mentioned above can potentially lay with the fact that they are both 

commonly abbreviated as VF, whether people are referring to the verb or 

the noun. The scientist Dickson Despommier (commonly referred to as 

“the father of modern vertical farms” (Franchini 2016)) often in his 

publications uses the acronym VF to denote vertical farms (or VFs) – i.e. 

the noun. However, in a published section for the Thomson & Kaplan’s 

Encyclopaedia for Food and agriculture (Despommier 2014) he describes 

VFs to be a form of Controlled Environment Agriculture (CEA)– which is a 

concept that is directly linked to vertical farms, but CEA is an activity, not 

a noun. Continuing with this interesting reference (Thomson & Kaplan’s 

Encyclopaedia for Food and agriculture (Despommier 2014)), Despommier 

here also describes how by the year 2010, when he published his book on 

vertical farms (Despommier 2010), “there were no real cases of them” 
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[vertical farms]. After the publication of his book, a number of vertical 

farms then became a reality across the world initially in “Korea, Japan, 

Singapore and the US” (Despommier 2014). Kalantari et al. (2017a) begin 

their article referencing Despommier’s work, however they use the 

acronym VF for the activity, i.e. vertical farming, where they present 

vertical farming (VF) as the “answer” to solve issues related to food 

production challenges due to growing population, earth erosion, etc. 

Similarly, in their following paper Kalantari et al. (2018) defines the 

“Vertical Farming (VF) initiative […] as a new method of modern agriculture 

[…] the practice of producing food in multi-storey building or tower in 

controlled environment conditions”. Furthermore, Banerjee and Adenaeuer 

(2014a) refer to “Vertical Farming (VF) [as a] system of commercial 

farming whereby plants, animals, fungi and other life forms are cultivated” 

(Banerjee and Adenaeuer 2014a).  

So, in the continuous effort to bring some cohesiveness into this topic, this 

research will establish the use of the acronym VF for the activity 

(vertical farming), not for the noun (vertical farm). Two main 

reasons helped to finally established this: 1) more published authors tend 

to use VF for the activity of farming and 2) one of the largest international 

associations in this area is the Association for Vertical Farming, its acronym 

is AVF. This organisation produces a large number of publications related 

Figure 12. AVF world map of vertical farms associations 
and AVF members. Source: AVF website. 
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to VF across the world. They also connect the international VF community 

through their annual summits and several other related events (Figure 13).  

Moving into the basic definitions of the concept of VF, this process should 

begin by highlighting that some authors provide their own concept or 

definition, albeit not usually coinciding. For instance, Benke and Tomkins 

(2017), Despommier (2009), Kalantari et al (2018), Al-Chalabi (2015) and 

Fischetti (2008) claim that vertical farming is a model, or an initiative, 

where crops are grown in high-rise, multi-storeys buildings. Therefore, 

their concept suggest that vertical farms are limited to high-rise buildings. 

Some of these authors go even further to specify that it is an urban farming 

method (Al-Chalabi, 2015 and Fishchetti, 2008), which suggests that it can 

only exist in cities. However, there is evidence that VF is an agricultural 

practice that is not necessarily undertaken in high-rise buildings, nor 

exclusive to urban areas. Frediani (2010) published his work and research 

on the development of the first vertical farm in the UK. This was located 

at Paignton Zoo. They have chosen VF as their agricultural method to 

produce lettuces (and other green leaves) destined to feed the zoo 

animals. This particular example was not based in a high-rise building and 

it is located in a rather rural context. There are a number of other examples 

of vertical farming that follow similar characteristics. Frediani (2010) 

defines the method used for this scenario a High Density Vertical 

Growing facility (HDVG), which can be considered a form of Controlled 

Environment Agriculture (CEA). As previously mentioned, exploration 

into vertical farms will promptly lead you into a number of other closely 

related agricultural methods, such as Controlled Environment 

Agriculture (CEA), Building Integrated Agriculture and more. One term 

that has been imminently linked to vertical farms is the Plant Factory 

(PF) concept. These concepts will be further discussed in section 2.6 of 

this chapter.  
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2.7 Current concept of Vertical Farms 

The current concept of vertical farms gained new momentum particularly 

in 1999, with the theoretical work undertaken by Dr Dickson Despommier. 

He is a Professor of Environmental Health Sciences and Microbiology at 

Columbia University, New York. Dr Despommier explains: “the concept of 

the vertical farm arose in my classroom in 1999 as a theoretical construct 

as to how to deal with a wide variety of environmental issues." (Plan 2B 

Green 2011). There is evidence of some advances in the area of what is 

currently known as VF before 1999 (Plan 2B Green 2011); however, major 

theoretical boost in this area only occurred with Dr Despommier’s 

publications and designs (Despommier 1999, 2009), as well as his work in 

collaboration with colleague Fischetti (2008).  

The decade following Dr Despommier’s work/publications witnessed a 

dramatic increase in the number of ‘real-life’ vertical farms developed, also 

referred to as vertical agriculture, and occasionally denoted as plant 

factories (Yang 2014). Furthermore, this number continues to increase 

exponentially and more vertical farm projects are coming to life (Yang 

2014; Association for Vertical Farming 2016). Despite existing obstacles 

to develop vertical farms as Dr Despommier described in his publications, 

significant progress has taken place in this area. Perhaps not quite as large 

as the ones suggested by him, but projects of 3- to 5-storey facilities can 

be found in a number of countries around the world, a few perhaps larger 

(Association for Vertical Farming 2016). Table 5 shows ten initial examples 

of some openly publicised vertical farms projects. 
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Table 5. A small sample of vertical farms around the world 
   

Country City Project 
Name/Organisation  Size/Type 

  Korea Suwon Rural Development 
Agency  3-storeys 

  Japan Kyoto Nuvege Plant Factory 
  Singapore Lim Chu Kang Sky Greens 4-storeys  

  USA New Jersey AeroFarms 2,800m2 
warehouse 

  Sweden Linkoping Plantagon 
*(Never built) 17-storeys 

  USA Chicago The Plant 4-storeys  
  USA Wyoming Vertical Harvest 3-storeys  
  USA Milwaukee Growing Power 5-storeys  
  Holland  Hertogenbosch PlantLab Underground Farm 

  China Shanghai Agricultural Science 
and Technology Co. Plant Factory 

 

It is not always easy to get access to the details of existing vertical farms. 

Nevertheless, to further expand the number of vertical farms presented in 

Table 5, the list below provides further examples of other vertical farms 

found during this literature review. These are a few examples of 

organisations that have shared enough details to be included in this review. 

During this research, it has been found that vertical farms often operate 

under strict confidentiality, due to commercial sensitivity, which can hinder 

knowledge-sharing.    

• SPREAD Co Ltd: Spread has been the subsidiary company 

originating from the Trade Group, which is the Japanese market 

leader on fresh produce distribution. For many years they have been 

involved in this business from the production stage to the sales 

(Kozai et al. 2016a). Using this valuable experience SPREAD was 

created with the construction of the Kameoka Plant, “the world’s 

largest plant factory in terms of production” (21,000 heads of 

lettuce per day) (Kozai et al. 2016a). It is one of the few plant 
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factories to achieve profitability and it aims to upgrade to also 

become a highly automated vegetable factory (ditto). 

 

• PlantLab: Originally from the Netherlands, also with base in the US. 

They have developed their own patented original system to grow in 

close environment, Plant Production Units (PPU). They use LED 

lights from the company Illumitex and proprietary plants algorithm 

to calculate air, water, nutrition and control solutions. The company 

claims to have control on crop growth, crop yield, harvest planning, 

nutritional content, taste, etc. They focus on “Plant Physiology” 

knowledge (PlantLab 2018). 

 

• Philips: They have an owned PFAL facility in Eindhoven, the 

Netherlands, and also supply grow lights to multiple large-scale 

PFALs in Japan, North America and Europe (Philips 2019).  

• Growing Underground: London-based underground PFAL. 

Growing micro-greens and some leafy greens, with a multi-layered 

hydroponic system (Jans-Singh et al. 2019). 

 

• GrowUp Farms: They focus on growing micro-greens, baby leaf 

salads and herbs, including fish produce, using an aquaponics 

system. It uses Philips Green Power LED Production Modules. 

Further details of this site can be found in the Case Study chapter. 

 

• NiceGreen: The business model of this vertical farm is not to sell 

the raw produced directly to the consumer, but to grow leafy greens 

required for the products they sell, such as processed food, 

cosmetics, etc. (Kozai et al. 2016a). Company based in Taiwan.   

 

• Farmbox Green: Based in the USA. They started with aeroponics 

and LED lights in 2011, thereafter expanding to also hydroponic 

growing in a 70m2 facility, in 2013. They have a climate-controlled 

facility and use the “latest lighting technologies”. The shared details 

on the lighting specifications used: 17 W white TLED and Gen 1 Dark 
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Red/Blue Philips GreenPower Production Modules. Growing more 

than 15 varieties of microgreens and herbs. (Farmbox Green 2019). 

 

2.8 Scoping collaborative case studies 

As it can be seen above, samples of vertical farms can be observed around 

the globe. Some countries in particular have shown higher ambition to lead 

the research industry of vertical farms, the most noticeable in the literature 

are Japan, China, Singapore, Holland and the US.  As described by Liu and 

Teng: “Japan, China and Taiwan are the countries with the greatest 

concentration and growth of plant factories. Japan currently leads the plant 

factory market with an estimated 210 plant factories in operation [it is 

projected that] the market for plant factories can grow to $105 billion Yen 

in Japan alone. Taiwan and China have around 140 plant factories each” 

(Liu and Teng 2017). In addition, it has been reported that the majority of 

Asian plant factories (or vertical farms) are clustered in 4 countries: Japan, 

China, South Korea and Taiwan (Kalantari et al. 2017a). This represents 

over 40% of these enterprises, which make up for these countries’ pivotal 

plant factories industries. (Newbean Capital and Singapore Farming 2016). 

The above information found during the literature review, assisted to 

inform the focus of the scoping of the case studies. During the first year of 

this PhD, the initial aim was to find active vertical farms that would be 

willing to collaborate and share data. The original ambition was to have at 

least two case studies that could be compared (more if possible). 

Therefore, the author of this PhD contacted several stakeholders to gauge 

the potential possibilities (the list of some of the stakeholders contacted 

can be found in Appendix 1). It was deemed valuable also if there was a 

possibility to have the option to gain knowledge from both, national and 

international scenarios. Various vertical farms sites in the UK were visited 

by the author of this PhD. Furthermore, in an attempt to gain also 

international case studies, the information found in literature provided 

supporting statements to choose one of the countries mentioned above: 

Japan, China, Singapore, Holland, US, South Korea or Taiwan.  

A Newton Fund Call opened, to apply for PhD mobility grants. The call was 

to create collaborative links between the UK and China. Since China was 
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one of the aforementioned countries, an application for this Newton Fund 

was submitted and successfully granted. Further details of the scoping 

study and activities of all the considered case studies will be described in 

Chapters 5 and 6. 

Table 6 below provides a compilation of various vertical farms found during 

the literature review. The table was elaborated in an attempt to compare 

the various characteristics of the different vertical farms, such as the type 

of growing method (hydroponic, aquaponic, etc), type of lighting, size, etc. 

Nevertheless, the blank cells on the table represents data that was not 

available, i.e. that lack of data in the literature, which is the reflection of 

the lack of cohesive reporting and data-sharing of vertical farms around 

the world.  
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1
PlantLab

Netherlands (HQ)
and venue in USA Den Bosch 2011/2014 6,000 3 yes (in2016)

2 MIRAI Japan and Rusia 2016

3 Philips (own PFAL) Netherlands Eindhoven check more info
4 SPREAD Co Ltd Japan Kyoto 2006
5 GrowUp Farms UK London 2013
6 Growing Underground UK London
7 NiceGreen Taiwan
8 Farmbox Greens USA Seattle, Washington 2011 70 yes (in2016)
9 LettUs Grow UK Bristol

10 V-Farming (Hydrogardens)UK Coventry
11 Paigton Zoo VF (Closed) UK Paigton
12 Grow Bristol UK Bristol
13 Rural Development Agency Korea Suwon
4 Nuvege Japan Kyoto 2011

15 Sky Greens Singapore Lim Chu Kang 2009
16 AeroFarms USA New Jersey
17 The Plant USA Chicago 2013 3
18 Vertical Harvest USA Wyoming 3
19 Growing Power USA Milwaukee
20 PlantLab Holland Hertogenbosch
21 Agricultural Science and Technology Co.China Shanghai
22 Pasona Urban Farm Japan Kyoto 2010 9 yes (in2018) Office Building
23 VertiCrop TM Vancouver Canada 2009
24 Republic of South Korea VF South Korea 2011 450 3
25 Green Sense Farms Portage, Indiana US
26 Green Spirit Farm

Type of vertical farm Classification Current Status Nature of projectSize

Table 6. Classification and recording of vertical farms (empirical) – Blank cells represent the lack of available data 
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In section 2.5 of this chapter, the issue of the semantic incongruence in 

the world of vertical farming has been touched upon. The previous 

discussion was mainly around the differentiation that should be made 

between the meaning of Vertical Farms and Vertical Farming (VF). 

Furthermore, the concept of Plant Factories (PF) was also briefly 

introduced and highlighted in that the term is also directly linked to VF. 

Beyond these terms, there are a number of other concepts that are directly 

(or closely) related to VF. Vertical agriculture is another common term to 

describe VF (Molin and Martin 2018a). In 2016, Higgins described that in 

North America the “vertical farming industry [is] known as plant factories 

(PFALs) in Japan and as city farms in Europe, is best described as nascent” 

(Higgins 2016). What Higgins meant by PFAL was a similar concept known 

as Plant Factories with Artificial Lighting. Another recurrent characteristic 

terminology found in literature that is highly linked to VF is “Controlled 

Environment Agriculture” CEA (Despommier 2014; Benis et al. 2017b). 

The concept of CEA is linked to high reliance and high-end technology, this 

characteristic also applies in occasions to some forms of vertical farms. 

However, CEA is not necessarily a synonym of VF. Further terminology is 

found in a number of publications, such as “High Density Vertical Growing 

(HDVG) [which] can be considered a form of Controlled Environment 

Agriculture (CEA) that aims to allow people to grow food where they live, 

using fewer resources to produce a higher output” (Frediani 2011). 

Frediani describes this agriculture as sustainable urban agriculture.  

Several authors, often refer to vertical farms with the term Plant Factories 

(PF), which was briefly mentioned in the previous section. Well-known 

researchers such as Kozai, have mainly labelled their research as PF.(Kozai 

et al. 2016b). Similarly, two more published definitions can be found in the 

relevant literature, directly linked to PF are the Plant Factories with 

Artificial Lighting (PFALs) (Kozai 2014; Mitchell and Sheibani 2015) and 

the Plant Production System with Artificial Lighting (PPALs) (Wang et al. 

2016). Based on the mentioned references, it is clear that PF, PFALs and 

PPALs tend to be directly related to high density food production. Similarly, 

there is another published concept related to all the above mentioned: 

High Density Vertical Growing (HDVG) (Frediani 2011). 
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Focused on the influence of the built environment and the interaction 

between buildings and plants and VF, this investigation also looked into 

published work related to Building Integrated Agriculture (BIA). This is 

described as “the application of high-performance greenhouse farming 

methods adapted for use on top […] includes soilless culture methods, such 

as hydroponic cultivation, a technology that does not use any land” (Benis 

et al. 2017b). Although, the definition above described BIA as a variation 

of greenhouse, it can also be found in other structures different to 

greenhouses (Benis et al. 2017a). Depending on the context, BIA can also 

overlap with the previously mentioned CEA, and there is a particular 

publication that describes their research area as Building Integrated 

Controlled Environment Farm (BICEF) (Shamshiri et al. 2018). 

Furthermore, interesting research presented by a feasibility study report, 

for a design of a vertical farms in Charleston, highlighted the importance 

of distinguishing the variation the concepts: Urban Farming, Sky Farming 

and Vertical Farming (ClemsonUniversity Institute of Applied Ecology 

2011).  

These latter three terms encourage this discussion to attempt to ‘untangle’ 

all these concepts that are so closely intertwined. All the information found 

in these areas have a great potential to enrich the further development of 

vertical farms, and therefore making them more efficient, sustainable and 

replicable. It could be argued that there are five important characteristics 

that influence the shape and nature of the above mentioned alternative 

agricultural methods, these five characteristics can help to classify the 

different agricultural approaches are:  

1. SIZE 

2. DENSITY 

3. CONTROLS 

4. LAYOUT 

5. BUILDING TYPE/FORM 

Based on the discussion of relevant literature presented above, it can be 

concluded that the two main factors defining whether any of the previously 

mentioned relevant agricultural practices (i.e. PPALs, BIA, CEA, etc) could 
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also be classified as vertical farms, are: 1) LAYOUT and 2) BUILDING 

TYPE/FORM.  

VF is about maximizing the available space (and resources), as its name 

suggests this should be achieved by utilising the space available vertically, 

therefore even though there can be small vertical farms (SIZE will not 

determine whether it is a vertical farm or not). In terms of DENSITY, this 

could be a relevant factor for this classification depending on the point of 

view. For instance, on one hand the parameter of DENSITY would be the 

relevant parameters to define the vertical farming method, as long as the 

crop would be more ‘densely-spaced’ if considering the amount of product 

per square meter area. However, if it is a small vertical farm, then it might 

be argued that DENSITY does not describe a particular case. Finally, the 

parameters named as CONTROLS are related to the type of technology 

used to run the vertical farm. This is not considered a relevant parameter 

to classify a VF, because although most vertical farms would be closer 

related to high technological systems, some of them would also be a lot 

simpler and not so highly reliant on technology, complex racking 

mechanism, etc. 

The classification of related concepts to vertical farming are interrelated in 

the subject matter of study as observed in Figure 14. 

Figure 13. Vertical farming correlation of concepts. 
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2.9 Latest Development on Vertical Farming 

Despite of the significant development on commercial vertical farms (Yang 

2014; Sarkar and Majumder 2015; Kozai et al. 2016b; Shamshiri et al. 

2018), there is an evident gap in academic documentation of current 

advances on VF. Most academic journal papers support common premises 

stressing the need to encourage further development of vertical farms. 

Various publications agree that some of the main reasons to push this 

concept further are: the lack of land availability, food scarcity and 

population growth (Banerjee and Adenaeuer 2014b; Garg and Balodi 

2014; Al-Chalabi 2015; Sarkar and Majumder 2015). 

It is frequently stated that the main drivers for the evolution of agricultural 

research are: 1) Fast growth in science and 2)  Technological knowledge 

(Banerjee and Adenaeuer 2014b; Garg and Balodi 2014). The global 

urbanisation rate is also playing a significant part according to literature, 

it is predicted that 70% of the population will be living in urban centres by 

the year 2050 (Al-Chalabi 2015). Furthermore, there is a need to restore 

the environmental imbalance created by farming chemicals (Despommier 

2013; Garg and Balodi 2014). Further issues affecting food demand are 

the changes in food preferences (Banerjee and Adenaeuer 2014b; Garg 

and Balodi 2014). These changes are arguably the result of the rising per-

capita income, particularly in developing countries (Garg and Balodi 2014; 

Sarkar and Majumder 2015), as well as the increase of purchasing power 

(Banerjee and Adenaeuer 2014b). However, they are also likely to be 

affected by occupational changes and extended global linkages (Garg and 

Balodi 2014). It is predicted that by the year 2050 the world will need 60% 

more food, while figures currently show that 1.3 billion tons of food is lost 

or wasted every year (Banerjee and Adenaeuer 2014b). These later issues 

are particularly worrying since they show that the main problems affecting 

food scarcity are not just founded on the depletion of natural resources, 

but on the lack of efficient management of the available food.  

A significant advantage of the VF concept is that vertical farms can be 

located virtually anywhere, inside or outside urban areas. Therefore, by 

producing food closer to the end-consumer, the amount of food wasted 
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can be significantly reduced, by decreasing transporting time/distance and 

also by producing just the right amount for the actual needs of specific 

locations. This will also help to decrease CO2 emissions originated from 

food transport. Currently, one of the main challenges faced by VF is the 

high requirements for expert knowledge in plant science and engineering 

(Sarkar and Majumder 2015). Additionally, there are a number of practical 

problems besides the popularly emphasized financial difficulties. Some of 

the cited challenges are: difficulty to establish an effective and efficient 

eco-friendly design of vertical farms structures, difficulty to design a well-

controlled environment, watering system, monitoring of nutrient solution, 

selection of ideal crop, etc. (Al-Chalabi 2015; Sarkar and Majumder 2015). 

On the other hand, some of the main advantages are: all-year food 

production, local need-based production (Sarkar and Majumder 2015), 

reduced transport needs and reduced food waste associated with 

transportation (Garg and Balodi 2014; Sarkar and Majumder 2015; Kozai 

et al. 2016a). Furthermore, it has been found that vertical farms have a 

much higher crop yield, decreased water usage, less disease transmission 

– less pesticides, pests, deforestation (Garg and Balodi 2014; Sarkar and 

Majumder 2015). Published research also claims that VF provide a 

paradigm shift in terms of agricultural behaviour, by encouraging the 

concept of intensive agriculture instead of extensive. For example, 1 indoor 

acre is equal to 3 outdoor acres of strawberries according to (Banerjee and 

Adenaeuer 2014b). Additionally, VF allows the reuse of buildings (Banerjee 

and Adenaeuer 2014b; Garg and Balodi 2014), encourages coupling of 

food production (food + fish, i.e. Tilapia) (Banerjee and Adenaeuer 2014b). 

Depending on the type of vertical farm, most designs do not require heavy 

agricultural machinery or inorganic fertilisers and it helps to reduce 

transport pollution (Garg and Balodi 2014). Further potential benefits of 

integrating vertical farms in cities are: help to create sustainable urban 

centres, cleaner air in cities and, also depending on the type of vertical 

farm, if plants are visually available to people (by integrating them in an 

indoor environment or on the external elements of the building), this can 

have a positive psychological effect on people. A good example of how this 

can be achieved with VF can be seen in the article published by Andrews 
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(2013). The article includes a collection of several pictures of Pasona, an 

urban vertical farm in Tokyo, which is an example of a retrofitted building 

converted into a vertical farm that serves also as an office block and 

canteen. This example of vertical farm was also included in the historic 

timeline above (in the year 2010) due to being a significantly positive 

example of this concept. 

2.10 Empirical research in the area of vertical farms 

A particularly relevant theme in the VF literature is the systems 

optimisation. Various projects were identified that have been investigating 

different methods to improve different aspects of vertical farming 

methods. For instance, Tsitimpeis et al (2016) suggests the use of a 

rotating ‘robotic’ shelving mechanisms to improve air circulation between 

crops growing in a vertical farming setting. This investigation refers to 

vertical farms as shelving units (or growing trays) used to cultivate plants. 

That research investigates the automatic rotation of the growing shelves 

in order to counteract uneven distribution of resources across all plants 

(light, air, water, etc). 

Further relevant research has been published in the area of test-cells 

development (Tsitsimpelis and Taylor 2014; Cattarin et al. 2016; 

Tsitsimpelis et al. 2016). Particularly, the work of (Tsitsimpelis et al. 2016) 

follows the exploration of a mechanical “conveyor-irrigation system for the 

mechanical movement of plants” in a VF. They have followed this line of 

research based on the premise that the un-even air and light distribution 

across the different levels of a VF result in the loss of quality of some of 

the plants’ growth. As a result, they proposed a mechanical system that 

ensures all the plants getting the same amount of resources. They claim 

that the evidence found shows how “the mechanical movement of the trays 

by means of the conveyor system, helped to minimise the impact of 

temperature and humidity variation across the different trays” 

(Tsitsimpelis et al. 2016). 

The authors (Tsitsimpelis et al. 2016) in their research support the 

argument that there is an important need to further explore and improve 

the concept of VF, under the overarching argument of the “optimisation of 
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the food system , in order to deal with forthcoming changes in population 

and climate” (Tsitsimpelis et al. 2016). Additionally, research on how the 

technological developments have helped to improve VFs is evident in a 

number of papers (Kozai et al. 2016b; Kalantari et al. 2017b; Shamshiri 

et al. 2018), such as the rapid improvement of LED lighting efficiencies 

(Despommier 2010; Song et al. 2014; Kozai et al. 2016a; Kozai et al. 

2016b; Luna-Maldonado et al. 2016; Tsitsimpelis et al. 2016). However, a 

number of papers in the area agree upon the issue that LED lighting for 

agriculture still have not found its maturity (Tsitsimpelis et al. 2016; 

Graamans et al. 2018).  

2.11 Chapter Summary  

During this literature review, a sense of lack of cohesiveness of past work 

of the various disciplines was identified. Moreover, the vertical farms that 

have been built and are active are mostly commercial enterprises, and 

perhaps this has resulted on data sharing sensitivity. The author of this 

thesis believes that this has hindered the progress of this alternative 

agricultural method. Next chapter will focus on the literature review 

findings related to the area of simulation of vertical farms.  
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Chapter 3 
A Review on Parameters and Simulation 

of Vertical Farms 
 

 

“The loss of biodiversity is a silent killer” 

 (Palmer 2018) 

 

 
3.1 Chapter Overview  

This chapter provides a review of the literature and vertical farm projects 

focused on the area of simulation. This section of this research identifies 

potential gaps within the areas of architecture, alternative agriculture and 

food production in relation to the potential to develop a novel simulation 

framework that can connect all the overarching parameters necessary to 

simulate the behaviour of vertical farms.  

3.2 Introduction 

As observed in the timeline development (Chapter 2), vertical farms’ 

multidisciplinary nature has been highlighted increasingly throughout the 

years, ever since the initial events in history that have contributed to its 

development. This multidisciplinarity has been acknowledged also by 

different authors (Despommier 2010; Kozai et al. 2016a; Benis and Ferrão 

2018; Kozai 2018; Ryymin et al. 2020). Furthermore, a common 

denominator amongst several of the publications was the issue around 

financial viability of this alternative agricultural practice (Despommier 

2010; Banerjee and Adenaeuer 2014a; DLR 2015; Shao et al. 2016; 

Hughes 2018). Similarly, authors in this area also discuss the need to 

improve significant issues such as efficient design, scalability, replicability 
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and environmental sustainability of vertical farms (Almeer et al. 2016; 

Tsitsimpelis et al. 2016; Benis and Ferrão 2018; Hughes 2018; Tablada et 

al. 2020) 

This has presented the need of addressing one of the key questions of this 

research: 

Can there be a platform or framework to bring all 

these elements and disciplines together? 

Objective 2 of this thesis aims to propose a solution 

to this gap. 

From the analysis conducted in Chapter 2, it became clear that solving 

these questions required a review of the simulation parameters found in 

the literature in order to identify the gap(s) in knowledge, which is not 

accessible only by analysing the examples of operational vertical farms due 

to constraints related with availability of commercially sensible 

information, time and resources of this research and the lack of coherence 

and cohesion of the concepts in this field. There are two main types of case 

studies found with regards to vertical farms: operational vertical farms and 

simulated vertical farms. The first type consists of physical installations of 

vertical farms usually in commercial sectors which are operative and 

already function in a business model; whilst the second consist of 

computations made by a software using certain parameters to assess the 

efficiency of the virtual vertical farm. The literature review of the previous 

chapter focused on operational vertical farms, whilst this chapter focuses 

on the review of the simulations and parameters requirements of vertical 

farms.  

During the development of this research, it was found that  the data 

reported from vertical farm case studies can generally be linked to two 

mainstream sources: Commercial developments (Jans-Singh et al. 2019) 

and Academic research (Graamans et al. 2018). Therefore, the initial 

objective was to identify some of the main vertical farming stakeholders 

across the world for both: operational (as described in Chapter 2) and 

simulated vertical farms, in order to obtain more detailed information 

about their methods and characteristics. Added to the information found 
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during the literature review, a significant level of stakeholder engagement 

took place, aimed to identify potential clues that could help to find possible 

solutions to the issue of integrating a multidisciplinary set of technologies 

in areas such as building physics, architecture, plant biology, lighting and 

ventilation for agriculture, moisture control, energy specialist, urban 

agriculture, etc, which are required to  achieve a truly holistic vertical farm 

integration in the built environment (Franchini 2016; Basnet and Bang 

2018; Bustami et al. 2018). 

 

3.3 Systematic Literature Review 

Simulation of vertical farms falls within the remit of the two initially 

established research boundaries mentioned in Chapter 2: “Architecture 

and Urbanism” and “Urban Architecture and Food Production” (see Figure 

10). The outcomes of the literature review conducted using the systematic 

methodology described in Chapter 2 (section 2.3), supported the topic that 

was also highlighted by Shao et al. (2016): There is only a small number 

of examples of simulations of vertical farms developed to date.  

Similarly, the influence of the host building on the behaviour of vertical 

farms has been largely under-reported. These two important gaps, 

identified from an early stage of this review, became some of the initial 

guiding points in this PhD journey.  
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Figure 14. Research boundaries established, following the 
overlapping of KEY Fields and identified research gaps. 
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The most relevant research publications related to initial attempts to 

simulate vertical farms began to emerge as recently as 2015, with the 

work of Benis et al (2015, 2017, 2018), closely followed by Shao et al 

(2016), Graamans et al (2017, 2018, 2020), Ward et al (2018) and Jans-

Singh et al (2019). Nevertheless, there is still the matter of incongruence 

amongst the different definitions of vertical farms and related concepts. 

These simulation models only seem to skim the surface of the issues 

discussed in this review due to the broad range of concepts that can be 

linked to vertical farming. For example, the work undertaken by Benis et 

al (2015) is focused on Building Integrated Agriculture (BIA). In their 

research, vertical farming is only a fraction of the investigation focus. They 

also trialled simulated scenarios with greenhouses and roof-top 

agriculture. On a parallel route, the simulation work undertaken by Shao 

et al (2016) focused on the economics of vertical farms, whilst Graamans 

et al (2017, 2018, 2020) priorities were based on comparative scenarios 

and simulation approaches between Greenhouses and Plant Factories 

(PFs). Building Integrated Agriculture (BIA) and Plant Factories (PFs) are 

concepts closely related to vertical farms and will be further explored in 

the next chapter. 

Graamans et al (2020), in this publication, once again the authors further 

reiterated the significant gap that exist in the area of simulation of vertical 

farms due to the infancy of this research topic, as well as the urgent need 

to further develop it. This argument is echoed by Ward et al (2018), Jans-

Singh et al. (2019) and  Khalil and Wahhab (2020). The above findings 

have been used to establish and further support the relevance of the 

overarching research boundary of this doctoral thesis, i.e. simulation of 

vertical farms (see Figure 10).   

Table 7 provides a summary of some of the most relevant authors that 

have published research work somehow relate to the simulation aspect of 

vertical farms. Some of these researchers were directly contacted as part 

of the stakeholder engagement. 
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 Table 7. Academic researchers with significant published work related to  vertical farming  projects (simulations) 

Author(S) Year
published Software Usef Country City Description

1 Graams, et al 2017, 2018 MATLAB, KASPRO+DesignBuilder Netherlands Delf
Significantly focused on plant biology, significant lack of 
evidence on the consideration of the impact of the building 
fabric.

Contacted and 
response received

2 Benis, et al
2015, 2017,

 2018
Rhinoceros, Grasshopper, Diva, 
EnergyPlus

USA and Portugal

Focused on BIA (Building Integrated Agriculture), i.e. not 
much detial on VF specificatly. More focused on details of 
buildings layouts, less focused on plant biology. All 
hypothetical work

Contacted and 
response received

3 Khalil + Wahhab 2020 ENVI-Met Iraq Baghdad

Rough attempt to assess the impact of vertical farms at a 
community scale (not building detailed)- more focused on 
urban planning than the impact of building materials on 
plants' growth. Not cosideration of plant behaviour ether.  

4 Ward, et al 2018

Investigated: EnergyPlus, TRNSYS 
and IES-VE (But deemed them 

inadequate for VF due to 
inflexibility) - Therefore used 

their own mathematical model 
based on 

USA Delf
Significantly focused on plant biology, significant lack of 
evidence on the consideration of the impact of the buolding 
fabric.

5 Jans-Singh 2019
Mathematical models and 
monitoring of a case study

UK London

Scientific models for plant growth are largely empirical and 
developed for certain types of commercial plants, hence this 
author claims it is not possible to rely on models alone. 
Therefore, their work is based on a case study monitoring 
both qualitative and quantitative data in an existing 
hydroponic farm.

Summary of simulation wrok related to vertical farms around the world
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Another, very recent, publication (March 2021) highlighted the “need for 

sustainable farming, the [important] role of precision technology in 

modern farming and the demand for automation and decision support” 

(van Mourik et al. 2021). This latter publication provides further and more 

recent evidence that despite the significant advances that have occurred 

during the last 5 years, vertical farming remains an alternative agricultural 

method significantly underdeveloped, despite of its potential.  

 

3.4 Latest developments on simulation of vertical farms 

The last couple of years witnessed a great increase in the number of 

academic research works published in the area of urban agriculture, 

particularly in VF (Kozai 2013b; Kalantari et al. 2017b; Kalantari et al. 

2017a; Shamshiri et al. 2018) .  

As previously mentioned, this field is significantly multifaceted (Viljoen et 

al. 2005; Mitchell and Sheibani 2015; Tablada et al. 2020), where several 

factors play an important part on the overall performance and outcomes. 

In-depth research is required in areas related to biology, chemistry, 

physics, and more that are significant to the efficient implementation of 

this practice. Just to provide some specific examples: 

1. Plant biology and the behaviour of plants: Ward et al (2018) 

describes an important aspect of vertical farms, the “physical 

process governing heat and mass transfer between plants and their 

environment … plant transpiration has been a consistent topic of 

research over the past 40 years” (Ward et al. 2018, p. 258). Plant 

transpiration plays an important part on the investigation of plant 

growth (Graamans et al. 2017). Large part of the above-mentioned 

research is related to the behaviour of plants due to the significant 

influence of greenhouses. There has been significant research 

focused on greenhouses, to the point that a photosynthesis model 

was first incorporated into a greenhouse simulation in the 1990s and 
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led to the development of a steady-state simulation tool for 

tomatoes production (TOMSIM) (Ward R et al. 2018). 

2. Despite the significant difference between vertical farms and 

greenhouses, there is a substantial overlap that have enticed 

researchers into exploring the potential to use software tools that 

have been developed in the past for greenhouses, to attempt the 

simulation of vertical farms (Benis et al. 2017b; Graamans et al. 

2018). Benis et al (2017) used it in the context Building Integrated 

Agriculture (BIA) and Graamans et al (2018) in the context of Plant 

Factories (PF). There is yet a gap in the specific focus of this 

investigation under the label of vertical farms. 

3. Shao et al (2016) focused their simulation on the economic 

feasibility analysis using VFar (Shao et al. 2016), making use of 

excel to include all the necessary mathematical equations that affect 

the economics of a vertical farm. This model takes under 

consideration the impact of the building fabric. However, it seems 

to be modelled around large-scale vertical farms. 

Relevant publications highlighted the importance of analysing and 

calculating the ‘energetic behaviour’ of crops in order to achieve better 

vertical farming produce (Benis et al. 2015; Graamans et al. 2017). This 

brings into consideration a whole new field into this research endeavour: 

the importance of the biological behaviour of plants in terms of energy 

saving in the design of vertical farms. How can this behaviour potentially 

work for or against vertical farms’ behaviour? Could the understanding of 

this biological behaviour help this research find better and more efficient 

ways to design VF practices? Can we save precious energy by extrapolating 

this knowledge into a larger scale? A number of modelling methods have 

been developed in some of the areas that are relevant to vertical farming, 

for example mathematical models have been used, implementing the 

Penman-Monteith to determine evapotranspiration of crops (Benis et al. 

2017b; Waldron 2018), physics (Orsini et al. 2013) and biochemical 

models (Soderlund and Newman 2015; Benke and Tomkins 2017) have 

been investigated largely informing several sectors of plant growth and 

food production, including greenhouses. Therefore, this concept can 
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potentially help towards modelling the improvement of air-quality of indoor 

plants, as a result, plants grow faster and healthier if provided with the 

right balance.  

As described by Finkelstein et al. (2005) computer simulations can help 

test conceptual models that can then be transferred into physical 

applications, or the ‘real world’. Also minimizing the financial risk of ‘real 

world’ investments. Having the alternative to simulate a complex 

environment (i.e. vertical farms) is “useful because they are ubiquitous 

and expedient in environments with otherwise limited resources” 

(Finkelstein et al. 2005, p.7). Similarly, Ward et al (2018) also highlight 

the benefits of dynamic computer modelling, explaining that some of the 

earliest simulations were developed in the 1970s and 1980s aiming to 

serve the purpose of offering significant insights to certain problems 

recreated in the virtual world. This dynamic simulation approach has 

proven useful for the greenhouse environment, with significant influence 

on crop yield. “Simulation is potentially a useful tool for optimising growth 

conditions to maximise the potential profit” (Ward R et al. 2018, p. 268).  

Within this context, a recent publication by Van Mourik et al. (2021) 

describes the complexities that usually take place within farming systems 

and therefore the value of having a software tool that is robust and flexible 

enough to allow to get closer to simulate realistic scenarios. In their 

publication, the authors outline how farming systems are involved with the 

interconnectivity of many complex components. “These components are 

subject to the influence of multiple inputs, some of which are controlled, 

while others are not. A systems model creates structure by describing the 

components as process variables and by describing their dynamic 

responses to changes in input. […]  a predictive-systems model can be 

designed to improve input scheduling in scenario studies, in which the 

insight obtained into the system’s input response contributes to the 

development of practical management guidelines.” (van Mourik et al. 

2021). This quote is particularly relevant for the task at hand: Objective 2 

of this research is to develop and propose a simulation framework, which 

can potentially align with the description above, aiming to bring together 

all the relevant elements of vertical farms that interact with eachother. 
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Aiming to get closer to a solution, which considers as many of the above 

mentioned “interconnectivity” of the various components of [vertical] 

farming systems.  

Further authors also discuss the potential of simulation development and 

its current progress, Avgoustaki et al (2020) discuss in their publication 

the importance of build on existing work (i.e. current simulations attempts) 

to be able to move forward in this field. “[An] important aspect of further 

research is the computer simulation models and adaptive analysis software 

tools already used. More research and development groups need to focus 

on the extension of these programs, and modify the already existing ones 

for this specific purpose” (Avgoustaki and Xydis 2020).  

It is well-known that knowledge-transfer holds significant potential 

towards the advancement of many research areas, this is particularly true 

in fields that are in their infancy, which it is the case of VF. Graamans et 

al. (2018) tap into the potential learning that can be captured from 

understanding the behaviour of greenhouses and the knowledge that can 

be transferred to analyse vertical farms. In contrast to vertical farms, 

greenhouses represent an agricultural method that has been around for 

years and it is well established. Their investigation (Graamans et al. 2018) 

explores how the knowledge and skills used to manage and model 

greenhouses, provide an important insight into how to potentially improve 

the design of vertical farms (Graamans et al. 2018). In this particular 

paper, Graamans et al. attempted to overcome the issue around the lack 

of suitable software to simulate vertical farms by using two separate 

software tools: KASPRO, which is a common software used to calculate the 

behaviour of greenhouses, and DesignBuilder as the software used to 

attempt to recreate the influence of the building hosting their conceptual 

VF. Despite the good premise of this investigation, the lack of clarity on 

their method and the resources used for this simulation attempt, 

suggested that there are significant gaps yet to be filled in order to be able 

to undertake this kind of simulation attempts in the right way. For 

example, the simulation they suggest requires detailed building materials’ 

properties, but the building details are only touched on superficially and a 

number of unexplained assumptions are made along the process in order 
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to explore this pathway. This publication also highlighted that there are a 

lot of gaps and development requirements in the area of VF simulation. 

Graamans et al (2018) on the other hand suggested a comparative 

understanding between plants factories (which are commonly referred to 

as vertical farms) and greenhouses. His investigation uses simulation 

methods to understand and compare the efficiency of both agricultural 

practices. Benis et al (2017) provides an interesting comparison between 

all types of Building Integrated Agriculture (BIA) explaining some attempts 

to simulate comparative urban agricultural methods. The area of 

simulation methods will be discussed in more detail in the next section. 

 

3.5 Available software tools for vertical farming 

In terms of software tools available for vertical farms, there are two 

possible ways to classify this topic: 1) the monitoring software tools to run 

and manage vertical farming systems that require high-end technology. 2) 

Simulation software to predict the behaviour of vertical farms. In the first 

instance (monitoring software), information regarding the tools used to 

monitor and manage vertical farms tends to be available only in 

commercial circles, very little information is published in the academic 

context. There is not such a thing as open-source material offering 

transparency or collaboration across the vertical farming community. 

Unsurprisingly, in commercial circles the vertical farming technology 

(including software tools) tend to be a rather ‘guarded secret’ for each 

individual enterprise.   

On the other hand, the latter item (simulation software) continues to 

represent a significant gap in research. There is not a well-recognised 

method to simulate a vertical farm (Kozai et al. 2016b; Graamans et al. 

2018) to aid with the assessment of its efficiency and to suggest 

optimisation pathways. All optimisation attempts of vertical farming 

practices have occurred under empirical research methods, not through 

simulation.  
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A key potential identified as part of this PhD research is the significant 

opportunity to learn from the wealth of knowledge that can be extracted 

from the process followed to analyse and simulate the energy performance 

of buildings, such as simulation models that are based on energy balance 

calculations. The development of simulation methods and tools to 

understand and optimise the “behaviour” of buildings have been 

undergoing for several decades (Ward R et al. 2018). But these methods 

have not been tested with the integration of vertical farms. A number of 

additions must be considered, especially in terms of integrating the 

characteristics of plants within the built environment, but if the simulations 

can account for the presence and influence of humans, what can be holding 

back any plausible attempts to also do it with plants? There are already a 

number of mathematical models that provide numerical values to the 

behaviour and predictions of plants, such as the Penman-Monteith 

equations or the Vanthoor model, mention earlier in this chapter (Allen 

2005; Benis et al. 2017a). 

Considering the discussion above, it can be noted that there are a number 

of validated software tools that can help simulate buildings such as 

TRNSYS, HTB2, EnergyPlus, Ecotect, IES-VE and more. Therefore, it could 

be argued that a bridge could be found to link these two significant areas 

of simulation: simulation of buildings, including the interaction and 

influence of the behaviour of indoor plants/crops. However, Ward et al 

(2018) claim that these standard simulation models cannot be used for 

greenhouses and vertical farms due to the complex integration of plants 

with their environment.  

On this note, Graamans et al. (2018) developed a study around the 

comparison of greenhouses versus plant factories (or vertical farms). In 

their paper they described the use of a building performance simulation 

tool (Design Builder) to tackle the building performance aspect of the 

“equation” and linked the investigation to a software tool used by 

greenhouses simulations known as KASPRO. In their publication, 

Graamans et al (2018) stated a number of limitations to their approach, 

but the authors also highlighted a number of important questions in terms 
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of potential to tap into the knowledge-transfer possibilities of two key areas 

that have been yet untapped with relation to vertical farming: 

1. Research on the behaviour of plants 

2. Research on the behaviour of buildings 

This doctoral research found that vertical farms will gain significantly from 

having a software method or FRAMEWORK that will help to develop some 

initial predictions regarding the efficiency of a planned vertical farm. By 

doing so, initial rough estimations can be made at an early-stage, 

highlighting which factors should be considered and potentially re-tweaked 

to ensure an optimised deployment of a vertical farm, therefore reducing 

the chances for this vertical farm to underperform. This is especially 

important due to the high investments that these developments require. 

One important characteristic that will allow a software tool to attempt to 

create a simulation framework for a vertical farm will be: flexibility, 

amongst various other important features. This is due to the previously 

discussed multidisciplinarity of this field., i.e. a realistic simulation needs 

to consider the constant interaction between plants and the host building, 

which should include all the complexities that both of these “worlds” 

represent.  

Bearing in mind the importance around flexibility, as well as affordability, 

the main software tool scoped to assist the development of a simulation 

framework for this research project has been HTB2 (Heat Transfer in 

Buildings) (Lewis and Alexander 1990; Alexander 2008), which is not a 

commercial software (but a research software), it can be freely 

downloaded and it is also open-source (which adds the potential flexibility 

to explore the source code in future studies). It was originally built to 

recreate the thermal behaviour of buildings. Its engine uses mathematical 

models and the laws of physics to calculate their internal temperature, 

predict energy consumption, humidity, amongst various other parameters. 

This tool has been validated, nonetheless the capabilities of this tool have 

never been explored to simulate vertical farms. 

By developing a novel HTB2-based Framework for the early-stage 

simulation of vertical farms, this investigation can help to create a 
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methodology to predict and estimate the efficiency of vertical farms, aiding 

to plan for its optimisation and reduce the risks of deploying an 

unsustainable vertical farm. Furthermore, due to the open-source nature 

of this software tool, this framework can offer a measurable method that 

can help to create an open database for vertical farms across the globe, 

encouraging research collaboration. By being able to use a common 

‘language and format’, i.e. a standardised framework method and 

calculations, this will facilitate comparability, replicability and the ability to 

share with a wider audience. Therefore, the VF community will be able to 

use sharable information, regarding the efficiency of an existing vertical 

farm (or planned), in order to create synergy and aim to improve their 

overall efficiency across the globe.  

HTB2 is an in-house developed software tool, initially created at the Welsh 

School of Architecture by an experienced building physicists and 

programmer in the 1980s. It has been further developed and validated 

ever since. HTB2 has been widely used in several projects around the 

world. The main purpose of this software has been to assist research, not 

for commercial purposes. This software considers several parameters 

simultaneously, allowing them to interact and influence each other.  

including in its calculation how these parameters influence each other. The 

software is of a modular nature, this will be better explained in the next 

chapter. Furthermore, the calculations embedded in the source code, also 

include the thermal mass of the materials (which can be a significantly 

beneficial parameter in terms of thermal stability for vertical farms, which 

is usually disregarded in this context – particularly in terms of 

‘hydroponics’, due to the large presence of water in the circulation system, 

there is a potential to calculate what is the thermal mass benefit resulting 

from having that water in the building alongside the plants). Furthermore, 

HTB2 can help to predict the energy consumption (which is one of the 

biggest obstacles of vertical farms as commercial enterprises, the high cost 

linked to operational energy due to artificial lighting and ventilation loads). 

Finally, amongst several other parameters, HTB2 also considers humidity 

within the simulation. This is particularly significant for the context of 

plants as the ‘users’ of the building. 
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As a result of the above, this research project has been focused on 

exploring the capabilities of this software tool (HTB2) to recreate the 

behaviour of vertical farms. Bearing in mind that the main limitations of 

this software to simulate vertical farms would evolve around potential 

shortcomings of the characteristics related to the behaviour of plants. 

Nevertheless, this tool possesses significant potential to make it worth 

exploring this path. Consequently, helping to create a methodology to 

potentially predict and share data that will result in the improved efficacy 

of vertical farming practices.  

In conclusion, the flexibility and compartmentalised nature of HTB2 has 

the potential to fill a number of the gaps found during the literature review 

of this investigation. These are the main gaps identified, which have the 

potential to be tackled by the development of this simulation framework: 

• Lack of building materials in any of the published simulations of 

vertical farms and/or any kind of vertical farms. Most published 

work (if not all) in vertical farming are quite content in assuming 

that the ‘host building’ for the crops is just a “well insulated, airtight 

structure” (Kozai 2016). The only research found that actually made 

an attempt to provide a bit more detail than that was Grammans 

(2017), where in his attempt to use design builder he established 

certain material parameters, but not in too much depth. His 

research went on, like most of the research projects in this area, 

into the calculations required to simulate the behaviour of plants. 

This brings an interesting point: vertical farming analysis has 

usually been approached from the plants perspective, very rarely 

from the building perspective. In the thermal behaviour of 

buildings, the materials of the envelope of the construction is of 

high importance, therefore it has been surprising that this has been 

largely ignored.  

HTB2 has the potential to provide answers for this gap in the 

research of vertical farms, its module BLD, focuses on the analysis 

of the parameters relevant to the building materials (u-values, etc). 

This is important for vertical farms because the characteristics of 

these materials will have an impact on the indoors environment 
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(mainly its temperature and humidity). Consequently, this will have 

an impact on the ideal conditions maintained for the healthy growth 

of plants. Moreover, another module known as SRV in HTB2, deals 

with the calculations related to the services of the building, for 

example, the ventilation rate, or heating rate to maintain the air 

quality indoors. Furthermore, this module also deals with moisture 

control, which is significantly important for vertical farms.  

• Need for more available reliable data on temperature, air movement 

and speed (or ACH) to maintain the air quality of the vertical farm.  

• Need for research on the potential of renewable energy used in 

vertical farms (Tablada et al. 2020) in order to make this practice a 

more affordable and sustainable one. 

 

3.6 Gaps in the field of vertical farm simulation. 

To summarise, as evidenced in previous sections, published literature has 

shown the low numbers of research projects undertaken in the field of 

vertical farms compared, for example, to green wall/roofs. This 

investigation has therefore identified a significant gap in research, as well 

as a potential suitable path to explore the possible solution/options to fill 

this gap. The development of a simulation framework for vertical farms 

has the potential to improve the area of vertical farms.  

Therefore, in the process of narrowing down the research scope towards 

the search for specialised solutions, the next level of boundaries outlined 

for the continuation of this investigation have been mainly focused on the 

simulation of characteristics only related to vertical farms (no other 

alternative agricultural or architectural scenarios) and to scope the 

capabilities of HTB2 for be the software tool used to develop the 

framework.  This process seems to be the most suitable pathway to bring 

together the various elements related to vertical farms into one platform. 
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The focus of Chapters 2 and 3 have been around:  

Objective 1: To review the State of the Art of vertical 

farming, the different methods used in this alternative 

agricultural practice and establish the most 

appropriate method(s) to be recreated through the 

simulation process and data analysis.  

The above issues provided initial clues about some of the more urgent gaps 

that need to be tackled in order to make this practice more sustainable: 

early-stage planning and calculations. It is undeniable that vertical farms 

need to be made more efficient, part of the process of making anything 

more efficient is through planning. This PhD project aims to investigate 

and fill some of the gaps towards helping vertical farming field to achieve 

higher maturity and to become a more viable agricultural practice. 

Nonetheless, this thesis is targeting to achieve to get knowledge, perhaps 

one step further, but many other steps are required, in the endeavour of 

achieving more efficient methods of alternative agricultural methods, 

striving for food security, a better utilisation of resources and making our 

cities more sustainable. 

Vertical farming can be perceived as a form of ‘disruptive innovation’ 

(Colnago et al. 2021), as such the challenges faced by this practice need 

more work to be developed. The work presented here is an attempt to trial 

a novel prediction methodology, a framework that aims to optimise vertical 

farms, by understanding its potential efficiency before it is built. This work 

has documented the process followed and the files created as a result of 

this investigation, in order to provide a replicable methodology that can be 

used for any vertical farm around the world. Ideally, this can potentially 

be a steppingstone into a sharing platform for vertical farming knowledge. 

It is popularly recognised in the vertical farming community that there are 

significant gaps of knowledge that need to be filled in this area in order to 

improve it, optimise it and make it a viable agricultural method to be widely 

practiced, this is an area that is still at its “infancy” (Higgins 2016; Storey 
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et al. 2020; Zimmerman-Loessl et al. 2020). The consensus opinion is that 

the largest obstacle slowing down the wider implementation of this 

agricultural method is the high financial requirements (Shao et al. 2016; 

Hughes 2018; Avgoustaki and Xydis 2020). The initial capital investment 

and the running cost of vertical farms are widely acknowledged to be high. 

One of the main culprits of the high running cost of vertical farms is 

artificial lighting (Higgins 2016; Kozai et al. 2016a). 

At present, most vertical farms are not financially viable, one example of 

this significant issue is Japan. This is a country where there has been 

significant investment in the development of vertical farms (or plant 

factories) due to this country’s pressures, i.e. scarce land availability and 

natural resources, linked to the significant impact of natural disasters. 

These issues triggered the need to speed up research and implementation 

in the area of alternative food production methods. Despite of its privileged 

high-technological position and fast-paced development in the area of 

vertical farming, only 25% of their vertical farms make a (generally small) 

profit, 25% of them run at a loss (they need to be heavily subsidised by 

the governments) and 50% of them break even (Kozai et al. 2016b) this 

statistics has been updated to 50% plant factories that make a profit in 

the latest edition of the book (Kozai et all 2019). Around the world, there 

are several examples of vertical farms that managed to overcome the first 

significant hurdle of finding the initial large capital investment, to then 

succumb to the hefty running costs. According to Higgins (2016): “In order 

to be successful in today’s vertical farming market, the following equation 

is most often true: 

High plant density + low light crops + short production cycle + niche crop 

+ niche market = success 

There is irrefutable evidence that the vertical farm concept is rapidly 

evolving and the obstacles will perhaps become more manageable in the 

future.  
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3.7 Chapter Summary  

In summary, vertical farms required a multidisciplinary interaction in order 

to achieve  holistic integration with its host building and the various other 

interacting elements (Benis and Ferrão 2018), in order to create successful 

vertical farms, i.e. efficient and sustainable. A framework could 

standardise the concept and definition of the subject matter of Vertical 

Farm. Furthermore, the availability of technological tools like software 

represents an opportunity to advance the state of the art of the Vertical 

Farms. 
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Chapter 4  

Methodology 
 

 

“Of all the resources needed to sustain a city, none 
is more important than food” 

   (Lim and Liu 2010) 

 

4.1 Chapter Overview 

Due to the multifaceted nature required for the research and development 

in the area of vertical farms (Franchini 2016; Kozai et al. 2016a), various 

research methods were investigated. The nature of the convergent mixed-

methods approach selected for this investigation was suitable due to the 

number of research techniques that were required to undertake this work. 

The main strategies used to gather evidence and undertake analysis were: 

• Systematic literature review: Establishing the State-of-the-Art of 

vertical farms and data gathering (i.e. gathering parameters to 

potentially test the development trials of the simulation 

methodology).  

• Scoping study: Developing a network of contacts in the field of 

vertical farming. Searching to establish connexions within the 

various relevant areas impacting this field. The stakeholders 

identified during this communication and engagement activity was 

crucial, in order to stay up to date with this fast-paced area of 

research, as well as to identify relevant case studies and databases. 

• Development of analytical and conceptual framework assisted by 

simulation.  

• Real-life (active) case study: The data of this particular case study 

assisted the testing of the aforementioned framework, which was 
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developed and tested as part of the original outcomes of this 

research work. This final part of the investigation allowed the 

comparison of monitored data vs simulated data for the first time in 

the vertical farming world, based on the published work available to 

the date of the delivery of this PhD Thesis.   

The investigation process was of similar nature to the mixed-method 

sequential explanatory study explored by Crestwell et al (2003) and 

Ivankova et al (2006), where quantitative and qualitative methods were 

used in conjunction to inform the investigation. Based on the above 

information, the three key reasons that helped identifying the “convergent” 

mixed-methods approach as the most appropriate for this research were: 

1) The nature of the qualitative data (which was gathered from mixed 

sources, such as published references, as well as stakeholder 

engagement); 2) Quantitative data collected (via literature review, 

simulation development and stakeholder engagement); and finally 3) The 

active commercial case study (which provide further quantitative data for 

the comparative studies).  

4.2 Introduction  

It is a well-known issue that the boundaries between different research 

strategies are “permeable”, as described by Groat & Wang (2013) and in 

many occasions the aspects of one method can successfully augment the 

characteristics of the other interacting methods. Furthermore, in the book 

Architectural Research Methods (Groat and Wang 2013) define research 

styles as “research strategies” and research methods as “tactics”. They 

developed a classification of seven research strategies or methodologies 

that are widely used in architectural research: Interpretive-historical, 

Qualitative, Correlational, Experimental and Quasi-experimental, 

Simulation and modelling, Logical argumentation and Case study, and 

Combined strategies. Selecting the latter one - “Combined Strategies” (or 

Mixed-Methods) will provide this investigation with what Clark & Creswell 

(2008) eloquently described as “an umbrella to cover the multifaceted 

procedures of combining, integrating, linking, and employing multi-

methods.” (Clark and Creswell 2008), which is exactly what this topic 
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requires. Furthermore, Groat and Wang (2013) also described how 

simulation can be implemented as part of the mixed-methods approach 

relating the role of simulation as a tool to “augment” research. 

Therefore, due to the nature of data (quantitative and qualitative), the 

complexity of a multidisciplinary new approach and the presence of 

simulation, indeed a mixed-methods approach was followed. This type of 

methodology can help to “provide greater depth and/or validity concerning 

[all the] particular aspect[s] of the study” (Groat and Wang 2013). More 

specifically, the focus of this thesis is a convergent mixed-methods 

approach (Creswell 2014), where the relationship between the three 

parallel methods are compared, to feed into the final overall picture. 

Henceforth, the inclusion of stakeholder engagement is an important part 

of the research activities, in order to further obtain granularity on the 

information that might not be as detailed in the published realm. 

Furthermore, the information collected during the systematic literature 

review is also an integral part of the research methods, since along with 

the scoping study information, the data is gathered to inform the 

development of the analytical framework for vertical farms. Thereafter, the 

framework can be tested with a real case study to assess the results. Due 

to this significant correlation between all stages of the research this is a 

convergent Mixed Methods research. 

In most of the vertical farms analysed, one of the concerns was to develop 

ways to increase the optimisation of the processes and there was also a 

lack of integration with renewable sources to achieve sustainability of the 

model. It is common knowledge in the vertical farming world that this 

agricultural practice used 90% less water than traditional agriculture (Al-

Kodmany 2018; Avgoustaki and Xydis 2020). Furthermore, the potential 

to use rainwater harvesting for this practice is significant and it should be 

further explored and implemented (Orsini et al. 2013; Safikhani et al. 

2014). Orsini et al (2013) in their paper they present the exploration of 

various methods used to develop urban agriculture in developing nations, 

were the drivers to reduce the amount of use and waste of resources are 

significantly higher. They suggest urban farmers to integrate 200-250 

litres water tank on the roofs, to harvest the rain water to use to grow 
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their urban crops. “These systems are particularly useful for urban 

producers since they do not require high starting capital” (Orsini et al. 

2013). 

Despite of the many benefits of vertical farms, it is undeniable that there 

is an imperative need to make them more resource efficient, in order to 

allow them to thrive. One of the main culprits of resource expenditure in 

vertical farms is the energy required for lighting, when the farm does not 

have access to natural light. Nevertheless, due to the nature of the 

different needs required to provide plants with their specific ideal 

environment to thrive, places significant amount of resources to ensure 

that the plants can have the right level of humidity, ventilation, 

temperature, nutrition, CO2 levels, etc. The controls to manage and 

balance all the necessary parameters can tend to be also another high 

consumer of resources and therefore financially demanding. As a result, 

this investigation places a focus on the viability of alternative sustainability 

characteristics that can potentially be coupled to vertical farms in order to 

make them also more environmentally friendly in terms of resources 

efficiency and usage.  

In summary, vertical farms required a multidisciplinary interaction and the 

uses of different types of methodologies in order to achieve holistic 

integration with its host building and the various other interacting 

elements, and to create successful vertical farms, i.e., efficient and 

sustainable. Until now, little of the research undertaken in the vertical 

farming world is shared with the academic community, VF tends to evolve 

behind closed doors. Therefore, it is not surprising that “the vertical 

farming practice is still in its infancy” (Jans-Singh et al. 2019; Storey et al. 

2020; Zimmerman-Loessl et al. 2020). This lack of collaboration and 

transparency in research reduces the opportunities to work at a multi-

disciplinary level, in order to allow this field to achieve its maturity. 
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4.3 Methodology 

The diagram provided in Figure 15 depicts a summary of the various 

elements that are included in the methodology of this research project. As 

previously seen in chapter 2 and 3, vertical farms are a multidisciplinary 

practice which requires multifaceted analysis. Different research methods 

will allow different data to be gathered, therefore the most appropriate 

approach must be chosen. For instance, Jick (1979) described that “various 

notions share the conception that qualitative and quantitative methods 

should be viewed as complementary rather than as rival camps” (Jick 

1979). The mixed-methods approach tailored to this research project 

consists of three stages: 

 

1. A systematic review of the literature conducted to identify the 

suitable candidates of vertical farm case studies and simulations 

which are relevant for the present research project.  

2. The subsequent stage consisted of filtering the key operational 

projects and simulations identified for further analysis and 

investigation to determine which are selected to attempt contact. 

3. In the final stage, the key projects are filtered and contacted to 

attempt further engagement activities and conduct further studies 

or collaborations whilst creating a list of the current state of the 

operational and simulated vertical farms. 

 

Therefore, the established “tactic”, i.e., Research Method, comprising the 

characteristics described above and providing a robust three-fold 

combined methodology approach, is followed throughout in this thesis as 

can be seen in Figure 15. The details of the structure of this research 

therefore follows the three main stages:   

 

.
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Figure 15. Details of the research methodology 
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4.3.1 Stage 1 – State of the Art of vertical farms and Stakeholder 

engagement: Qualitative Research 

Following the systematic literature review described in the previous 

chapter, a scoping study was conducted engaging with stakeholders from 

academia and industry in order to gather further updated information in 

the field of vertical farming. Furthermore, this scoping study was also 

aimed to find real-life case studies to develop simulation based on their 

characteristic. Chapter 5 provides further details of the scoping study and 

the site visits which thereafter led to finding the commercial collaborator 

to undertake the case study at a later stage 

 

Scoping studies 

The overarching topic of the research in question: Vertical Farms, involves 

a number of layers of expertise and knowledge, making this topic a broad 

subject. According to Daudt et al. (2013), scoping studies are “to map 

rapidly the key concepts underpinning a research area and the main 

sources and types of evidence available, and can be undertaken as 

standalone projects in their own right, specially where an area is complex 

or has not been reviewed comprehensively before”. Indeed, the scoping 

study was conducted as a complement of the literature review which was 

comprehensive enough to understand that some of the methods and 

practices of the industry are not readily available in peer-reviewed 

publications. This is in part due to the infancy of the vertical farming 

industry (Higgins 2016; Benis et al. 2017b; Graamans et al. 2018; Khalil 

and Wahhab 2020), but also because of commercial sensitivity of the 

business-oriented vertical farms. 

Another issue that contributed choosing the scoping study was the 

multidisciplinary nature of vertical farms. Although several authors 

address vertical farming multidisciplinary nature (Despommier 2010; 

Gillott et al. 2014; Al-Chalabi 2015; Sarkar and Majumder 2015; Shao et 

al. 2016; Al-Kodmany 2018), the literature review conducted showed that 

not enough collaboration and information transfer has happened across 

the vertical farming community, making it difficult to collate and agree in 
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the best practices for the development of this agricultural method. One of 

the ways to aid with this was using the scoping study to map the current 

panorama of vertical farms globally, selecting primarily the vertical farms 

or plant factories that adapt better to the aims of this thesis. At this point, 

the literature review conducted aided in selecting the projects that were 

still active but also that fell into the category of vertical farm or plant 

factory, as understood for the aims of this thesis. This is due to the issue 

observed while conducting the literature review chapter, i.e., the lack of 

standardization in the definition of vertical farms, according to which the 

many terms used in the community to refer to the same or similar 

concepts, affect the generalisability of the methods and practice used. 

Following the filtering process, the engagement with stakeholders 

proceeded, in order to determine whether there is possibility to exchange 

data and knowledge about the processes used in the vertical farm. 

Engagement 

Based on the information found on the literature review, the next step was 

to engage with vertical farming key stakeholders and academics that were 

identified as relevant for this investigation. Engagement in this context 

was conducted by contacting the principal authors of peer reviewed 

publications to gather information about the insights of their work and try 

to fill the gaps identified across the literature review in terms of, for 

example, the parameters used for simulation of vertical farms. In addition, 

having filtered the most suitable active vertical farms, exploratory contacts 

were undertaken with stakeholders and operative personnel to investigate 

the possibility of conducting further studies such as field research and 

interviews. This engagement was valuable not only for the filtering of the 

candidates to select the field study (having successfully selected the 

vertical farm that served for the case study through this process), but also 

offered important further information. Whilst a number of vertical farms 

could not offer to share data, these interactions and  in some cases detail 

communication, presented the researcher with valuable insights regarding 

the nature of the commercial sensitivity around the development of 

different vertical farms. 
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To present a holistic picture of the State-of-the-Art of vertical farms, this 

investigation found the guidance provided by Groat & Wang (2013) 

suitable for this context. As can be seen their book on Architectural 

Research Methods, the “additional attributes of qualitative research” 

(Groat and Wang 2013) are extremely valuable to a research project of 

this nature, where the literature review revealed a significant amount of 

published work related to vertical farming, but also a lack of cohesion in 

terms of the language used internationally. 

In order to set a relevant boundary for this type of qualitative research, it 

was decided that comparative information and learnings of the vertical 

farming field at a national and international level were significant. Further 

details on the selection of the case studies can be found in chapter 5. Based 

on the scoping assessment, case studies were under consideration across 

two countries: UK and China. China was selected as a potential option to 

create comparative studies at an international level. Liu and Teng (2017) 

described China as one of the countries with the greatest concentration 

and growth of plant factories, i.e. vertical farms. This was therefore 

undertaken in parallel with the engagement in the United Kingdom. Key 

organisations were selected in both countries for further investigation and 

to potentially undertake site visits and initiate research collaboration. This 

was with the purpose to find collaborative research, monitoring and 

calculations collaborators. Some of these key stakeholders or operational 

vertical farms could be used at the next stage of this research work, as 

case studies for the development of the simulation framework developed 

as part of this PhD investigation.  

The reason to include some form of qualitative data gathering as part of 

the analysis (during the stakeholder engagement) are mainly these two: 

 

• According to Hennink et al (2010) “qualitative research is useful 

for exploring new topics or understanding complex issues” 

(Hennink et al. 2010).Vertical farming fits this description rather 

well. In their book (Hennink et al. 2010) highlighted ten reasons 

to undertake qualitative research. Amongst these ten reasons 

there were some that resonated more in relation to the 



Diana Waldron   PhD Thesis 

Cardiff University  95  Welsh School of Architecture 
 

applicability in the investigation of this topic: “Qualitative research 

is conducted to provide depth, detail, nuance and context to 

issues” in topics that might be too “complex to be easily 

disentangled by quantitative research.” (Hennink et al. 2010).  

• The previous description links the above statement to vertical 

farms, Kozai et al (2016a) represent succinctly in their book the 

large number of different research areas that concern vertical 

farming, as can be observed in Figure 16.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The Policy Brief “High-Tech Plant Factories: Challenges And Way Forward” 

(Liu and Teng 2017) published in collaboration by two leading universities 

from Singapore, highlighted information about some of the most 

prominent researchers and experts in the area of vertical farming from 

various countries around the globe. China was highlighted as one of these 

countries, where the “Ministry of Science and Technology brings together 

researchers, farmers and companies to develop breakthroughs in 

intelligent plant factory production technology” (Liu and Teng 2017).  

Accordingly, further engagement was undertaken with projects located in 

China, in order to explore possible collaborations and obtain information 

regarding the parameters and characteristic used for operational and 

simulated vertical farms. The initial step consisted of contacting 

Figure 16. Diagram of Agricultural Technology 
from Kozai et al. (2016a)  
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stakeholders of the following VF in academic and commercial contexts, in 

order to identify its representative and exploring the possibility of further 

engagement activities and additional funded possibilities.  

Four out of five key stakeholders of vertical farms in the UK were interested 

either in collaboration, sharing information and/or allowed site visits. In 

contrast, one out of five contacts made in China responded to the request. 

The respondent in China, eventually became the international academic 

partner that offered to host the author of this thesis during her PhD 

placement in Shanghai. One stakeholder in the UK responded to notify that 

no longer operates as a vertical farm. Finally, one stakeholder based in 

London, responded to express his interest in collaboration and data 

sharing.  

Furthermore, information was also discussed with stakeholders, such as 

potential sustainability scenarios to co-locate vertical farms, i.e., Anaerobic 

Digestion plant (AD plant). One of the face-to-face discussions held with 

an academic collaborator was to gauge the viability of a case study 

integrated with an AD plant. The meeting took place with an expert on AD 

based in Cardiff. Further examples are also related to the exploration of 

renewable energy integration, amongst several other important and 

relevant investigations. 

4.3.2 Stage 2 – Development of an analytical framework for 

vertical farms (assisted by simulation modelling) 

A common theme across the international vertical farming community is 

the variation of vertical farms. There is not one standard concept of 

method to guide on the best practice of this alternative agricultural 

method. As presented in the literature review chapter, this is a field 

teeming with discrepancies and a variety of concepts that are related to 

vertical farms, but not necessarily the same. In addition, there is 

significant difficulty in finding and accessing information. This is likely to 

be due to the multidisciplinary and multifaceted nature of vertical farms 

(Shao et al. 2016; Tablada et al. 2020). As a result, an analysis framework 

was developed and explored in order to tackle the above issues. To develop 

the framework, the need of an assisting software tool was identified. 
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Therefore, various software were investigated, such as DesignBuilder, 

Sketchup/Virvil plugin, HTB2, among others. 

In order to select the most appropriate tool, a set of criteria was 

established depending on the principles of flexibility, accessibility and 

convenience. The flexibility requirement alluded to the fact that the 

selected tool should have the possibility to input different types of data, 

including environmental data of the building and plant behaviour. The 

accessibility requirement referred to the need for the selected tool to be 

open source, which will consequently allow for future modifications. This 

will facilitate the necessary ‘add-ons’ or ‘bolt-ons’ that will help to further 

this simulation methodology. This feature is paramount in such a multi-

faceted field and still considered at its infancy. Furthermore, a free and 

open source software tool will be more in line with the reality of current 

vertical farms, where most of them currently struggle to achieve a positive 

financial balance (Kozai et al. 2016b), they rarely can afford an added 

financial burden.   

Finally, the convenience requirement alluded to the fact that the author of 

this thesis had pre-existing knowledge in some of the tools that are being 

explored as potential candidates for this task. Due to the number of 

probable tools that could be assessed as part of this study, it was a 

significant advantage to have such pre-existing background knowledge. 

The task at hand at this early stage was to assess the flexibility of the 

software tools, not just to develop an original framework to simulate 

vertical farm scenarios, but also to allow future potential modifications of 

the software.   

Finally, the most appropriate tool was selected based on the identified 

needs highlighted in the outcomes of the literature review, the state of the 

art and the scoping study. The chosen software: HTB2 (Heat Transfer in 

Buildings). Details and reasoning behind the full selection process can be 

found in the next chapter. The construction of the framework was originally 

developed with the aim of building up on information and parameters 

found in the literature and engagement with vertical farmers, these 

parameters were summarised in Table 10 (Chapter 5, section 5.5.1.2). 



Diana Waldron   PhD Thesis 

Cardiff University  98  Welsh School of Architecture 
 

These parameters were used to aid the development of the framework 

methodology, nevertheless there were significant gaps in the literature and 

amongst active farms, as it can be noted by the number of blank cells both 

in Table 10 (Chapter 5, section 5.5.1.2), as well as in Table 6 (Chapter 2, 

section 2.7). Following this process, the simulation framework was created 

using a trial base-case study (simple-box design) to assess the different 

parameters along the developmental process. After this process, the 

framework was then tested with the selected active commercial vertical 

farm. Testing a scenario to assess suitability and applicability of this new 

simulation framework for this context.  the suitability and initial reliability 

of the simulation framework. 

The framework was developed with the capabilities of the selected 

software tool in mind, as well as its limitations. Along the developmental 

process, the aim was to maximise these capabilities to help further the 

learning and development of the vertical farming field. This would 

undoubtedly mean the integration of multi-disciplinary parties from the 

early design stages of a vertical farms. 

Further details of the development of this simulation framework can be 

found in Chapter 5: “Development of a Simulation Framework for Vertical 

Farms”. 

4.3.3 Stage 3 – Case Study to test the developed framework  

Following the learning and outputs of stage 1 and 2 described above, a 

case study was selected, thanks to the scoping study and stakeholder 

engagement. The amount of data and information required for this case 

study was particularly difficult to obtain, due to the previously mentioned 

commercial limitations, data sensitivity and difficulty to find a collaborative 

organisation. Despite the difficulties, thanks to the significant scoping 

study, one vertical farm out of the several contacted was open for 

collaboration and happy to share their monitored data.   

As a result, the newly developed framework was tested comparing the real 

monitored data against the simulated data. The process used a full year 

dataset, including external variables, such as air temperature and relative 

humidity, as well as indoors conditions of the growing rooms, such as: the 
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energy consumption from the air handling unit, irrigation system and 

lighting system. In order to create the comparative scenario for the 

simulation in HTB2, information regarding the characteristics of the host 

building was collected and modelled in HTB2. If data was not directly 

available from the case study, educated assumptions were made based on 

literature and direct observation during site visits, as well as questioning 

and discussing with the owner and developer of the vertical farm. This was 

done with the aim to ascertain as much information as possible, close to 

the reality of the case study, to develop the equivalent simulated scenario. 

One of the areas that will require further development in the future, as an 

important addition to this  simulation framework, is to allow more detail 

on the representation of the detailed behaviour and impact of plants. At 

present, for this research this has been significantly simplified, by including 

the details of plants in one of the occupancy files of HTB2. Nevertheless, 

to achieve a simulation closer to the reality, the methodology will require 

to include further detailed data on the behaviour of the plants. Further 

expertise would be required on a multi-disciplinary collaboration to achieve 

this in the future. Details can be found in the next chapter. 

Subsequently, the data from the monitored case study and the simulations 

were compared using correlations and descriptive statistics. The analysis 

included determining what possible parameters not included in the 

simulation, could be influencing the results, as well as the individual 

behaviour of each variable monitored vs simulated.  

4.4 Chapter summary  

This chapter provided the description of the “threefold” overarching 

research methodology of this PhD (Mixed-methods). The overall PhD 

research has been undertaken by following these three research methods: 

(1)Qualitative research, (2)Simulation and (3)Case Study. These methods 

are convergent, each of them is informing and complementing each other, 

progressively adding and simultaneously contributing to the overall 

outcomes of this investigation. 
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Chapter 5  
Development of a Simulation Framework for 

Vertical Farms  
 

 

“Through urban agriculture it is possible 
to experience urban ornament” 

 
(Viljoen and Bohn 2005) 

 

 

5.1 Chapter Overview 

The literature review (Chapters 2 and 3) alongside the outcomes of the 

qualitative research approach to the stakeholder engagement (integrated 

within the literature review chapters and the methodology chapter) 

demonstrated that there is a significant amount of development in the 

sector of vertical farming. Nevertheless, there is a need to link the 

available knowledge and to find a platform to allow the development of 

holistic models. This is also highlighted in the publications that relate to 

the topic of simulation of vertical farms, such as Benis and Ferrão (2018) 

and Khan and Ahmed (2017), where the publications stress on the 

importance of further development in the area of simulation to assist the 

design of vertical farms and improve their efficiency. This chapter presents 

the development of the parameters of a framework for the simulations of 

vertical farms, using an open-source tool.  
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5.2 Introduction 

Based on published evidence, this investigation has found that vertical 

farms are a plausible alternative to grow crops inside and outside cities, 

with a significant amount of advantages attached to it. Yet there is still a 

lack of availability of information and data in this sector (Avgoustaki and 

Xydis 2020), as well as the fact that a significant number of vertical farms 

fail within the first couple of years. Japan being one of the countries that 

has invested more time and effort in advancing the field of plant factories, 

is an example that there is still a long way to achieve efficiency in indoor 

farming: based on a survey by the Ministry of Agriculture, Forestry and 

Fisheries of Japan, only 25% of plant factories make a profit, 50% break 

even and 25% run at a loss (Kozai et al. 2016b). Nevertheless, in the 

second edition of Kozai’s book (2019) it is reported that the same survey 

by the Japanese government established that these figures have improved 

somewhat: the new report established that 50% of plant factories now 

made a profit (Kozai et al. 2019). Despite the improved statistics, these 

figures are not yet encouraging, which begs the question: Are there 

accessible tools to allow the planning of vertical farms designs before they 

are built? And if there is a possibility to have these tools, can they be made 

open sourced and freely available to all stakeholders of the vertical farming 

community? 

These last two questions unveiled significant gaps in the field of vertical 

farms, and they constitute the importance of objective 2 of this thesis: 

Objective 2: To propose, develop and test a conceptual 

and analytical framework that can be used to recreate 

or modify the behaviour of vertical farms in indoor 

environments, with the assistance of a flexible 

simulation tool.  
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Higgins (2016, p.309) published a statement succinctly detailing a number 

of the issues that are highlighted across the literature, related to some of 

the gaps of vertical farming:  

There are still a lot of unanswered questions [in vertical 

farming]. Some of these questions revolve around [the efficiency 

of] light, but many of them are focused on other variables of 

vertical farming that are just as important, including seed 

technology, climate management, water, nutrition, and labour … 

How does each of these factors play an integral role in making 

vertical farms both environmentally and economically 

sustainable?  

The statement above, supports two main significant gaps that are 

highlighted in a number of publications in the field of vertical farming: 

1. The need to find solutions to several unanswered questions. There 

are substantial research gaps in this field (Higgins 2016; Khan and 

Ahmed 2017; Avgoustaki and Xydis 2020) 

2. The need to integrate various disciplines and skills that are 

fundamental for the success of vertical farms (Despommier 2010; 

Al-Kodmany 2018; Zimmerman-Loessl et al. 2020). 

Overall, the evidence presented above and in the previous chapters 

provide several arguments to support vertical farming as a suitable and 

viable agricultural alternative in urgent need for optimisation. “vertical 

farming is not competing against regular agriculture, it aims to be 

complementary” (Farquhar 2020). 

Due to this significant number of parameters that are interconnected in 

the field of vertical farms, the significance of developing a simulation 

methodology has been highlighted as part of this PhD investigation. 

Computer simulations are well known for assisting the investigation and 

search for viable solutions of complex scenarios, such as the ones posed 

by vertical farms. Therefore, computer simulations are an attractive and 

plausible alternative to assist with performance predictions and testing 

solutions for optimisation.  
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Effectively, as a result of the literature review conducted (Chapters 2 and 

3), this research has been searching for the bridge between the influence 

of the host building and the behaviour of plants: 

1. Research on the behaviour of plants 

2. Research on the behaviour of buildings 

These two key areas potentially hold plausible possibilities to develop a 

bridge between the existing knowledge of simulation of the productivity 

and behaviour of plants growing indoors and the simulation of the indoor 

environment taking under consideration the influence of building 

materials, weather, etc. i.e., building performance evaluation.  

The above is the key knowledge gap that this PhD work has tackled. 

However, one of the earlier key references stated here, Ward et al (2018), 

has highlighted the innate complexity of the integration of plants with their 

[built] environment. Hence, the approach suggested by this research 

project is to use a dynamic thermal simulation tool to tackle some of these 

complexities, whilst being aware of current limitations and therefore 

providing a method that is flexible enough to allow future integration of 

further parameters from various other disciplines that can enrich this 

process and bring it closer to a true simulation platform for vertical farms, 

which is open source and free of charge for the research community.   

The methodology section below describes the exploration and development 

of a simulation-based framework, which can create a future platform to 

allow stakeholders from different backgrounds and expertise to 

communicate, collaborate and share data related to the simulation of 

vertical farms.  

5.3 Software tools for vertical farms  

There are a handful of publications providing information about simulation 

scenario options for vertical farms, but the simulation methods proposed 

by these authors have their own set of difficulties. Details of these authors 

and problems are provided in more detail below and in section 5.3.1, some 

of which have also been previously referenced during the literature review 

of this topic, in Chapter 3 (section 3.4). 
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Just to highlight a few of these examples and attached difficulties; Shao et 

al (2016) developed virtual vertical farming scenarios, in their attempt to 

test a new software tool they developed to assist the financial estimation 

of VF. Some of the perceived challenges of using this software tool (called 

VFar) are mainly attached to the development of a bespoke software, it 

has significant limitation on its capabilities and the level of assumptions 

can make the results questionable, in terms of how close to reality are 

those results. The above publication only reported using their simulations 

on fictional scenarios, not real vertical farms. Similarly, most authors 

currently working on simulation of vertical farms work only on fictional 

scenarios (Benis et al 2017b and Graamans et al 2018). The publications 

reporting results on data of real vertical farms (or empirical) are tackling 

the area of monitoring and analysis of data, not relating it to any simulated 

scenarios (Ward R et al. 2018 and Jans-Singh, M. et al. 2019). 

Furthermore, added to the limitations of the current body of knowledge of 

this are, none of these methods have been validated, this is 

understandable due to the early stages of this work in an area that is still 

in its infancy.  

Despite any shortcomings, these authors have been pioneers in the 

development of simulation of vertical farms. In their publications they 

highlight the limitations of the proposed modelling scenarios and 

acknowledge the urgent need to develop this area further. As previously 

mentioned, this is a highly multidisciplinary field, as such, in order to 

achieve optimum outputs, true collaboration ought to take place. Jans-

Singh et al. (2019) describes that “there is a lack of understanding of how 

well these [vertical farms] systems can be integrated into existing 

infrastructure, and how their environment can be optimized in an efficient 

manner. Scientific models for plant growth are largely empirical and 

developed for certain types of commercial plants” (Jans-Singh et al. 2019). 

Furthermore, the influence of the host building on vertical farms is even 

less researched and the understanding of the interaction between buildings 

and plants is more limited compared to the plant’s growth models. Hence 

there is a significant potential in the area of integration of the relevant 

building parameters that affect the overall environment of a vertical farm. 
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These parameters in relation to the behaviour of plants and how they have 

mutual influence must be approached in a dynamic manner.  

5.3.1 Exploration and scoping of a viable software tool  

Software tools used to simulate the built environment have significant 

potential for knowledge-transfer into the field of vertical farming. 

Nevertheless, exploration in this area of vertical farming has been minimal 

(Benis et al. 2017b; Graamans et al. 2018). The authors Citherlet et al 

(2001) once described how to achieve “advance architectural 

development”. Complex domains of the built environment such as heating, 

light, ventilation and acoustics can only be truly understood and 

realistically considered when the interaction amongst all of these 

parameters is taken under consideration. Without an integrated approach, 

individual analysis will not reflect the real scenario (Citherlet et al. 2001, 

p. 451). Although, the above concept is referred to as “advance 

architectural development”, the same principle applies for vertical farms: 

there must be an integrated approach.     

The multifaceted nature of vertical farms requires a similar problem-

solving approach to building performance. Building performance 

simulations do not consider the physics of buildings alone; they also 

consider the complexities of the interactions of humans (and other living 

beings) as well as several other actively influencing parameters that 

inhabit the building. This characteristic makes this approach an enticing 

candidate for further exploration on how the current boundaries of building 

performance simulation can be pushed beyond their current uses. This is 

particularly important given the fact that the vertical farming sector lacks 

a platform that can help towards achieving a holistic analysis approach. 

“Given the complex environmental, economic and social dimensions of 

urban agriculture, holistic decision support tools could help integrating 

them in urban areas” (Benis and Ferrão 2018, p. 36).  

The significant potential for knowledge-transfer from the fields of 

architecture and the built environment has not been unnoticed in the 

research world. Work has been undertaken by a few people on this area, 

for instance Benis et al. (2017) and their work on Building integrated 
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Agriculture (BIA) development of a simulation-based decision support 

workflow for the implementation of Building-Integrated Agriculture (BIA), 

Graamans et al. have worked on simulations attempts comparing 

greenhouses and plant factories and comparing resources efficiencies 

(Graamans 2015; Graamans et al. 2018), and Khalil and Wahhab (2020) 

exploring the use of ENVI-met to assess the potential of the integration of 

vertical farms in cities to help to mitigate the Urban Heat Island (UHI). The 

few examples above, are evidence of the variety of approach that 

evaluating vertical farms can take and the number of concepts that are 

closely linked to this field. One particularly relevant aspect that can be 

highlighted from the examples above that is particularly influential in the 

area of simulation, is the scale of the analysis: a research can have two 

completely different scopes of simulation: Building Level or Urban Level 

(Benis et al. 2018; Khalil and Wahhab 2020). 

There is little comprehensive evidence of advancement in the area of 

simulation development for vertical farms, at both levels: Building and 

Urban Scale. During the literature review, most authors agreed that this is 

an area significantly underdeveloped, and that more work is necessary. 

For instance, Avgoustaki and Xydis (2020) discuss the matter around 

computer simulation models and adaptive analysis software tools, 

expressing the significant need to undertake “more research [and 

development] focused on the extension of [these] programs and modify 

the already existing ones” (Avgoustaki and Xydis 2020, p. 265). Similarly, 

Ward R et al (2018) describes that the “simulation science of controlled 

environment [or vertical farms] is yet to mature. Testing models against 

data from more urban farm typologies will continue to improve the 

response of the model under different scenarios. Ultimately, this will 

enable an improved understanding of the city-scale environmental impact 

of integrating urban farming within cities” (Ward R et al. 2018, p.282). 

Benis et al. (2017) also agree with the need of vertical farm simulations to 

be further developed, in their work it is highlighted the significance of 

considering the building envelop in order to “lessen heat losses and gains, 

thus reducing energy requirements for climate control.” (Benis et al. 2017, 

p.600). 
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As a result of the information and facts retrieved during the exploratory 

stage of this PhD research, the idea of developing a simulation framework 

for vertical farms was born, given that the author has some previous 

experience with computer simulation modelling (Bassett and Waldron 

2013; Jones et al. 2013; Waldron et al. 2013). This idea originated with 

the intention to develop a potential tool that can help plan and provide a 

method to integrate various aspects of vertical farming at an early stage, 

in a virtual platform. This simulation framework aims to provide an initial 

stage towards a holistic approach aiming to find ways to optimising the 

design of vertical farms before any financial investment has been made.  

Significant progress in the area of simulation has been published by 

Graamans et al (2015, 2017, 2018, 2020) trialling software tools (MATLAB 

and DesignBuilder) to recreate the environment of vertical farms. Their 

investigations tackle a number of important aspects of crop behaviour, 

with a particular focus on the role of plants to calculate the energy balance 

equation. They declare that evapotranspiration is a relevant design 

parameter that is often ignored in plant factories calculations (Graamans 

et al. 2017). Their particular work on crop transpiration and energy balance 

included parameters relevant to the behaviour of the plants, such as the 

effect of net radiation in plant production, surface (stomatal) resistance 

and aerodynamic boundary layer resistance and transpiring leaf area, the 

leaf area index (LAI) (ditto). On a separate study, (Graamans et al. 2018) 

developed a study comparing simulation methods between greenhouse 

and plant factories. In this occasion the MATLAB method they have 

published the previous year was not used, but instead two different 

software approaches: KASPRO for greenhouses and DesignBuilder for plant 

factories. This investigation has shown an interesting approach to learn 

from the potential wealth of knowledge that can be transferred from 

greenhouse into vertical farms, since simulation methods of greenhouses 

are significantly more advanced (Vanthoor et al. 2011a; Vanthoor et al. 

2011b; Shamshiri et al. 2018). 

Nevertheless, the methods described above still require further 

development and upgrading. One of the issues identified here was that the 

authors described DesignBuilder as not a dynamic simulation tool 
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(Graamans et al. 2018, p.32). However, this is not the case, this study 

simply chooses not to use it as a dynamic simulation tool. When contacted 

as part of this research stakeholder engagement, the authors responded 

the query by explaining that vertical farming modelling does not require 

dynamic simulation because it only has two states: photo-period and dark-

period with constant climate throughout. Nevertheless, with this 

description they seem to ignore altogether the impact of the outside 

weather on the indoor environment. This simulation model therefore 

assume that vertical farms occur only on perfectly sealed building. This is 

however a common assumption in the field of vertical farm publications 

(Kozai et al. 2016b).  

Building performance evaluation and simulation is a well-known area of 

research in the architectural world. It exists due to the fact that buildings 

rarely perform as expected and that there is a massive difference between 

“as-designed” vs “as-built” constructions (Zero Carbon Hub 2014; Jack 

2015). It is relatively safe to assume that this is likely to be the case also 

for buildings containing vertical farms. The influence of the outside weather 

and the materials of buildings is often just neglected in the analysis and 

understanding of vertical farms (Kozai et al. 2016b). Publications that do 

consider the impact of the outside climate/weather, as well as the design 

and materials of buildings, on the indoor environment of vertical farms 

tend to describe their work as Building Integrated Agriculture (BIA). Benis 

et al (2015, 2017, 2018) are some of the most published researchers in 

this area, focusing on computer simulation mainly of hypothetical 

scenarios. These publications focus on comparative studies of various 

forms of urban agriculture, vertical farms being one of them. They used 

an architectural 3D modelling program called Rhinoceros 5.0TM with its 

plug-in GrasshopperTM which “enables the use of numerous environmental 

analysis plug-ins such as Diva-for-Rhino, that are based on the validated 

daylighting and thermal simulation engines DAYSIM and EnergyPlus.” 

(Benis et al. 2017b). Nevertheless, the tools presented above can be 

significantly costly, limiting therefore the number of people that will be 

able to use them.  
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Similar to the work described above, Khan and Ahmed (2017) also 

presented a proposed simulation method for vertical farms by exploring 

the capabilities of Building Information modelling (BIM). Nevertheless, the 

software used in this study can also represent a significant cost. In order 

to create a common platform to communicate at an international level with 

the vertical farming community, the issue of affordability should also play 

a significant role. 

This PhD project required to establish research boundaries in terms of 

possible simulation routes to explore. The number of potential alternatives 

that can be explored as part of the developmental process of a simulation 

framework for vertical farms represent a significantly large area of 

research. One PhD project cannot cover all the domains that are influential 

to vertical farms, as it has been demonstrated with the information 

presented above, this is a multifaceted area which requires several 

different expertise to work in collaboration. Therefore, keeping in mind 

that one of the aims of developing this simulation framework is to layout 

a path to unify knowledge in this field, the bullet points below present 

some important items that influenced the decision-making process of 

selecting the simulation pathway. These bullet points became therefore 

the selection boundaries of the chosen software tools, and these are based 

on the identified gaps of the literature and sector engagement:  

• Flexibility of the chosen software tool(s): Due to the complexity of 

vertical farming, the software used as part of this simulation 

framework should be flexible enough to allow the integration of the 

various domains or relevant parameters that are integral parts of 

the holistic representation of vertical farms.    

• Open-access and/or Low cost: There is significant evidence 

supporting the fact that one of the major obstacles of the 

development of vertical farms is the capital cost (Thomaier et al. 

2014; Kalantari et al. 2017b; Al-Kodmany 2018; Hughes 2018; 

Avgoustaki and Xydis 2020). In order to have a successful 

integration of this simulation framework, the financial aspect must 

be minimum, i.e., the use of expensive simulation software tools 

can potentially render this exercise useless. Therefore, the financial 
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implications of the software used is given a significant weight in the 

selecting process. If there is a tool that is fit-for-purpose, with the 

same level of validity and quality of the calculations and is 

potentially open source and free of charge, this tool will be given 

priority to be selected for this investigation.  

• Generalisability: It is described as “… how well a method, measure 

or measurement, and data from that method, will generalise into 

other domains, situations, settings or populations” (Wilson and 

Sharples 2015, p.27). It has been mentioned that in the field of 

vertical farms is a common assumption to ignore the impact of the 

outside weather, which raises concerns about the generalisability 

of these models in different contexts.  

• Reliability: refers to questioning if “… we would get the same results 

and interpretations if we repeatedly use a method or measure” 

(Wilson & Sharples, 2015b, p. 26).  

• Usability: Characteristics such as accessibility, efficiency, 

effectiveness, and satisfaction are requirements to engage the end 

users with a software (Wilson & Sharples, 2015b, p. 234).  

• Validity: is defined as “…whether something measures what it 

claims to measure” (Wilson & Sharples, 2015b, p. 26). Simulation 

tools are built to predict performance, running costs, behaviour, 

amongst others. Therefore, a validated tool would support the 

reliability and generalisability factors. 

 

5.3.2 Software tool selection stages 

Based on findings described above and to select the software tool to be 

used as the foundation for the simulation framework developed in this 

doctoral research, three key issues have been considered: 

• Literature review outcomes: Some of the software tools found 

during the literature review show promise of future development in 

this area. Nevertheless, all the different methods have their own 

limitations, therefore the decision has been made also considering 

these limitations (section 5.3.1 and Chapter 3 section 3.4) 
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• Sector engagement outcomes: the author of this thesis contacted 

two of the most published authors in this area: Luuk Graamans 

(2015, 2017, 2018, 2020) and Khadija Benis (2015, 2017a, 2017b, 

2018a, 2018b). Further information has been gathered as part of 

this process, which also informed the final choice.  Based on these 

conversations, it became evident that Graamans’ simulation 

methods have a significant focus on plant biology and less on 

building physics. On the other hand, the models presented by Benis 

are very diverse and do not focus only on vertical farms but also on 

greenhouses and other building integrated methods of agriculture.  

• Based on professional experience with different software: The 

author of this thesis identified which software tools that she has 

experience with, could potentially be used for the purpose of vertical 

farming. Some of the possible options are: HTB2, Ecotect, 

DesignBuilder and Virvil plug-in for SketchUp. Nevertheless, further 

experimental attempts were also undertaken with other potential 

software tools, such as ENVI-Met, Solidworks and Versim. The three 

latter were completely new to the author, therefore she received a 

tutorial session from expert colleagues to understand the features 

of the tools. During these introduction tutorial sections, the author 

identified ENVI-Met, Solidworks and Versim to be too rigid to be able 

to integrate the full design of vertical farms. 

The author does have professional experience with HTB2, Ecotect, 

DesignBuilder and  Virvil for SketchUp, see below for a detailed 

recount on the final selection process for the chosen tool.  

In order to select the software tool (or tools) to assist the development of 

this framework, the author used an elimination process, whereby the tools 

outlined above were considered and explored in order to understand their 

potential to achieve the purpose of this work. 

• DesignBuilder requires the purchasing of a license which costs 

significantly and varies between £649 up to £2,499 depending on 

the complexity of the required simulation. As established during this 

research, it can be expected that simulation of vertical farms can be 

expected to be relatively complex, potentially costing the maximum 
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price of this license. Therefore, the significant cost of this tool made 

this an unsuitable option for this framework development.     

• Rhinoceros 5.0TM requires the purchasing of a license (minimum cost 

€995) (RhinocerosTM 2020). The grasshopper plugin is included in 

with Rhino 6, but to get the Diva-for-Rhino, it costs a further $950 

(Solemma 2020). As stated above, financial requirement to 

purchase software tools will make them less viable candidates for 

the development of this framework. The aim of this investigation is 

to develop a method that can be freely distributed across the 

international vertical farming community. Therefore, a software that 

is free of charge and open source will take precedence.   

• From 2015, licences to purchase Ecotect have been discontinued 

(Autodesk Support 2016). Aiming for longevity of this framework, 

selecting a software that has been discontinued is not 

recommended. Hence Ecotect has been discarded.  

• HTB2 (Heat Transfer in Buildings (version2.0)), is an open source 

simulation software that has been used in the research community 

mainly for the analysis of the thermal behaviour of buildings and 

energy consumption, prediction and optimisation modelling, as well 

as sustainability parameters (Lomas 1996; Bassett et al. 2012; 

Jones et al. 2013). It uses mathematical models and laws of physics 

to calculate internal temperature, predict energy consumption and 

humidity, among others. While it has not been used for recreating 

the conditions of vertical farms, its characteristics present potential 

uses within this field, since it allows factoring multiple variables. 

About HTB2, Bojic et al. expressed the following: “In the study, the 

dynamic building energy model HTB2 was used to predict the cooling 

loads and indoor environmental conditions in the investigated flats 

throughout the year. The model uses the finite difference method to 

solve the one-dimensional dynamic heat-conduction equation for 

modelling heat transfer through the envelope and partition 

elements. This building energy model can calculate a thermal 

performance of a building with multi-room flats exposed to time 

varying climatic and occupation conditions. The handled climatic 

parameters are outdoor temperature, solar gain, and shading. The 
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model allows the user to define occupancy pattern, complex cooling 

and heating (cooling), ventilation and infiltration schedules, and 

lighting and internal load intensity patterns. In addition, it allows 

varying control settings during run-time, to mimic realistic 

occupation conditions. Predictions of HTB2 have been found to be 

matching well with measurements in buildings in cold and hot 

climate [12,13].” (Bojic et al. 2002). 

HTB2 as the selected simulation tool 

The main characteristics required for a computer programme to tackle the 

kind of issues addressed before are flexibility and reliability. Most 

commercially available software is expensive, and their code is not usually 

open source. Furthermore, some of the assumptions made by them is that 

there is little or no control over the number of required variables (i.e., 

‘black box’). Therefore, as a result of the selection process, the main 

reasons to choose HTB2 are: 

• Open-source Software: HTB2 was developed by the research 

community for the research community. This means it is open for 

other researchers or interested parties to make the best use they 

can from this software tool. Due to this nature, the software is not 

a commercial tool. Therefore, the power of this tool is on its engine 

and computational capacity, but not particularly strong on its user 

interface. 

• Flexibility: This is potentially the most significant characteristic of 

this software tool to be used to simulate vertical farms. This is due 

to the gap in the research world of a particular simulation tool that 

can attempt the unification of the different aspects (or domains) of 

vertical farms. HTB2 is “characterised by a highly modular structure 

in which different processes are clearly separated so allowing the 

addition and substitution of alternative algorithms to be readily 

made.” (Lewis and Alexander 1990, p. 7). The author of this thesis 

would like for this research to be a first step towards developing this 

software platform further, with the focus of vertical farming 

simulation and optimisation (as an early-stage design tool or aiming 
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to optimise existing designs/operational vertical farms). This 

software has good potential for further expansion of its current 

capabilities.  

• Future potential development: Due to the flexibility of HTB2, 

future projects have the potential to achieve great lengths in 

exploring further capabilities of HTB2. If developed with a multi-

disciplinary team focused on the essential aspects of vertical farms, 

a group of researchers/developers from backgrounds such as 

computer programming, plant biology, mathematics, biochemical 

and physics will possess the necessary knowledge the development 

specific modules that can be added to the initial HTB2 structure. 

“The availability of a more flexible open modelling system … that 

would allow algorithms developed by different groups to be freely 

interchanged and combined has … become a priority in the building 

science field” (Lewis and Alexander 1990, p. 7). 

• Validation: This software has been under development since the 

1980s, it has been validated and it has undergone a series of 

upgrading and development throughout the decades.   

• International Use and Availability: There are several research 

projects that have been published with case studies around the 

world demonstrating the current applications of HTB2 and its 

reliability (Lomas 1996; Yik et al. 2002; Khodakarami et al. 2009; 

Hassan et al. 2011; Shahidan et al. 2012; Jones et al. 2017; Huang 

et al. 2020). As mentioned before, this tool has been mainly used 

for the analysis of energy consumption of buildings under several 

different contexts, but without the focus required for vertical 

farming analyses, until this research project.  

• No financial cost: This software tool can be requested free of 

charge from the Welsh School of Architecture, Cardiff University. It 

is also available to download online directly from a Cardiff University 

webpage which contains information about HTB2, although this 

portal is focused on a sibling software tool known as VirVil (A plug-

in for SketchUp which uses HTB2 as the calculation engine and 

SketchUp as the user interface) (Welsh School of Architecture 

2014).  
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• Literature resources to support the use of HTB2 are published 

and  available: Literature with details of the structure of this 

software tool, as well as information to learn to use this software is 

also published (Alexander and Lewis 1985; Alexander 2008). 

One of the most important characteristics for HTB2 to be selected as the 

suitable simulation tool, is the flexibility it allows to let the user handle the 

parameters required. In terms of vertical farming there are a number of 

conditions that will require intrinsic simulation, and a great number of them 

need to be analysed in a different fashion, i.e., the thermal behaviour of 

the building hosting a vertical farm would require a different analysis 

process to the one predicting/analysing the behaviour of the plants and 

moisture. These are issues that are being explored in this research project. 

In summary, following the process detailed above, HTB2 has been selected 

as the base of this framework which aims to simulate and predict the 

performance of vertical farming buildings. 

5.4 Methodology for the development of the Framework: Using 

a Base-Case Study 

Using the information gathered above, an analytical, conceptual, and 

holistic framework is proposed in this section in order to encourage vertical 

farm stakeholders to use this method to integrate their expertise into one 

holistic pathway of early-stage vertical faming assessment. This 

framework is assisted by the chosen software tool: HTB2. It also aims to 

integrate existing knowledge into the process, in the spirit of getting a step 

closer to achieving transparency and ease of communication in this field, 

which can eventually lead to a further collaborative development of this 

framework, targeting a holistic approach to vertical farming integration in 

the built environment.  

Following the above, the next stage is to define a (simplified) case study 

to assist the development of this framework. Therefore, for the purpose of 

this investigation a virtual base-case study has been designed to help with 

this developmental stage of this framework. The characteristics are 

described in the following section. 
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5.5 Results and Discussion  

The sections below describe the development process of the simulation 

framework. A base-case study is proposed and used as a kind of  “Guinea 

pig” to facilitate the process and make decisions about the description of 

all the parameters required to scope the HTB2 software tool. 

5.5.1 Simulation Framework  

As mentioned in the methodology, the development of the framework was 

made using a “Base-Case” study. In the first instance, the opening trial of 

the case study took place using the more user-friendly interface of HTB2: 

Virvil Plugin for SketchUp (Waldron et al. 2013; Welsh School of 

Architecture 2014). Nevertheless, Virvil provides a set of default 

characteristics that are not as easy to alter by using this interface alone. 

When the data requires customisation and changes, this interface added a 

higher level of complexity to the basic files. Therefore, after running a few 

trial tests with Virvil SketchUp (Table 8), the decision was made to run the 

base-case study using directly HTB2, without the use of Virvil SketchUp 

interface. 

Table 8. Exploratory scoping study to assess the suitability of 
Virvil Pluging for SketchUp as the interface to use HTB2 in this 

vertical farms framework. 
Visual Snapshot of Study 

 
Description 

 

Scoping study assessing the 
potential of developing the 
base-case for this framework by 
using the Virvil Plugin for 
SketchUp, connecting the 3D 
model to the HTB2 calculation 
engine.   
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Two cubes were drawn side to 
side to undertake comparative 
exploration of the two spaces. 
Photovoltaic panels were also 
integrated, in the scoping study 
to gauge the potential of 
renewable energy in the 
analysis also.  

 

This analysis found that these 
initial trialled case studies, ran 
successfully using the HBT2 
engine within the SketchUp 
environment. However deeper 
investigation revealed that this 
was not the most appropriate 
tool for the desired context. 
Further explanation below.  

 

This is the view of a different 
case study that was also 
explored. This was a case study 
to appraise the potential to 
integrate a vertical farm case 
study with an Anaerobic 
Digestion (AD) plant (in 
Bridgend, Wales). 

 

This is another angle of the case 
study mentioned above. It was 
a scoping study to co-locate the 
base-case study next to an AD 
plant. As part of the stakeholder 
engagement of this project, the 
AD plant company (Cenin) was 
contacted to undertake the 
feasibility study.  
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These are some of the results 
drawn from using the Virvil 
Plugin. Nevertheless, they do 
not reflect the focus required for 
vertical farming.  
This tool (Virvil Plugin) was 
initially designed for large urban 
scale case studies. Hence, its 
scale is not yet relevant for the 
vertical farming field (individual 
building assessment)   

 

This is another view of some of 
the initial results from the 
scoping case-study. This 
method can potentially be useful 
in the future, when simulation of 
various vertical farms will be 
required at an urban scale. 
Nevertheless, for an assessment 
at a building-level, it is better to 
use HTB2 directly, without 
added interfaces. 

 

5.5.1.1 Framework Phase 1: Definition of stages 

This section will describe the various parameters examined and chosen 

during this developmental stage of the framework based on the HTB2 

structure. HTB2 has a Top File that connects all the sub-files, in Figure 17 

is showed the upper part of the hierarchy of HTB2 with the 4 main headings 

of the different sections that are currently comprised in this software tool: 

Building, Services, Diary and Meteorological. 

 

 

Figure 17. Upper part of HTB2 top file 
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In summary, the ‘TOP File’ links those four sections and all the 

characteristics contained within those files.  

 

Stage 1: THE BUILDING 

The first stage is to establish the characteristics of the host building. The 

virtual base case study has been outlined as a simple box-like building, the 

simplicity of this has been necessary, due to the fact that this is the first 

time that this simulation methodology has been undertaken in the context 

of vertical farms. 

 

The first scenario evaluates a 

simplified building in the shape of a 

cube, with the dimensions of 3 

meters on all sides, with a total 

footprint: 9 m2 and total volume: 

27 m3. The building is assumed not 

to have any windows for this 

development scenario (all walls 

and ceiling are opaque). 

Nevertheless, HTB2 offers the 

possibility of including windows also. 

Figures 18 and 19 provide visual representation of the base case study. 

Figure 18 provides the basic measurement and Figure 19 provides the view 

of the case study using two different software tools: (a) SketchUp and (b) 

HTB2.  

Figure 18. Building volume 
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(a)                                   (b) 

 

As it can be seen in Figure 19, the visualisation of the same case study 

looks significantly different on each interface. The SketchUp based 

interface depicts a scenario visually more similar to the real setting. 

However, the schematic representation provided by HTB2 highlights the 

important links between the different elements of the building, which will 

thereafter have an impact on the indoor environment of the building. 

Despite of the 2D visualisation option provided by HTB2, the graphic 

representation of the physical model in this tool is relatively simple and 

easy to learn and understand. 

As part of this stage, the inner arrangements of the building are 

established. The layout of the growing trays inside the base-case study 

have been informed by literature (Kozai 2013a; Li et al. 2016; Tsitsimpelis 

et al. 2016), based on the most popular layout of indoor vertical farms, an 

array of growing trays have been chosen for this simulation (Figure 20). 

  

Figure 19. Graphic representation of the virtual base-case study. This is 
viewed in two different interfaces: (a) SketchUp and (b) HTB2. 
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Based on the parameters found on the literature, the best sizes and 

distances between growing trays/shelves vertically and horizontally have 

been selected (Kozai 2013a; Li et al. 2016; Tsitsimpelis et al. 2016) and 

the final characteristics for this case study are specified in Table 9. 

Table 9. Characteristics of the shelves dimensions 
Trays/shelves length = 2 m 

Trays/shelves width = 0. 6 m 

Trays/shelves Thickness = 0. 06 m 

Trays/shelves Distance = 0.3 m 

Total Planting tower height= 1.8 m 

Number of stack/towers = 2 

 

  

Figure 20. Plant tray arrangement for the base-case scenario 

Figure 21. (a) Plan view of the base-case study 
indoor planting trays layout (b) schematic of the 

growing trays. 
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Figure 21 shows the plan view of the building, which includes the location 

and distances of the growing trays within the vertical farm as well as a 

simplified diagram of the growing trays to show distances and thickness. 

The HTB2 simulation requires a location in order to include the weather 

file. Therefore, before detailing the model further, our case study is given 

a location (Figure 22). This study assumes that the weather file will 

influence the thermal performance of the vertical farm, as it does on most 

buildings, even when indoor control environment is integrated (Oldewurtel 

et al. 2012). For the base case study, the chosen location is: 

Cardiff, United Kingdom  

o Latitude: 51.48 

o Longitude: -3.19 

 

Stage 2: SERVICES  

This stage consists of detailed information regarding the services required 

to run the building successfully to allow the crops to thrive. For instance, 

heating requirements, ventilation, lighting, occupation patterns (i.e., 

number of plants and humidity levels). Finally, this section should also 

Figure 22. Location of the building 
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cover water requirements, however, this specific feature has not been yet 

incorporated in this methodology. This stage will be considered in detail in 

the section “detailed parameters”. 

Stage 3: DIARY  

This stage refers to the ‘diary files’, i.e., the timetables relevant to the 

running of the vertical farm. For instance, the process requires to know an 

approximate number of plants that will be in the building, during what 

period of time. This is to further estimate the amount of moisture produced 

by these plants. This information will allow the simulation to consider 

moisture levels of the vertical farms, hence looking to maintain the 

appropriate level of humidity for the type of vertical farm. 

Stage 4: WEATHER DATA 

This part of the methodology keeps all the climatic information needed for 

the simulation period (own data files can be uploaded, otherwise this 

process allows to use weather data files from EnergyPlus). 

5.5.1.2 Framework Phase 2: Parameters 

The software tool selected for this framework (HTB2) encompasses a 

calculation hierarchy containing sub-routines of various nature. This 

framework development takes advantage of this hierarchy in order to 

guide the different phases along a similar route of the architecture of the 

software (Figure 23). 
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As it can be seen in Figure 23, this software (HTB2) is constituted by a 

number of “modules” that have never been explored with the focus of 

vertical farms, hence the purpose of this investigation to evaluate its 

potential. The development of this framework also benefited from the 

flexible nature of HTB2 (Lewis and Alexander 1990), where the most 

relevant modules were identified in Figure 24. The base-case study 

(previously described in Figure 18) has been used to aid the conceptual 

and descriptive development of this framework. 

 

Figure 23. HTB2 Structure which has assisted the development of 
this framework methodology  
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Figure 24. Simplified HTB2 Structure with the modules identified 
as most relevant for the development of this framework.  

 

Figure 24 depicts a simplified structure of the HTB2 modules, where the 

most relevant ones for vertical farming simulation have been highlighted 

in green. The next step of the analytical process of this framework 

development is thereafter described in Figure 25, where further details are 

provided on the focus of the selected modules, identified as most relevant. 

In order to populate these modules with vertical farming data, a 

spreadsheet was developed with information gathered from the literature 

review and stakeholder engagement. A summary of this spreadsheet can 

be seen in Table 10. The data was classified under some of the most 

relevant parameters based on the findings of this work and some of these 

parameters were thereafter used for the simulation of the base-case study 

with HTB2.  
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Figure 25. Details on the chosen HTB2 modules to focus this 
framework. 

 

As can be observed in Table 10, there are a number of gaps in the literature 

related to these relevant parameters. Therefore, some of the outcomes of 

the work described in this chapter aim to demonstrate how this framework 

can assist to fill some of these gaps.  
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Table 10. Parameters for simulation gathered from literature review, plus other relevant data within the context of vertical 
farming. 

  Al-Chalabi 
(2015) 

ZipGrow Towers 
(Appendix 01) 

Wang et al. 
(2016) Li et al (2016) Chen et al. 

(2016) 
Wang et al. 
(2016) 

Graamans 
(2017) 

Benis et al. 
(2017) 

Tsitsimpelis 
(2016) 

Graamans 
(2018) 

Photo Period (PP) 
(hours/day) 18 - 16 16 (start at 08:00  

ends at 00:00) 
16 (start at 08:00  

ends at 00:00) 12 16 13 16 16 

Dark Period (DP) 
(hours/day) 6 - 8 8 - 12 (start at 21:00  

ends at 09:00) 8 11 8 8 

Temperature (°C) 

PP - 
15 min 
23 max 

24 23 23 25  
(23 min -27 max) 21 17  

(min 12) - (heating 
setpoint) 24 

DP - 20 20 19 20  
(18 min - 22 max) 19 28  

(max 32) - 
(cooling/ 

ventilation 
setpoint) 30 

Relative Humidity 
(%RH) 

PP - 
50 - 70 60 60 

- several 
measurements 
recorded during 
the experiment 

73 60 - 65 min  
90 max 

DP - - 82 90 - 65 min  
90 max 

CO2 Concentration  
(µ mol.mol*-1) 

PP - - 

400 400 300-500 

kept always the 
same as outdoors: 
498 (CO2 balance 

enrichment 
method: if indoor 

CO2 50 µ 
mol.mol*-1 fell 
below outdoors' 

- - - 

1200 (!) 

DP - - - - - 

Type of Lights 
Germination (G) 
Post-Germination 
(GP) 

G High-pressure 
sodium (HPS)  
600 W lamps 

assumed 

LED lights 
specifically 

design for crops 
growth (light 
bars emitting 
511 STU/hr - 

spectral (blade) 

Fluorescent 
lamps (TL-D 
36W Phillips) LED (16 multichip 

Z-LED) the rated 
power for each 

chip is 3W 

- - - - LED - 

GP 
LED light 

plates (DC 
supply) 

- - - - 
15 kW  

(transformer 
units) 

- 

Irradiance  
(µ mol.m*-2.s*-1) 
or Photosynthetic 
photon (PPF) 

PP - - 150 50 

169 150 

100 - 300 - 120 

500 (!) 
DP - - 200 

started at 70 (for 
10 days), then at 
120 (for 15 days) 

400 - 600 (l) - 210 

Controlled Environment  
(yes/no) - yes yes yes yes yes yes yes yes yes 

Growth Medium hydroponic soil based (in 
towers) hydroponic hydroponic hydroponic hydroponic hydroponic hydroponic hydroponic hydroponic 

Water Requirements 10.7 l/m2 - - - - - - - - - 

Number of Days - - 30 days 
15 days of 

germination 
25 days after 

14 of germination 
24 days after 36 days - - - - 

Wind speed or ACH - - - - - - 
4000 m˄3/h or 
approx. 
200 vol 
exchanges/h (!)  

- 
enters at 10 m/s 

dispersed average 
of 1.7 m/s and 

exhaust at 7 m/s 

- 
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Table 10 (continued). Parameters for simulation gathered from literature review, plus other relevant data within the 
context of vertical farming. 

  Al-Chalabi (2015) ZipGrow Towers 
(Appendix 01) 

Wang et al. 
(2016) Li et al (2016) Chen et al. 

(2016) Wang et al. (2016) Graamans 
(2017) 

Benis et al. 
(2017) 

Tsitsimpelis 
(2016) 

Graamans 
(2018) 

Systems - 

HVAC - only for 
cooling. Their 

plants and light 
generate enough 
heat to keep the 
system running 

successfully 

- - - 
air exchange and 

heat pump for 
cooling 

HVAC for 
cooling and 

dehumidification 
- - 

HVAC/Fancoil 
unit/Air cooled 

chiller 

Light Utilization Efficiency 
(LUE) (g/kWh) - - - 

32 
plants/m2/electric 

energy consumption 
- - -   - - 

Renewables 

Some information 
and estimation 

figures on the use 
of PV (or BIPV) 

- - - - - - - - - 

Certification   

Modular farms are 
GAP (Good 
Agricultural 

Practice) certifiable 

    -   - - - - 

pH - 5.5 - 6.5 (Lettuce) - 6.3 - 6.0 to 6.5 - - - - 

Other Features 

For water 
requirements, 
moody diagram 
equations were 
used to calculate 
the energy 
needed to pump 
the water in the 
building and to 
calculate the 10.7 
l/m2 of water 
required 

HEPA filters for air 
intake and exhaust 
systems. 
Commercial grade 
air conditioning and 
dehumidification 

  

The Red/Blue ratio 
(R/B) has been 
considered. Only 
considered the 
electricity 
consumption of the 
illumination, i.e., 
cooling, ventilation 
and water pumping 
was ignored 

  

This paper 
provides loads of 
details of sensor 
types and 
measuring 
equipment. Energy 
Consumption for 
heat pumps and 
air exchanger were 
measured by 
wattmeters and 
recorded every 
minute. Attempt to 
save electric 
energy by using 
the air exchanger.  

VCD (Vapour 
Concentration 
Deficit) 
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5.5.1.3 Detailed parameters: base-case study 

This section will provide an example of how most of the identified relevant 

parameters for vertical farms can be integrated into this developed 

simulation framework, demonstrating how they are input in HTB2, using 

the base-case study as the first attempt. 

Figure 26 shows a snapshot of the type of configuration files used by HTB2, 

where some basic information about the building is stated. This files are 

important due to the  contains information such as geolocation coordinates 

as well as the volume and some other information necessary for the 

simulation engine to link this file with the rest of them.  

 

 

Figure 26. HTB2 configuration file containing the initial basic 
characteristics of the building (BLD File). 

 

In addition, the parameters in Table 11 were used. 

Table 11 – Simulation Parameters: Base-Case Study 

Simulation Parameters: Base-Case Study   
Building Volume   27 m3   

Temperature   
Photoperiod   21 – 25 C   
Darkperiod   18 – 22 C   

Lighting Hours   (i.e. Photoperiod)   16 hours (08:00 – 23:59)   
Light Power   LEDs multi-chip   912 Watts (total)   

 



Diana Waldron   PhD Thesis 

Cardiff University  130  Welsh School of Architecture 
 

The module of HTB2 handling the specific information about the building 

materials are the library and construction files. These modules are flexible 

enough to allow any vertical farming developer to tailor the materials and 

type of construction that are going to be used for any particular project. 

This investigation found that this kind of tool does not exist in the vertical 

farming community. The small sample of simulation attempts of vertical 

farms so far, have only used “black-box” type of software, making it 

difficult to have transparency of data and data-sharing, limiting the 

amount of potential collaborative work and comparison of parameters and 

testing results.  

In these modules, relevant information regarding the thermal properties 

of building materials and their configuration is detailed. HTB2 allows users 

to build their own construction files and therefore have clear information 

about the u-values used and more (Figure 27). This information can easily 

be shared and compared. 

 

Figure 27. Sample of construction files used for the various tests. 
 

To achieve u-values calculations among others, HTB2 has a library of 

standard building materials with their thermal properties attached. In 

addition, there is also a “user library” of materials which can be designed 

for any context. As part of this framework, a specific library of materials 

for vertical farms was developed (see Figure 28). Nevertheless, very little 

information was found in the published literature specific to vertical farms. 

Some information on this topic is partially mentioned by Cattarin et al. 
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(2016) Benis et al. (2017b) and Graamans et al. (2018), where small 

details about the construction material of the wall of the building has been 

mentioned, but this was not clear or specific enough to even provide a u-

value, i.e. mentioned a type of insulation but not u-value seemed to be 

included in their specific calculations. An important aspect of this section 

of the software tool is that the users of the framework can provide their 

own bespoke information related to the fabric of the building, feeding into 

the u-value calculator any particular arrangement of materials and 

thicknesses, having the capability to test and experiment different 

arrangements in this virtual setting. Hence, users are not restricted to 

specific material/thickness combinations. Exploration in this area, related 

to the most efficient combination of building fabric to interact with the 

specific characteristics required for a productive indoor environment for 

different types of crops or plants species, represent a valuable opportunity 

for further multidisciplinary collaboration in this area. Further details are 

provided in the appendices with regards to the data used in the simulations 

of this investigation, related to building materials and their properties, 

within HTB2. Figure 28 provides a sample snapshot of the type of layout 

used in the HTB2 files containing the information required in the library of 

materials. Note that the details required for the materials to be used in 

HTB2 are conductivity (W/m/C), density (kg/m3) and specific heat 

capacity (J/kg/C). 
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Figure 28. User library file for vertical farm. For each material 
added to the library three main values are provided: conductivity 

(W/m/C), density (kg/m3) and specific heat capacity (J/kg/C). 
 

Services: 

• Heating: 

To simulate vertical farms more reliably, two main sets of requirements 

must be fulfilled: for photoperiod (PP) and for dark period (DP) (see Table 

10). Figure 29 below shows the heating file specifying the requirements 

for both different periods of this case-study. Figure 29 shows that the 

ranges of optimum temperature specified here are: 18C to 22C for ‘dark 

period’ and 21C to 25C for ‘photoperiod’. These values are taken from 

literature and stakeholder engagement, gathered and included in Table 10. 

The type of heating system specified for this case study was a basic 

convective heating system.  
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Figure 29. Heating file base-case study 
 

In this particular case, the heating file is giving instructions to turn the 

heating on and off at the specific temperatures’ thresholds. Based on the 

data gathered and averaged to choose the most representative parameters 

found in literature, it has been found that a common practice is to have 

two specific functioning periods:  

1. During the photoperiod: Lights to be turned on typically 

16 hours a day (but it will vary according to the type of 

plant, etc. This can be easily changed by the user) 

2. During the dark period: Lights are off 8 hours a day. 

  

• Lighting power: 

This file contains the information of the capacity of the specific 

arrangement of lights inside the vertical farms. In order to calculate the 

specific lighting for the case study, information found in literature was used 

as the main reference for this exercise. 

There are a number of different lights that can be used for vertical farms. 

It has been found that LED lights are the most efficient (Mitchell and 

Sheibani 2015; Higgins 2016; Gupta and Ganapuram 2019) and therefore 
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these lights were the ones used for this simulation study. Considering that 

the base-case study has 2 towers of planting trays (Figure 21), each with 

4 levels, the most approximate lighting arrangement for them is detailed 

in Figure 30 below. The specific distance measurements were taken from 

the reference (Li et al. 2016).  

 

Figure 30. Lighting arrangement 
 

Based on detailed information published by (Li et al. 2016) this multi-chip 

LEDs illumination system contains an array of 3W chips (rated power for 

each chip). Calculating that the total growing area is 9.6 square meters 

(i.e. the size of each grow tray is 2m x 0.6m = 1.2, and there is a total of 

8 trays = 9.6 m2 grow capacity). The lighting arrangement suggested by 

Li et al. (2016) shown in Figure 30 allows therefore for a total of 304 LED 

chips for this specific area, hence 304 x 3 Watts = 912 Watts. This final 

figure is the number required for the lighting file of HTB2 (Figure 31). The 

lights are only on during the photoperiod 16 hours a day, from 08:00 until 

23:59. All this information is stored in this HTB2 module.   

 
Figure 31. Lighting file base-case study 
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• Ventilation file:  

Figure 32 below shows an example of a ventilation file for HTB2, different 

air changes per hour can be specified here for any scenario. The published 

evidence of vertical farms is not clear about what are the recommend 

ventilation rates for vertical farms. This will of course vary from case to 

case, but the fact that there is not clear published data for almost any case 

study is a significant gap identified and hopefully tackled by the use of this 

framework. 

 

 

Figure 32. Ventilation file base-case study 
 

• Occupancy file:  

It is anticipated that the main “users” of this building will be the plants. Of 

course, there will be circumstances where occasionally there will be a 

person entering the building to look after the plants, but in this case study, 

this has been considered as negligible. This is due to the length of time a 

person remains in the building, compared to the duration of the plants 

inhabiting the space. Nevertheless, in future replications of this simulation 

method, the presence of human beings can be considered within the 

simulations, if this is an item considered as significant, i.e., in the cases of 

larger vertical farms, where there might be a more frequent interaction 

between human beings and plants. This kind of cases can also be 

considered into this simulation, however, for this original pilot studies this 

has not been consider yet, mainly to avoid unnecessary complexity to the 

schedules at this point.  
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Henceforth, in this case, the “users” of the building in this simulation are 

the plants. HTB2 considers the users, or occupants, of the buildings as 

sources of heat and moisture (Alexander 2008). In other words, the 

module related to occupancy only requires the values related to potential 

heat and humidity gains resulting from the “occupants”. The key input data 

required for this occupancy module are: heat output (in Watts), water 

vapour (in grams per second) and “number of occupants”. The other 

numbers found in the data file of this modules are just related to the 

schedule which in this case, it has been set to be always occupied (seven 

days a week, 24 hours a day). This of course can be changed to the 

individual needs of different cases. 

In order to be able to adapt this occupancy module to fill all the needs for 

a more accurate simulation of a vertical farm, there are two options:  

1. Work with a computer programmer to change the original code of 

the software (the programming language of the source code is 

Fortan) to make this module, and potentially other modules of 

HTB2, more receptive to the characteristics of plants. This occurs 

because this software was not originally written for vertical farms, 

but to use physics and mathematical formulas to analyse the 

behaviour of regular buildings. This option is perfectly feasible, 

within a larger project, where a team of experts can be brought into 

this project to improve the software tool, since HTB2 has an open-

source code. But this falls outside the boundaries of this PhD. 

2. “Trick” the software into thinking that the occupants are “people” 

instead of “plants”. After all, it does not matter to HTB2 if the 

occupants are people or plants (or other!). All the software tool is 

doing is arranging data/numbers to fit into the formulas and 

calculations running in the background of the software, the code. 

 Therefore, to overcome the current limitations of the software, the author 

of this thesis searched for the best way to achieve option 2 above: “trick” 

the software, to be able to input the characteristics of the plants instead 

of people. To pursue this route, the HTB2 manual and all support 

documents were scrutinised, to find clues on how to input the necessary 
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data, in a way that the software would understand and take into 

consideration in the most accurate manner, for the context of the vertical 

farm. Overall, this module had to be manipulated to reflect the moisture 

content released by the plants, as closed as possible to the reality. Also, 

ensuring that any heat outputs that the software tool attempts to attach 

to occupants are avoided, since this could interfere significantly with the 

calculations, since plants and humans release and absorb heat in a 

different manner: humans are exothermic (heat-producers), whilst plants 

are predominantly endothermic (heat-consumers) (Wohl and James 

1942).  

To be able to develop the right simulation tool to consider all the 

complexities behind the differences between the behaviour of plants 

compared to humans, falls beyond the scope of this study. As mentioned 

above, this is one of the main recommendations for further research work. 

It is clear that this software tool has the capability to include further 

formulas into its calculations, but in order to develop this intricate feature, 

a team of experts must be added to this task: a plant scientist, a 

mathematicians or physicist to develop the necessary formulae and a 

computer programmer to alter the software tool). 

However, to work around the current limitations of the software, the best 

way to tackle this issue has been to disable the heat gains from the 

“occupants”. In other words, the heat output from “occupants” for this 

simulation framework has been set to zero (0 Watts). By doing this, the 

software understand that there is a source of water vapour output from 

the ”occupants” but not heating. Finally, to input approximate values of 

water vapour output (in grams per second, or gr/s, as needed by HTB2 

code) and the “number of occupants” the following comparative 

calculations between plants and humans have been undertaken: 

Based on the literature (Tenwolde and Pilon 2007), water vapour released 

from plants varies across different types and environments. Similarly, 

people also released different levels of water vapour, but for the purpose 

of this comparative analysis two average water vapour values 

published by Tenwolde and Pilon (2007) were selected for both: 
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(1) One plant can release approximately 2.5 grams per hour (g/h) and 

(2) One person can release approximately: 300 grams per hour (g/h) 

These values were compared to calculate equivalent figures and then 

converted to the units required by HTB2 (grams per second, g/s). Simple 

mathematical calculations were used to achieve the approximate suitable 

values to input: 

• 300 / 2.5 = 120 i.e. 120 plants could produce an approximate 

amount of water vapour equivalent to 1 person. 

• The estimated number of plants within the vertical farm has to be 

calculated based on the size and quantity of growing trays (place 

where plants are cultivated). 

• In the base case study there are 8 growing trays. Each tray has 

enough space to grow approximately 36 plants (estimated 

calculations made based on the physical dimensions of the vertical 

farm, Figure 21). This figure will vary significantly depending on the 

size of the plants. The total number of plants in this vertical farm 

therefore are: 8 x 36 = 288 plants   

• If 288 (plants) is divided by 120 plants (calculated in the first bullet 

point above), the resulting number will provide an estimated 

equivalent number of people required to produce a similar amount 

of water vapour. 228 / 120 = 2.4 people. This has been 

approximated to 3 people. 

• Finally, since HTB2 is working with the assumption that the 

occupants are people, the water vapour rate produced per person 

had to be included also. Using the same literature reference: 

300 g/h / 3600second = 0.08333 g/s 

This is the water vapour figure also used for this simulation. 

In summary, the calculations above resulted in the following values that 

would be used as the key inputs for the required by HTB2’s occupancy file 

of this base-case study: 

• Heat output (in Watts): 0 W 

• Water vapour (in grams per second): 0.08333 g/s 
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• Number of occupants: 3 people (which is the equivalent of the 288 

plants that are estimated to occupy the vertical farm) 

These values can be seen in Figure 33.  

 

Figure 33. Occupant/plants file of the base-case study 
 

• Weather file 

Similarly, the weather files are a simple straightforward process of 

obtaining the desired weather file of the given location. In this case, 

weather data from EnergyPLus is transferred to HTB2 to perform the 

simulation.  

 

5.5.2 Simulations results and discussion. 

One of the key focus of this investigation is to assess how the outcomes 

from HTB2 can be used to model and compare some key parameters of 

vertical farms. The flexibility of HTB2 allows various modules of parameters 

to be integrated in the simulation process. Therefore, the development of 

this simulation framework, mainly focuses on the modules of HTB2 that 

are most relevant for vertical farms. A number of trials were therefore 

designed in order to test the specific parameters.  

Trial 1: Testing results based on ventilation rates. 

An important parameter to improve the efficiency of vertical farms is to 

ensure that the necessary ventilation can be achieved to provide the 

adequate environment for plants to thrive (Wang et al. 2016; Graamans 

et al. 2018). Mathematical models exist that can help to calculate the levels 

of CO2 necessary for different plants to grow. They have been tested for 

greenhouses (Vanthoor et al. 2011a; Vanthoor et al. 2011b) and some 
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initial attempts to integrate the models used in greenhouses have been 

tentatively referenced by researchers in areas related to vertical farms 

(Benis et al. 2017b; Graamans et al. 2018). Nevertheless, very little 

evidence has been published on the impact of different rates of ventilation 

in vertical farms and this evidence is unclear: one author publishing the 

results of an underground monitored farms to require as little air changes 

per hour as possible to maintain the CO2 at the optimum level, they argue 

they need less than 3.5 air changes per hours (Jans-Singh et al. 2019). 

On the other hand, in a different publication focused on results from a trial 

simulation study of a high-tech vertical farm, the study suggests that in 

order to provide an optimum air mixing and uniform condition across the 

farm, it required “200 volume exchanges per hour”. 

Evidently, the level of ventilation in a vertical farm is important, but there 

is not enough transparency and evidence in this area of research. 

Ventilation helps to regulate the optimum temperature and humidity levels 

in vertical farms. These parameters have “acute impact on plant growth 

and morphology […] and plant transpiration” (Tsitsimpelis et al. 2016). 

Therefore, they affect the healthy growth of plants and hence final 

produce. This investigation considered that the lack of information in this 

area is a significant gap that can be tackled with this framework to some 

extent. This method therefore encourages experts in the field of indoor 

farming to explore the module of HTB2 which can be used to shed light on 

the impact of the ventilation rate at an early design-stage for any 

prospective vertical farm project. This module can also be manipulated in 

the future to include further aspects that are affected by ventilation, i.e., 

CO2, plants transpiration, latent energy flux of plants, etc. 

 

The results obtained from this initial interrogation, using the base-case 

study as an example, can be seen in Figures 34 and 35. These graphs 

present the interaction between the indoor air temperature and relative 

humidity (RH), also compared to the outside weather. As it can be 

observed in the results (Figure 34 and Figure 35), despite the fact that the 

building is fully sealed, insulated and there are no windows in this project, 
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the outside conditions have a noticeable impact on the indoor climate. 

Observations drawn from Figure 34 and Figure 35 evidence the significant 

influence of the rate of air changes per hours (ACH) on the indoor air 

conditions. This exercise has been included in this investigation, due to the 

fact that this is an important gap in the literature of vertical farms (Table 

10). The lack of published evidence in the area of ventilation is highlighted 

by the several gaps within the table. The results obtained from this 

simulation show that the systems providing 10ACH are able to deliver the 

desired temperature more accurately than 5ACH. Note that there are some 

hours during the summer months, that both scenarios overheat (results 

are above the set optimum parameters: Tmax=25oC and Tmin= 21oC), and 

the overheating issue is more prevalent in the 5ACH scenario than the 

10ACH. 

The lower temperature levels achieved with the higher ventilation rate is 

not a surprising result. The levels of humidity however seem to be better 

regulated by the 5ACH system. Figure 35 shows a significantly higher level 

of relative humidity despite of the higher air changes per hour. This could 

be due to the low temperatures and conflicts with the air dew point or 

other parameters. This is an example of the importance of performing a 

holistic exploration, since all these parameters affect each other and 

thereafter also the plants. Furthermore, considering that the CO2 levels 

will also play an important role on the relationship with ventilation, i.e. 

fewer ACH help to maintain better levels of CO2 (Jans-Singh et al. 2019), 

then careful consideration of all the necessary parameters needs to be 

implemented at the design stage of vertical farms. These investigations 

play a significant role in finding the “sweet point” when balancing all these 

parameters, and this is extremely important also because different crops 

required different specifications. Hence, by having a standardise method 

to follow the investigative process, vertical farms can be planned for 

optimum indoor environment despite of the different scenarios.  

Based on the findings from this study, it is recommended to have a holistic 

approach - the information obtained from this framework can be coupled 

up with other models in the future that also take into consideration further 

parameters (Benis et al. 2017b; Graamans et al. 2020), as well as 
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examples of monitored case studies of active vertical farms (Jans-Singh et 

al. 2019). 

In conclusion, by assessing these parameters presented in this initial 

study, it was found that further information on this area will potentially 

benefit the vertical farming community to understand and approach the 

ventilation strategy of vertical farms from a different perspective. In 

further developments, this part of the framework can be linked to 

communicate with further parameters that also interact with ventilation 

(i.e. CO2, plants transpiration or latent energy flux of plants). This can be 

particularly valuable to set as a standard calculating process since different 

crops will have different requirements. Therefore the more automation that 

can be achieved in this process (Shamshiri et al. 2018) to achieve more 

transparency of data and ease of sharing, will highly benefit this 

community.  

 



Diana Waldron   PhD Thesis 

Cardiff University  143  Welsh School of Architecture 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. Simulation results with ventilation of 5 air changes per hour (ACH) 

Figure 35. Simulation results with ventilation of 10 air changes per hour (ACH) 
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Trial 2: Seasonal Results. 

Seasonal variability of indoor air temperature and humidity is a relevant 

factor to ensure optimum indoor conditions all year round (Tenwolde and 

Pilon 2007; Broyles 2008). Nevertheless, this is a topic that has been 

untapped by the vertical farming research community due to routine 

assumption that indoor farming does not get affected by the outside 

weather (Kozai et al. 2016b; Al-Kodmany 2018). By using the tool in this 

framework analysis, this suggestion has been rebutted as can be observed 

in the data presented in Figures 36 to 43, with specific information of the 

seasonal variability of the indoor conditions of vertical farms. 

The results in Figures 36 to 43 correspond to the simulation using the 5ACH 

ventilation parameter. From the results, it can be inferred that the average 

indoor temperature was kept at the desired level in this simulation trial. 

The current environmental controls used in this case study, managed to 

keep the monthly average temperature within the desired range, for the 

optimum development of plants. The humidity was significantly more 

fluctuating, but maintained the desired optimum range, i.e., approximately 

between 70% to 90% (Benis et al. 2017b; Graamans et al. 2017). 

Interestingly, this behaviour closely reflects also the behaviour of the 

outside temperature, which begs the question of integrating further 

parameters and expert knowledge into a decision to assess the need of 

mechanical ventilation or looking into alternative ways to integrate more 

environmentally friendly methods to achieve the necessary parameters, 

such as the ones suggested by Benis and Ferrão (2018) to optimise 

efficiency by exploring potential fields of improvement such as thermal 

insulation (which can be easily integrated into this design framework and 

in active vertical farms) or by natural ventilation (Benis and Ferrão 2018, 

pp33). This study will go one step further and recommend that this 

optimisation process investigate the seasonal variability of these 

parameters (as seen in Figure 34 to Figure 43) to assess if natural 

ventilation is not viable all year round. Then, evidence can be established 

by setting up the case study scenario and obtain data to support which 

seasons might be suitable for natural ventilation and propose a mechanical 
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ventilation system with bypass for the expected seasons where natural 

ventilation can be utilised.  

 

 

Figure 36. Summer temperatures interactions: 
Indoors and Outdoors (Base-Case Study) 

 

 

 

Figure 37. Summer Relative Humidity interactions: 
Indoors and Outdoors (Base-Case Study) 
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Figure 38. Autumn temperatures interactions: 
Indoors and Outdoors (Base-Case Study) 

 

 

Figure 39. Autumn Relative Humidity interactions: 
Indoors and Outdoors (Base-Case Study) 
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Figure 40. Winter temperatures interactions: 
Indoors and Outdoors (Base-Case Study) 
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Figure 41. Winter Relative Humidity interactions: 
Indoors and Outdoors (Base-Case Study) 

 

 

Figure 42. Spring temperatures interactions: 
Indoors and Outdoors (Base-Case Study) 
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Figure 43. Spring Relative Humidity interactions: 
Indoors and Outdoors (Base-Case Study) 
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Trial 3: Typical week queries. 

Similar to the above trial, no detailed information is usually available for 

vertical farms to gain insight evidence with as much detail as a typical 

week. This is a characteristic that can be exploited by using HTB2 as the 

assisting tool for this framework. HTB2 can provide simulated data with 

resolution of an hour, and it builds up to provide data for any length of 

time, adding up to yearly data. The data can be selected to show particular 

parameters relevant to the analysis of vertical farms. For example, detailed 

data on energy consumption, related to lighting, air conditioning, moisture, 

ventilation, heating, etc. Details can be obtained for different scenarios to 

create comparative databases relevant to particular crop types, for 

example. The aim is to be able to assess best alternatives to achieve 

optimum indoor environment for any crops. 

Based on the detailed data obtained with the results from the simulation 

with HTB2, weekly detailed graphs were created, initially using the hourly 

data. Figure 44 and Figure 45 show examples of how this data can be 

presented. In future development of this framework, it is recommended to 

use this as a tool to integrate various other parameters influencing each 

other, in order to achieve holistic results at this phase of the analysis. This 

weekly assessment was developed as part of this study, as an interesting 

feature of this methodology, particularly due to the short turnaround time 

of some crops typically produced in vertical farms. For example, some 

microgreens, depending on the type of crop and growing conditions, can 

grow as fast as 7 days, from germination to harvest (Chen et al. 2016; Li 

et al. 2016; Wang et al. 2016). Therefore, a weekly analysis can provide 

valuable insights to identify which crops to grow which weeks of the year 

where less energy could be required to achieve the specific optimum 

conditions. 
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Building up on this data, Table 12 shows a snapshot of a sample 

arrangement of the data for the next level up of the data, where the hourly 

values were used to provide daily averaged data and exported and sorted 

into a table highlighting the particular parameters that are being 

investigated for a particular scenario. By sorting the data in this manner, 

better understanding of the seasonal variability of the data can be 

identified. The focus on this case were the extreme seasons, i.e. winter 

and summer (to gauge the behaviour of the vertical farm under cold and 

hot external conditions). With the help of basic statistical assessment of 

average values of the data, the information within this table was used to 

select a typical week for each of these two main seasons (winter and 

summer).  

Table 13 shows the descriptive statistics that were used to select the data 

for the most representative characteristics, for one week for each season 

under analysis. To select a typical week for the two seasons, all the daily 

averages of a whole season were scrutinised. Values were classified using 

the standard deviation (SD), as well as the mode, median or mean 

(average) where appropriate. Based on this analysis, the most 

representative figures were highlighted in green on the table with all the 

daily averages for each of the seasons, Table 12 shows a snapshot of the 

table for the winter season.  (see Table 14). To choose the particular values 

that were the most representative for each parameter, the first step was 

to calculate the SD for each of them (see Table 13). A 

low standard deviation (SD) means the values of the data are clustered 

around the mean (or average). Therefore, for the Internal Air Temperature 

(C) the selected representative values have been chosen to be the closest 

to the “mean” of the data (or the average), see chosen values in red in 

Table 13. However, for the other characteristics, where the SD was higher, 

this indicated that the data is more spread out, hence the “mode” was 

chosen as the most representative value, i.e. External Air Temperature (C) 

and External Relative Humidity (%). For the Internal Relative Humidity 

(%), both values: “mode” and “mean” were the same, so this was the 

chosen value. See Table 13 for the summary of all these representative 

figures.  
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Thereafter, based on these descriptive statistics, all the daily averages 

were scrutinised across the full table for both winter and summer. The 

values that were same or similar to the chosen representative values were 

highlighted in green (see a sample of this on Table 12).  

 
Table 12. Snapshot of a section of the winter season database 
created for the base-case study (This data can be investigated 
from various angles. Below is a brief sample of a section of the 

winter daily data. The full table hold data for the full year. 
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Following this exercise, the week of the season that had the larger number 

of green cells was therefore chosen as the most representative week. Table 

14 shows the chosen week in winter, based on the most representative 

parameters. 

 
Table 13. Statistical values to select the most representative 

week of the winter season. Numbers in red have been selected 
after analsysis. 

 

  
Int Air Temp  

(C)   
Ext Air Temp  

(C)   
Int Humidity 

(%) 
Ext Rel Hum 

(%) 

MODE 22.456 7.671 84.136 93.958 
MEDIAN 22.254 6.454 83.842 88.542 
AVERAGE (MEAN) 22.029 5.952 84.136 87.617 
STANDARD DEVIATION (SD*) 0.56 2.51 2.10 6.72 

*use SD to select either mode or average 

  
Int Air Temp  

(C) 
Ext Air Temp  

(C) 
Air Humidity 

(%) 
Ext Rel Hum 

(%) 
TYPICAL WINTER 

WEEK: 22.0 7.7 84 94 
 

 
 

Table 14. Based on the statistical values identified above, the 
most representative typical winter week was chosen. 

 

Date Int Air 
Temp  (C)   

Ext Air 
Temp  (C)   

Int Humidity 
(%) 

Ext Rel Hum 
(%) 

  
02 January 2017 22.328 9.29 83.312 88.434 Monday 

C
h

os
en

 t
yp

ic
al

 w
ee

k 

03 January 2017 22.393 7.775 81.817 81.208 Tuesday 
04 January 2017 22.425 7.846 80.642 80.083 Wednesday 
05 January 2017 22.204 6.454 85.551 92.333 Thursday 
06 January 2017 22.026 5.992 85.31 85.583 Friday 
07 January 2017 21.566 3.55 83.527 78.833 Saturday 
08 January 2017 22.3 7.479 87.344 93.958 Sunday 
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Trial 4: Water content analysis. 

Humidity is one of the various challenges faced by vertical farms, since its 

significantly affected by the capacity of achieving the right balance 

between ventilation rate and the internal temperature (Graamans et al. 

2017; Jans-Singh et al. 2019). If the humidity is not suitable for the crops 

to thrive, this will affect their photosynthesis and therefore productivity  

(Davis and Hirmer 2015; Graamans et al. 2020). One of the methods of 

dehumidification is condensation (Kalantari et al. 2017a). The assisting 

software tool to this framework (HTB2) has a module that helps to 

calculate several parameters related to the behaviour of water content of 

the internal air (Figure 46). Therefore, this framework suggests to take 

advantage of this capabilities of the software to help the prediction of the 

water content and how this can be potentially coupled with water 

management strategies; potentially integrating this strategy with the 

recovery of the condensed water into the hydroponic systems, considering 

that hydroponic is the most popular method used to grow plants in vertical 

farms (Higgins 2016; Kozai et al. 2016b; Kalantari et al. 2017a). 

This HTB2 module can be coupled in the future with models such as the 

mathematical model proposed by Davis and Hirmer (2015) which is based 

on the FAO-56 Penman Monteith Equation, aiming to quantify the effects 

of evaporative cooling on vertical systems.  
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Figure 46. Parameters related to the behaviour of water. 
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Trial 5: Testing renewable energy potential. 

HTB2 has the capability to calculate the potential of solar access falling on 

a building, to assess the suitability of renewable energy technology 

integration in/on buildings (i.e. simulate the amount of energy that can be 

harvested by having PV panels, for example). This is a valuable feature 

that can be exploited in a vertical farming simulation scenario. The 

potential to integrate renewable energy from sources such as solar 

photovoltaic can contribute to the sustainability of the system and the 

replicability of the business model. This is however a preliminary 

consideration for further research projects to build on, as it exceeds the 

ambition of this PhD research.  Figure 47 below is a trial sample of this, 

using the data gathered from the base-case study. 

Published literature states that the use of renewables would significantly 

help to advance the development of vertical farming (Al-Kodmany 2018; 

Avgoustaki and Xydis 2020; Graamans et al. 2020; Tablada et al. 2020), 

but there is not robust published evidence of any data and/or analysis on 

actual real cases, where the use of renewable energy has been used to 

supply the needs of a vertical farm (at the time that this research work).  

Figure 47. Sample study for renewable potential investigation: Lighting demand vs 
Solar radiation. The multi-colour bars represent the cumulative solar potential of all the 
facades+roof of the host building in kWh (solar radiation falling on all surfaces of this 

building) vs the purple bars represent the energy consumption of lighting, also in kWh. 
Monthly data for one full year (2016-2017). 

kW
h

 

Date 
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During the simulation of the base case-study of this vertical farms analysis, 

the monthly energy consumption of the lighting required for the vertical 

farm was calculated with this framework method, for one full year. This 

lighting consumption (in energy terms) of the simulation has been included 

in the graph shown in Figure 47, represented by the purple bars. Each 

purple bar represents the monthly energy consumption of the lights of the 

vertical farm (in kWh). This data has been positioned next to the 

cumulative potential of harvesting energy from the sun, to potentially 

power these lights (also in kWh). This is what the multi-colour bars next 

to the purple bars represent, in the graph (Figure 47), i.e. the multi-colour 

bars show the total solar radiation falling on the various surfaces of the 

building, of this base-case study (in kWh). The host building of this case 

study is in the simple shape of a cube. The solar analysis was calculated 

considering the total solar radiation falling on each of the facades of this 

building (or cube), as well as the roof. The light blue shown in the multi-

colour bars is the total solar radiation falling on the North Façade, the 

orange is the East Façade, the grey is the West Façade, the yellow is the 

South Façade and the darker blue is the whole roof of the building. The 

geolocation of the base-case study is Cardiff, Wales. Further characteristics 

of this base-case study can be found on section 5.5.1.1. 

This exercise aims to show that if the host building of this simulated 

vertical farm could be covered perhaps with Building Integrated 

Photovoltaics (BIPV), a significant amount of energy could be generated to 

cover a large portion of the energy demand incurred by the lights. 

However, it must be noted that the amount of solar energy that can be 

harvested would be highly dependent on the efficiency of the installed 

technology (i.e. if the BIPV panels are only 20% efficient, then only 20% 

of the energy shown in the graph would be harvested). Hence, high 

efficiency of the technology is significant at the time of making significant 

investment decision of investing. This simulation framework could 

potentially be further developed to support this decision-making process 

for vertical farms.  
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5.6 Chapter Summary 

This chapter provided a brief recount of the current level of knowledge 

found in the published literature. It discussed the shortcomings of existing 

research methods attempting to simulate vertical farms. Thereafter, 

detailed recount of the explored tools that had the potential to be use for 

the advancement of vertical farms and various arguments have been 

provided to indicate that HTB2 was the most suitable candidate to 

undertake the tasks at hand. The main characteristics in favour of selecting 

HTB2 are: flexibility, validated software, open-access, free of charge. This 

was followed by the development of a base-case study which assisted the 

process of the development of the simulation-based framework. 
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Chapter 6 

Framework Implementation: 
GrowUp Urban Vertical Farm Case Study 

 

 

“Humanity is now standing at a crossroads. We must now 
decide which path we want to take. How do we want the 
future living conditions for all living species to be like?” 

(Greta Thunberg 2019) 

 

 

6.1 Chapter Overview 

This chapter presents the outcomes of testing the simulation framework 

developed in Chapter 5, using a comparison between a monitored case 

study and its simulation. The monitored case study was selected, the data 

was analysed to determine its suitability according to the aims of this 

thesis. This study provided evidence of how the monitored data could be 

directly compared to the simulated data. These key outcomes are 

important in the field of development of vertical farms because they 

provided evidence of potential uses of the simulation framework to assess 

the suitability and performance of vertical farms, as early as the design 

stage (before vertical farms are even built). 
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6.2 Introduction  

The examples of vertical farms around the world illustrate the significant 

variations of existing vertical farms types, materials, and methods (or 

similar practices, such as plant factories, building integrated agriculture, 

etc) (Garg and Balodi 2014; Hughes 2018), as well as the many difficulties 

that different contexts pose to this practice (Khan and Ahmed 2017).  

Vertical farming is a viable agricultural practice (Gupta and Ganapuram 

2019), but it has several challenges to overcome before it can become a 

widely used activity, since it needs significant optimisation (Hughes 2018; 

Kosorić et al. 2019; Butturini and Marcelis 2020). 

There is a significant lack of cohesiveness and standardisation in this sector 

(Almeer et al. 2016; Shamshiri et al. 2018; Avgoustaki and Xydis 2020), 

not just in terms of the language used (or etymology) as highlighted and 

explored in the literature review chapter, but also in the relationship across 

all the relevant disciplines. The fact that vertical farming is a sector that 

requires interdisciplinary collaboration, progress in this sector tends to 

occur in silos instead of open-sourced research linking experts in the 

several areas that are essential for the optimum development of vertical 

farms (Storey et al. 2020). One thing seems to be clear across the 

literature in this sector: There is not one solution that fits all. All vertical 

farming systems have their own challenges, depending on their context, 

types of production, etc. There is a significant number of parameters that 

need to be considered to run a successful vertical farm (Benis et al. 2017a; 

Avgoustaki and Xydis 2020).  

As previously mentioned, the current status of vertical farms around the 

world are commonly described as a sector still in its infancy (Al-Chalabi 

2015; Higgins 2016; Jans-Singh et al. 2019; Farquhar 2020; Zimmerman-

Loessl et al. 2020). As such, it is unsurprising that there are several 

knowledge-gaps (Higgins 2016; Khan and Ahmed 2017; Avgoustaki and 

Xydis 2020) and there is a significant amount of research required in order 

to help the vertical farming sector reach a higher level of maturity (Hughes 

2018). Additionally, the outcomes of chapter 3 and 4 indicated that many 
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vertical farming stakeholders (along with other relevant parties in the 

supply chain) are concerned about the limitations and challenges of the 

current status of vertical farms (Benis et al. 2018; Graamans et al. 2018). 

It is a well-known fact that, although viable, this is an expensive 

agricultural practice (Hughes 2018; Avgoustaki and Xydis 2020). 

Therefore, there are still contradicting arguments in the matter of the 

profitability potential of vertical farms and whether there is a financially 

enticing case for this practice. For instance, Hughes (2018) argues that 

the financial viability or a successful “business model” depends on many 

aspects, such as the types of crops, scale, level of automation, or others. 

Al-Kodmany (2018) explains that the economic feasibility of vertical farms 

is highly dependent on their design/size. He argues that multi-story 

vertical farms are not yet financially realistic. In his publication he outlines 

that despite the financial challenges, there are pioneering companies 

attempting to achieve high multi-story farms, highlighting Plantagon as 

one of these enterprises. Plantagon had the target to build a 17-storey 

vertical farm in Sweden (Kalantari et al. 2017b). This ambitious enterprise 

did not come to fruition, conversely, in 2019 an  announcement was made 

with regards to the bankruptcy of the company Plantagon (Marston 2019). 

Nevertheless, in a parallel context, Al-Kodmany (2018) states that despite 

the  financial difficulty attached to high-rise vertical farms, there has been 

a rapid growth of modest-scale vertical farms (approximately 3 to 5 storey-

buildings, or smaller). In his publication he also questions the validity of 

the argument of the financial difficulties attached to vertical farms, 

comparing it to regular agriculture. Al-Kodmany (2018) elaborates on this 

topic explaining that current practices of food production and supply are 

increasingly suffering from not only economic problems, but also 

environmental endangerment and scarcity and these issues should be 

factored in. 

Kalantari et al (2017b) describes a number of the economic benefits that 

vertical farming can offer, among these are the financial benefit of 

maximising land use, reducing food transport distances, the significant 

potential to use unused areas of the cities or repurposing abandoned 

buildings, opportunities for local economies to grow, amongst other 
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benefits. These benefits are also echoed by other authors (Despommier 

2010; Samangooei et al. 2016; Ward R et al. 2018). 

The simulation framework developed in Chapter 5 and the trials conducted 

are a first step on establishing a viable tool with the corresponding 

simulation framework to assess the performance of vertical farms by 

recreating the behaviour in indoor environments. However, the 

complexities of the field and the difficulties of balancing the parameters, 

taking into account a holistic approach, makes it necessary to conduct a 

test of simulated vertical farms. This aligns with objective 3 of this thesis: 

Objective 3: To test the simulation framework developed in 

order to assess an active vertical farm (case 

study). Including the assessment of the framework 

to allows the prediction of important parameters relevant 

to establishing an optimum environment required for the 

building to host a vertical farm indoors. 

6.3 Selection of the case study 

In order to test the framework proposed and developed in Chapter 5, a 

site has been chosen to test the simulation framework on a real 

commercial vertical farm, as an active case study. 

Details of the site were gathered via a collection of methods:  

• Scoping study: to select case study (active and real, not virtual). 

• Once the potential case study has been identified: Liaising with 

owner of the commercial vertical farms to establish the amount of 

data that can be gathered.  

• Site visit: The author of this PhD visited the selected case study. 

• Data gathering: The data shared by the owner of the vertical farm 

was analysed generating descriptive statistics and correlations and 

compared with simulated data of this research. 

• Framework analysis: Based on the above study, the framework 

proposed and developed in chapter 5 has been used to recreate the 

conditions of the real case study in a simulation using the selected 

tool (HTB2). 
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6.3.1 Scoping study 

The study started investigating the existing vertical farms in the market, 

based on the initial and extended literature review and state of the art 

study. 

The aim of the Scoping study was to research and filter suitable candidates 

for conducting a field study and gathering of available data regarding 

vertical farms currently used methods and parameters. This methodology 

was selected as it allowed conducting a search of suitable vertical farms 

from different backgrounds and industries, while posing a broad quest for 

parameters and methods used within them (Daudt et al. 2013). 

During the scoping study, a number of vertical farms stakeholders in the 

commercial and research fields were contacted. This led to a number of 

site visits to appraise viability to find a case study to use as part of this 

investigation (Table 15). 
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Table 15. Most relevant engagement during the scoping study 

 

2017- Shanghai. 

The author of this investigation contacted a research group at East China 

Normal University to undertake research collaboration in this area. The 

university agreed to provide access to their university facilities at the School 

of Ecology and Environmental Sciences to allow this research to assess 

opportunities to find a suitable case study (or case studies) in China, 

following a successful student mobility grant application with the Newton 

Fund. This visit was part of the scoping study to find active vertical farms 

willing to collaborate and share knowledge in this practice. No suitable 

candidates were found on this occasion (the trip was also interrupted due 

to unforeseen circumstances). 

There were no tangible outcomes of this particular field trip, but the most 

significant learning from this visit was the first-hand experience and 

knowledge gained related to the high levels of confidentiality and privacy 

that is embedded within this industry in China. This seems to be similar in 

various other countries around the world, where very limited amount of 

data is published on vertical farms and active vertical farms are very 

private.  
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2018- London. 

Site visit to an aquaponic vertical farm in London: GrowUp Urban Farm. 

The co-founder of the farm granted access to the site and agreed to share 

their monitoring data. This became the active vertical farm case study, used 

to test the simulation framework under development during this 

investigation.  

 

 

 

2018- Bristol 

Site visit to Grow Bristol, a vertical farm start-up conceived and developed 

in Bristol. This is a hydroponics farm, supplying leafy greens to local 

restaurants. This farm is at an early stage of development, no data was 

available for sharing at this stage, but Grow Bristol is eager to collaborate 

in R&D. 
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2018- Bristol 

Another organisation based in Bristol is Lett Us Grow. This is a research and 

development organisation, mainly focused on the investigation of 

aeroponics systems for vertical farming. Including research on the impact 

of lighting, nutrients and other parameters that affect aeroponics plant 

growing. Their data has commercial sensitivity, hence not available for 

sharing in this occasion.   

  
 

2018- Coventry 

Site visit to Coventry to investigate the potential of research collaboration 

with the sisters organisations: Hydrogarden and V-Farm. Photographs were 

not allowed; therefore, images below are sourced from the public domain, 

available in their websites. Their data is also commercially sensitive, hence 

no possibility for data sharing. 
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The above were the most relevant events of the scoping study, 

nevertheless there were several other stakeholders in academia and 

industry that have been contacted as part of this study, for more details 

see Appendix 1. Based on above, the most suitable case study to be 

included in this analysis was chosen: 

GrowUp Urban Vertical Farm (London). 

 

6.3.2 Case study data analysis 

GrowUp Urban Farm was the first commercial aquaponics vertical farm in 

the UK. It operated commercially in London from 2014 until 2017. Figure 

48 shows the site location of the farm, which was based inside an industrial 

warehouse in Beckton.  

 

Figure 48. Site location. London, UK 
 

The farm used aquaponics and hydroponics to grow plants, as well as fish 

farming. Both systems are linked: the plant growing system and the fish 

tanks. The fish faeces produced the majority of the nutrients required in 

the soil-less system, where the plants are produced. The data used for the 

comparative analysis undertaken as part of this PhD project has been 

based on this farm in London. During the development of this study and 
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following the various interaction with co-founder of GrowUp Farm, Tom 

Webster, it was revealed that there were plans to open a larger vertical 

farm. This is how the GrowUp Farm in London closed, to make all the 

necessary arrangements for this expansion. This is how GrowUp 

Development Lab opened in 2020, at the Agri-Epi Centre, at Harper Adams 

University, with the aim to build and develop a large scale state-of-the-art 

controlled environment vertical farm premises (GrowUp Farm Website). 

Returning to the characteristics of the case study in question, besides 

sharing a full year monitored data from the vertical farm, the collaborator 

and co-founder of the farm, also provided detailed drawings of the 

premises. Figure 49, Figure 50 and Figure 52 provide details of the layout 

and vertical arrangements of the farming systems. 

Figure 51 includes the photos taken by the author of this thesis during one 

of the site visits. These images focus on the two main chambers of this 

urban farm: the aquaculture chamber (where the fish farming takes place) 

and the plant growth chamber. The detailed drawings were used to 

calculated distances, areas and any other necessary data relevant for the 

construction and development of the virtual model of the simulation of this 

case study (using HTB2, as part of the framework development). 
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Figure 49. Section View (Front) of GrowUp Urban Farms- Case Study 
(Image courtesy of: Tom Webster, Co-Founder GrowUP) 

 

 

 

 

Figure 50. Section View (Side) of GrowUp Urban Farms- Case Study 
(Image courtesy of: Tom Webster, Co-Founder GrowUP) 
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Figure 51. Inside GrowUp vertical farm 

(a) Aquaculture chamber (fish) (b) Plant growth chamber (leafy greens) 
(Images: Taken by author during site visit) 

 

 

Figure 52. Plan view of GrowUp Urban Farms- Case Study 
(Image courtesy of: Tom Webster, Co-Founder GrowUP) 

 

 

Based on the information extracted from the drawings, the necessary 

characteristics to develop the simulation scenario were calculated. They 

are outlined in Table 16: 
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Table 16. Calculated values related to dimension and 

number of Plant growing trays/shelves 
Trays/shelves length = 24 m 

Trays/shelves width = 1.4 m 

Trays/shelves Thickness = 0. 06 m 

Trays/shelves Distance = 0.3 m 

Total Planting tower height= 6 m 

Total Planting trays/shelves= 40 

Number of stacks/towers = 4 

Area of towers’ footprint = 134.4 m2 

Total available grow area = 1,344 m2 

 

The data shared by the owner of the farm is a detailed collection of hourly 

data of various parameters, which have been monitored for a period of a 

full year, from Nov 2016 until Nov 2017 (shared in Excel format). Some of 

the most relevant parameters included in this monitored data are specified 

in Table 17.  

Table 17. Parameters of the monitored dataset 
Monitored Parameter  Unit 

Air Handling Energy Use (AHU) kWh 

Irrigation Energy Use  kWh 

Lighting Energy Use  kWh 

Lights ON (photoperiod) Number of benches ON (grow trays) 

Lights OFF (darkperiod) Number of benches OFF (grow trays) 

Indoor Temperature  Degrees Celsius (Co) 

Indoor Humidity (RH) % 

CO2 Levels  Average PPm 

 

The methodology for the input of data into the simulation tool has also 

been described in more detail in the previous chapter (Chapter 5, section 

5.5.1.3) 
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6.4 Results and discussion 
 

6.4.1 Testing the framework 

Following the framework proposed in Chapter 5, this section will follow the 

steps and parameters outlined by the suggested framework in order to 

appraise its applicability on a real case study (i.e. a commercially active 

vertical farm). Thanks to the data shared by the owner of the vertical farm 

a direct comparative study can be made between the simulation developed 

as part of the proposed framework and the real vertical farm. Therefore, 

the data analysed here is: Monitored vs Simulated. 

 

Framework in action 

 Stage 1: THE BUILDING  

The characteristics of the host building of this vertical farm are outlined in 

Table 18. These details are the initial characteristics required to set up the 

simulation model, which are used to populate the HTB2 modules/files. 

 

Table 18. Parameters and characteristics used for the simulation 
of the selected commercial Case Study: GrowUp Urban Farms 

Parameters GrowUp Case Study 

Location  London 

Type of vertical farm Aquaponics/Hydroponics   

Type of host building  Industrial Unit, no windows 

Size of building 30m x 15m x 6m(high) 

Building Volume 900 m3 

Temperature  
Photoperiod 21 – 25oC 

Darkperiod 18 – 22 oC 

Lighting Hours  (i.e. Photoperiod) 16 hours (08:00 – 23:59) 

Light Power LED multi-chips 126,720 Watts (total) 
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Figure 53 provides snapshot of the view of the case study in HTB2. In the 

schematic view, Figure 53(a), the building has been designed with three 

separate spaces: one for the aquaculture chamber (fish), another for the 

plants’ grow room (with all the vertical shelves/trays) and the third space 

is dedicated to offices and other uses within the farm. All of these details 

are input using the schematic tool of HTB2. Figure 53(b) shows that the 

geolocation has been recorded (coordinates) and that the volume of the 

various spaces of the building have been included. The information about 

the facades orientation and areas have also been included at this stage of 

the building characteristics.  

 

  
Figure 53. View of GrowUp urban farm in HTB2: 
(a) Schematic view and (b)Configuration file  
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Stage 2: THE SIMULATION PAREMETERS  

Services: 

• Heating: 

Two sets of requirements were also simulated for this case study: 

photoperiod and darkperiod. Figure 54 shows the heating file specifying 

the requirements for both different periods. The file shows that the ranges 

of optimum temperature specified here are: 18°C to 22°C for darkperiod 

and 21°C to 25°C for photoperiod. These values can vary according to 

desired specifications. This case study has an air handling unit to control 

the indoor environment.  

 

Figure 54. Snapshot of the heating file with details of expected 
optimum temperature and times/schedules for the different 

periods (photo and dark) 
 

 

 



Diana Waldron  PhD Thesis 

Cardiff University  176  Welsh School of Architecture 

• Lighting power: 

 

Figure 55. LED Lighting arrangement at GrowUp urban Farm 
(Images: Taken by author during site visit) 

The lighting system used in this case study is LED light (Figure 55); 

therefore, similar calculations are used to the ones described in the base-

case study (Chapter 5, section 5.5.1.3, Lighting subsection). In this 

occasion each tray will require approximately 3,168 Watts, based on its 

grow area. This number was thereafter multiplied by 40 trays, the final 

figure being = 126,720 Watts. This value is therefore input in the lighting 

module of the support simulation tool (HTB2), see Figure 56. 

 

Figure 56. Lighting File - GrowUp Urban Farm case study 
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• Ventilation file:  

No specific data regarding air changes per hour (ACH) was provided from 

the monitored data. Therefore, to develop the simulation, some 

assumptions were considered. These assumptions were based on the 

learning from the research developed in the previous chapter, during the 

development of the base-case study. The outcomes of “Trial 1” of the 

simulation framework development chapter were consider for this case 

study  (Chapter 5, section 5.5.2). In “Trial 1”, it was outlined how there is 

not transparency or data sharing in terms of ventilation rates of vertical 

farms in the literature. Authors such as Jans-Singh et al (2019), Graamans 

et al (2018) and Benis et al (2017b) do make tentative suggestions about 

the ventilation rates used in their investigation, but these publications are 

also not clear on the accuracy and origin of these values and there is not 

consistency on this parameter across the literature. Due to the doubt 

regarding the parameters referenced in the literature, the author searched 

for further clarification on this topic, hence two of the main published 

authors on this topic where contacted and question about the parameters 

they have used in their work. These two authors were: Graamans and 

Benis. Both responded the queries in a similar fashion, explaining that they 

could not provide further clarification on the values used for ventilation, 

since they only undertake virtual scenarios, not real case studies and there 

were uncertainties on the accuracy of the ventilation rates they use. 

In conclusion, based on the analysis undertaken during the “Trial 1” of the 

previous chapter, also making reference to the simulation results displayed 

in Figure 34 and 35 of the previous chapter, 5 air changes per hour (ACH) 

was used as a basic ventilation rate, as it was the most suitable from the 

findings during the base-case study (Figure 57).  
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Figure 57. Ventilation file GrowUp-case study 
 

• Occupancy file:  

The occupancy module of HTB2 is normally HTB2 to account for the 

incidental heat and water vapour gains resulting from occupants. 

(Alexander 2008). These characteristics has been discussed in the previous 

chapter during the development of the base case study (Chapter 5, section 

5.5.1.3), where it has been explained that for the purpose of the simulation 

of vertical farms the incidental heat gains have been disabled and only 

water vapour gains are being integrated in these simulations. Hence, this 

model aims to simulate the interaction of the water counterbalance and 

humidity of vertical farms in relation to the building materials, the 

characteristics of the indoor environment, as well as the influence of the 

outside weather. The possibility to calculate the behaviour of the water 

vapour in vertical farms is a valuable characteristic, since it can allow to 

calculate dew points and other relevant values, which are particularly 

relevant in this field. This characteristic has particular significance and it 

would be encouraged to be further explored in future research 

development projects, since the outcome of these calculations are relevant 

to create strategies to take advantage of the indoors condensed water, 

which can thereafter be used and “reintegrated” in the water system of a 

hydroponic farm.  
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As discussed in the previous chapter, HTB2 has not been designed to have 

“plants” as the occupants of a building. Therefore, to allow the software to 

account for the characteristics of the plants inside the farm, the occupancy 

file has been manipulated to include the water vapour characteristics, but 

not the incidental heat (see Chapter 5, section 5.5.1.3). Nevertheless, this 

manipulation is only a raw approximation to the reality. As it can be seen 

in Figure 58, a vertical farm will have different kinds of plants and the 

growing trays will not always be full to its maximum capacity, but 

developing software of this kind will bring the vertical farming world closer 

to find tools to assess, analyse and predict efficiency, in order to improve 

its productivity and better plan future projects. Nonetheless, the fact of 

software tools is that they can only “mimic” reality and all computer 

programs must have some level of estimation and approximation, this 

study is not different. HTB2 is a validated software tool that has been used 

Figure 58. Images showing the grow trays (shelves) in GrowUp Urban Farm  
(Images: Taken by author during site visit) 
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for several years to develop reliable building physics simulations. It was 

designed to simulate humans as the main occupants of buildings, 

nevertheless, the way it calculates the incidental heat gains resulting from 

people is also averaged and estimated, this has been found during the 

scrutiny of the software by the author of this thesis. In a similar fashion, 

this study uses values found in literature to create an estimated water 

vapour gains from plants, to be included in the simulation. This estimation 

is by no means the case for all types of plants, but all this data is traceable 

and can be changed and tailored to different characteristics of other 

scenarios. By making assumptions, the accuracy of any simulation is 

reduced, but this investigation attempted to make assumptions only based 

on figures found on peer-reviewed journal papers and integrated in the 

simulation process following the rules established in the HTB2 simulation 

methodology. These considerations have been followed with the aim to 

achieve results of vertical farm simulations that can be as reliable as any 

other simulation undertaken with HTB2.  

To bring this simulated scenario closer to the reality, it would require 

collaborative work from various experts, hence this is beyond the boundary 

of this PhD project. To overcome the limitations imposed by the software, 

this investigation made the necessary approximations to undertake the 

calculations. These are explained in the previous chapter, where the 

viability of the developed framework is demonstrated with the base-case 

scenario. The same process is now followed here to calculate the 

characteristics of this different case study, which is based on the 

parameters of a real vertical farm (GrowUp Urban Farm) and the values of 

this case study are compared between simulated data vs monitored data.  
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Based on total area of the growing 

trays, an approximate number of 

plants was calculated, using the 

drawings of the real vertical farm 

(GrowUp). Figure 59 is a 

representative schematic of the 

growing trays arrangement, but the 

total number of trays and growing 

area was calculated using the 

information provided by the owner of 

the real vertical. The drawings of the 

site provided clear accurate 

measurements for both: the building and the growing trays/towers. These 

drawing have been previously shown in Figures 49, 50 and 52. Based on 

the number of trays and growing area (total of 1,344m2) of this vertical 

farm (summary of these figures have been previously shown in Table 16), 

it was calculated that, when full, GrowUp Urban farms has the capacity to 

cultivate 57,600 plants (note that the real vertical farm is significantly 

larger than the base-case study). Therefore, to develop the simulation 

scenario of the GrowUp farm, the number of “people” occupying the 

building has been proportionally increased also. The calculations have been 

extrapolated to reflect the larger grow area and the calculations are 

described below. Following the same process as the one established in the 

previous session (Chapter 5, section 5.5.1.3, “occupancy file”) and based 

on the values found in the literature (Tenwolde and Pilon 2007), the water 

vapour released from plants  and people could be compared using these 

numbers: 

(1) One plant can release approximately 2.5 grams per hour (g/h) and 

(2) One person can release approximately: 300 grams per hour (g/h) 

These values were compared to calculate equivalent figures and then 

converted to the units required by HTB2 (grams per second, g/s). Simple 

mathematical calculations were used to get the approximate values for the 

simulation: 

Figure 59. Growing trays 
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• 300 / 2.5 = 120 i.e. 120 plants could produce an approximate 

amount of water vapour equivalent to 1 person. 

• As mentioned above, GrowUp Vertical farm has been estimated to 

have the capacity to host/grow 57,600 plants (with the available 

growing areas) 

• If 57,600 (plants) is divided by 120 plants (calculated in the first 

bullet point above), the resulting number will provide an estimated 

equivalent number of number of people required to produce similar 

amount of water.  

57,600 / 120 = 450 people. 

• From the same reference, the water vapor produced by people is 

300 g/h, but HTB2 uses the units g/s (grams per second), hence the 

conversion was calculated as: 

300 g/h / 3600second = 0.08333 g/s 

This is the water vapour figure also used for this simulation. 

In summary, the calculations above resulted in the following values that 

would be used as the key inputs for the required by HTB2’s occupancy file 

of this base-case study: 

• Heat output (in Watts): 0 W 

• Water vapour (in grams per second): 0.08333 g/s 

• Number of occupants: 450 people (which is the equivalent of the 

57,600 plants that are estimated to occupy the GrowUp vertical 

farm) 

These values can be seen in Figure 60. 
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Figure 60. “Occupancy” File - GrowUp Urban Farm case study 
 

6.4.2 Data analysis of Case Study 

The owner of the vertical farm shared historical data from one year (from 

November 2016 until October 2017). In order to include this data for this 

analysis, further detailed investigation of the data took place as part of this 

research, as this was necessary to understand its value and suitability for 

the present study. Table 19 provides a snapshot of the type of data that 

have been provided, which included indoor environment parameters such 

as internal air temperature, relative humidity and CO2 levels, as well as 

energy usage of lighting, irrigation and air handling unit. This data 

represents a good fit with the type of data analysis that has been 

undertaken as part of the framework (simulation-based) developed in this 

PhD research.   
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Table 19. Sample of the data provided by commercial research 

collaborator of the case study (GrowUp Urban Farm) 
 

 

 

Different data queries were established, and thorough checks of the 

monitored data took place in the first instance, before attempting to 

compare this monitored data to the simulation data developed with this 

framework. Figure 61 is a sample of trials and investigation that took place 

to scrutinise the monitored data in the first instance.  
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Figure 61. Graphs of sample data of different queries and scrutinising process of the monitored data to appraise suitability 
for the case study: 24 hours data (X-axis) in this example, (GrowUp Urban Farm). 
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The next step was to identify if there is any correlation between the 

parameters provided and to identify which parameters could be compared 

to simulated data, using the framework proposed in Chapter 5.  

Following the initial scrutiny of the data, statistical analysis was used to 

assess the correlation of the monitored data outlined above. Table 20 

presents the Pearson correlation between the variables shared from 

GrowUp Urban Farm. The numbers in red represent the highest correlation 

and the most noticeable and interesting correlations found in this analysis 

are described below:  

• The highest correlation for the total energy use was with the variables 

related to lighting: lighting energy use (r = .63, p < .05), lights on and 

lights off (r = .593, r = -.587, both p < .05). Followed by the irrigation 

energy use (r = .586, p < .05). 

• The relationship between the outside and the grow rooms was 

evidenced with the correlations between the outside temperature and 

the energy used by the air handling unit (AHU) (r = .403, p < .05), 

grow room temperature (r = .398, p < .05) and grow room humidity 

(r = .348, p < .05).   

This analysis allows to identify two key factors: the high influence of the 

lighting system on the total energy use, and the influence between the 

exterior of the building (outside temperature and humidity) and interior 

variables (air handling unit energy use, temperature, and humidity). These 

significant observations will be discussed in final section of this chapter. 
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Table 20. Statistical analysis of the monitored data. Numbers in red indicate high correlation. 
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Following the above findings, the data was thereafter classified into the 

different parameters that could be compared to the results obtained from 

the simulation-based framework developed in Chapter 5. The most 

relevant comparative parameters identified are outlined in Table 21: 

 

Table 21. Comparative parameters between monitored data and 
simulation. 

Monitored Data Simulated Data 

Lighting Energy Use (kWh) Lighting Energy Use (kWh) 

Lighting mode ON/OFF 

(i.e. Photoperiod/Darkperiod) 

Lighting mode ON/OFF 

(i.e. Photoperiod/Darkperiod) 

Air Handling Unit 

Energy Use (kWh) 

Cooling, Heating and Ventilation 

Energy Use (kWh) 

Inside Temperature (Degrees C) Inside Temperature (Degrees C) 

Relative Humidity (%) Relative Humidity (%) 

 

 

Table 22 is a snapshot of one of the databases created, assembling the 

results to compare Energy Use data (kWh) for the services of the vertical 

farm in this case (table 6). Other parameters are explored separately 

below.  

• Services  

An initial assumption aiming to establish comparisons between the 

simulated and the monitored data was that the air handling unit (AHU) 

figures were equivalent to the figures obtained for all the “services” 

included in the simulation, i.e., comparing the figures of monitored AHU 

vs the energy used by cooling, heating, and ventilating in the simulation. 

As a result, all the values were added, and the final consumption can be 

seen in Table 23. The final figures differed by a factor of 3. 
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Table 22. Snapshot of data comparing Energy Use (kWh) of the 
systems for both vertical farms: simulated (HTB2) vs monitored 
data (GrowUp Farm).The full table contains hourly data for the 

whole year. 
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Table 23. Initial comparison of energy use of services of the case 
study 

  

Real data-from 
commercial farm  

Simulation 
Study 

TOTAL 

 Monitored Data   SIM Data  

         211,893     662,861  

 (kWh)   (kWh)  
    

The 3 figures: Heating/Cooling/Vent, are ADDED to 
compare simulated results with the OVERALL ENERGY USE BY 

THE AHU (Air Handling Unit) 

  

The finding described before (Table 23). Provided initial evidence of the 

nature of these values. The total energy consumption compared differed 

by a factor of 3, hypothesis about the reason behind the discrepancy of 

these total value can be: 

1. Due to the fact that several assumptions were made for the purpose 

of this research with regards to some of the parameters (i.e., 

construction materials of the host building, etc). It is therefore 

expected that these assumptions will result on a significant 

difference between the monitored vs the simulated parameters.  

2. The fact that the difference of the total figures was exactly a factor 

of 3 (Table 23), i.e., 211,893 kWh monitored data vs 662,861 kWh 

simulated, can potentially be the results that the simulated data 

included measurements for 3 types of services (cooling, heating, 

and ventilation). Hence, further investigation in this area followed.  

As a result of the findings above, further queries took place into the 

exploration of these values. One particular graph that provided useful 

insights of the data can be seen in Figure 62.
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Figure 62. One week sample data for all the services. Comparing simulation vs monitored 
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In Figure 62, the total added value for all the services calculated in the 

simulation can be seen as yellow (cooling, heating and ventilation). 

Initially, as part of this investigation, it was expected that this total figure 

would be comparable to the energy used by the air handling unit of the 

monitored vertical farm (AHU: dark blue line). This was expected due to 

the information gathered from the case study. The AHU controls the 

temperature and humidity of the farm; therefore, it was assumed in this 

research that the AHU provided the necessary cooling and heating though 

the ventilation system to maintain the indoor environment at the 

optimum/desired levels. Figure 62 however reveals that the monitored 

value of the energy consumption from the AHU can be more closely 

compared to the ventilation values from the simulation (grey line), rather 

than the accumulated value (yellow line). 

Hence, it has been concluded that the monitored data can also be further 

populated with data specifying values for energy consumption used for 

cooling and heating, if data is available. From Figure 62, it can be seen 

that the ventilation values from the simulation model, follow a similar 

pattern and similar rate as the monitored values. Therefore, this can prove 

to be a valuable tool to further explore this relationship and potential to 

simulate these important figures in advance.  

 

• Lighting: 

Lighting is one of the most challenging aspects of vertical farms (Kozai et 

al. 2016a; Kalantari et al. 2017a; Molin and Martin 2018a). Therefore, the 

potential to be able to simulate and predict the energy consumption of a 

vertical farm in advance can significantly empower new projects, to be able 

to plan ahead their designs. The framework proposed in chapter 5 allows 

for the exploration of this aspect also. Table 24 provides a snapshot of the 

lighting database developed for this case study, comparing simulated vs 

monitored data. The data was queried, and the overall total figures 

calculated are included in Table 25.  
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The lighting data is highly influenced by the nature of the requirements to 

meet the needs of plants. Vertical farms divide the schedule into 

photoperiod and darkperiod, and these are shaped by the plants need of 

light for their photosynthesis process. In order to maximise the capabilities 

of simulating this environment, the analysis takes under consideration in 

particular the characteristics below:   

Parameter  Unit 

Lighting Energy Use  kWh 

Lights ON (photoperiod) Number of benches ON (grow trays) 

Lights OFF (darkperiod) Number of benches OFF (grow trays) 

 

Hence, the total values calculated (outlined in Table 25), showed a 

difference close to a factor of 2, between the monitored and the simulated 

data, for this case study. This has been a positive outcome for this 

investigation, due to the fact that, because of the complexity of the case 

study, the simulation assumed all lights to be ON during the photoperiod, 

whilst in reality, the monitored data reflect that not all lights were ON in 

this manner, as lighting is used according to the number of plants that 

require it, i.e., the farms doesn’t always run at full capacity.  
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Table 24. Lighting Energy Use Data (kWh): 
Comparing simulated (HTB2) vs monitored data (GrowUp Farm). 

The full table contains hourly data for the whole year. 
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Table 25. Total figures of the comparative energy consumption of 
lighting: monitored vs simulated 

    

Real data-from 
commercial 

farm  

Simulation 
Study 

TOTAL 

 Monitored Data   SIM Data  

   306,713  
        
652,751  

 (kWh)   (kWh)  
 

 

Therefore, due to the difference described above, it was expected that the 

simulated figure was going to be significantly higher. In this case, it turns 

out to be double, which suggests that the simulation is overestimating the 

reality by assuming all lights are turned ON during all photoperiods. This 

outcome will be valuable to inform future development of this simulation 

framework, to allow the functionality to predict different levels of energy 

consumption, depending on full/medium/low capacity of lights ON. 

Furthermore, the lighting data was also compared, in order to gather 

further evidence on how these parameters influence each other and the 

validity of approaching vertical farms in a holistic manner, and not on 

independent parameter basis. In order to test the validity of the outcomes 

of HTB2 regarding the lighting system, here is presented a comparison 

between the monitored data and the simulated data. Table 26 presents the 

descriptive statistics. It is observed that the maximum values for the 

monitored data was 52 kWh, while the maximum for the simulations was 

111 kWh. Similarly, the sum of the consumption over the year was 

304,736 kWh for the monitored against 652,75 kWh for the simulation. 
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Table 26. Descriptive statistics of the lighting energy use 
database (N 8831) 

 

 Minimum Maximum Sum Mean Std. 
Deviation 

Lighting energy use 
Monitored Data (kWh) 

.0 52 304736 35 19 

Lighting energy use 
Simulated Data (kWh) 

.0 111 652751 74 52 

 

The data provided by the monitored vertical farm include details about the 

number of benches that were on or off every hour. Contrariwise, HTB2 only 

allows to consider if the lamps are all on (energy use of 111 kWh) or all 

off (0 kWh). In order to be able to make any comparison with the 

monitored data, details about the percentage of lamps that were ON was 

explored further. Figure 63, presents the data distribution of the 

percentage of lamps ON. 16% of the time all the lamps were off and almost 

60% of the time over 80% of the lamps were on.  

 

Figure 63. Percentage distribution of the monitored data - 
percentage of lamps ON binned at 10% 

 

To compare monitored and simulated data, two variables were calculated 

to assume low consume (0) and high consume (1). In the case of the 

monitored data, the percentage of lamps ON was filtered as equal or below 
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to 50% for low consume, and over 50% percent as high consume. For the 

simulated data, the variable Lighting energy use simulated was filtered as 

0 kWh equal to low consume and 111 kWh high consume. Table 27 present 

the frequency distribution of these dichotomous variables.  

 

Table 27. Frequency distribution of low and high consumption 
Frequency Low (0) and High (1) consumption 

 Monitored Data  Simulated Data 

 Frequency Percent  Frequency Percent 

Low (0) 2192 24.8  2944 33.3 

High (1) 6476 73.3  5887 66.7 

Missing 166 1.8  - - 

Total 8831 100  8831 100 

 

Table 28 shows the comparison between the dichotomous variables, 

presenting the number of times the simulated data coincided with the 

monitored data. A coincidence was found of 52.9% of the data. Most of 

the coincidence occurred for the high consumption data (48.4%).  

 

Table 28. Test of Coincidence and Difference between Monitored 
and Simulated datasets 

Difference between datasets 

 Frequency Percent 

Coincidence 0 (low consumption) 399 4.5 

Coincidence 1 (high consumption) 4276 48.4 

Different 3993 45.2 

Missing 163 1.8 

Total 8831 100 
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Further Weather Analysis 

Final results of the simulation compared to the monitored data and the 

weather data was thereafter further queried and compared in order to 

understand the relationship between all these parameters.  

• Temperature Seasonality 

Further valuable date queries and analysis are shown in Figure 64, Figure 

65 and Figure 66. These graphs provide insights of the relationship of the 

different parameters, here the influence of the outside temperature is 

compared to both monitored and simulated indoor temperature values. 

The graphs below provide representative data for a typical summer week 

(Figure 64), winter week (Figure 65) and a sample graph from a shoulder 

season (autumn, Figure 66).  

 

 

Figure 64. Typical week data comparing Simulation and 
Monitored data 
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Figure 65. Typical week data comparing Simulation and 
Monitored data (Jan 2nd – 8th) 

 

 

 

Figure 66. Typical week data comparing Simulation and 
Monitored data (Oct 17th - 23rd) 
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The graphs above show that although the simulated data is a lot more rigid 

than the monitored data, both datasets follow a similar pattern. Suggesting 

that this process has the potential to be optimised to recreate these 

scenarios more closely, i.e., the simulation has the potential to be 

improved for the purpose of early-stage prediction of the behaviour of the 

indoor temperature.  

• Humidity Seasonality 

Similar approach was thereafter followed to understand the datasets 

related to humidity of this case study, considering that this is another 

challenging parameter mentioned in the literature (Tsitsimpelis et al. 

2016; Graamans et al. 2017). Figure 67, Figure 68, Figure 69 and Figure 

70 are the sample data for one typical week for all the four seasons. The 

analysis of the datasets related to humidity data has a higher level of 

complexity, compared to the temperature capabilities of HTB2, since this 

specific characteristic of vertical farms have never been tested. From the 

outcomes below, it is believed that the simulation still requires a lot more 

details and improving of the process, to account for relative humidity inside 

vertical farms.    

Note in the graphs below, that the behaviour of the simulated data (orange 

line) does not relate to the behaviour of the monitored data (blue line). 

The monitored data presents more stability, whilst the simulated data 

fluctuates significantly, much like the behaviour of the relative humidity 

outdoors, from the weather data (grey line). This difference in pattern 

between monitored and simulated relative humidity data can be due to 

several reasons, one suitable possibility is that the ventilation system of 

the case study runs a humidity control system, but details on this were not 

provided. An alternative option is the issue around the accuracy of the tool 

to recreate the behaviour of the plants in full, the occupancy module of 

HTB2 still requires further detailed development. This is the first attempt 

to manipulate HTB2 to consider the impact of plants inside buildings, 

therefore, it is recommended that these results are considered for further 

studies to exploit the capabilities of HTB2.   
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Figure 67. Typical summer week data relative humidity 
(June 1st – 7th ) 

 

 

Figure 68. Typical autumn week data relative humidity 
(Oct 17th - 23rd) 
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Figure 69. Typical winter week data relative humidity 
(Feb 1st – 7th) 

 

 

 

Figure 70. Typical spring week data relative humidity 
(April 15th – 21st) 

 

 

 

0

20

40

60

80

100

120

1 7 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97 10
3

10
9

11
5

12
1

12
7

13
3

13
9

14
5

15
1

15
7

16
3

Relative Humidity (%) -Typical winter week

Series1 Series2 Series3

0

20

40

60

80

100

120

1 7 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97 10
3

10
9

11
5

12
1

12
7

13
3

13
9

14
5

15
1

15
7

16
3

16
9

Relative Humidity (%) -Typical autumn week

Series1 Series2 Series3

% 

 

Days 

% 

 

Days 



Diana Waldron  PhD Thesis 

Cardiff University  203  Welsh School of Architecture 

 

Part of the further analysis that took place to learn more insights into this 

dataset was also to make a comparative analysis of hourly data of a whole 

month, representative for each season. The main aim was to observe these 

parameters in a more holistic manner, where the monthly parameters can 

hold particular clues of knowledge for the further development of HTB2 as 

a potential tool for vertical farming simulation. From the large comparative 

graphs presented in Figure 71, it can be observed that the monitored 

relative humidity (RH) data seems to be more independent during the 

winter season only. Spring, autumn, and summer monitored RH seem to 

be much closer to the outside weather. This can potentially suggest that 

less energy could be spent in regulating RH levels during the three seasons 

that the needs of the vertical farm stand at similar levels to the outside. 

There is also potential for further research in this area.  

HTB2  accounts for the water counter balance and humidity present in the 

air (Alexander 2008). Therefore, this investigation continues to reiterate 

the holistic approach, by using HTB2 the influence of the outside weather 

is included in the calculations for vertical farming predictions, allowing to 

calculate dew points which is helpful data to develop a humidity 

management schedule for a specific scenario. This information has the 

potential to be exploited in further research to plan for the use of condense 

water system integrating it to the hydroponics system, or watering system 

integrated in the vertical farm. This can therefore constitute a sustainable 

source of water, besides the commonly acknowledge rainwater harvesting 

(ref), the water from condensation can also be integrated in the design of 

future vertical farms.   
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Summer (Jun)  

Figure 71. Hourly data for one month for each season. The horizontal (x) axis are the numbers of hours for each day of 
the month (30/31 days) and the vertical (Y) axis is the RH (%) 

Autumn (Oct)  

Winter (Feb)  

Spring (Apr)  
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6.5 Limitations 

Availability of data: Even when enthusiastic collaborators are found eager 

to share data and information (whom can also be rare in this industry), 

sometimes they do not possess all the necessary details to follow the 

proposed framework. Therefore, contingency plans must be put in place 

for these situations and plans for necessary assumptions that can be used 

to appraise assumptions that will not compromise the results and can help 

with the closer recreation of the scenario. Learning from this case study, 

it was difficult to obtain the specific construction details for the buildings, 

which was a rented commercial location. Therefore, the more populated 

the “user library” of construction materials can be for vertical farms, the 

more beneficial it will be for the vertical farming community. By having 

this library as an open source, the community can share this data and 

sample data can then be selected for similar scenarios.  

 

6.6 Chapter summary  

In this chapter, the selection process of the active and commercial vertical 

farm-case study has been described. The characteristics drawn from the 

commercial case study were then used to develop the simulated version 

of this vertical farm, by following the framework developed in the previous 

Chapter 5. The chapter provides details of this process, keeping in mind 

that the reader of this work can replicate this process if/when needed, to 

analyse any vertical farm(s). Finally, information on the type of analysis 

undertaken with the data was included, such as the comparison of relevant 

parameters such as temperature and relative humidity of both scenarios 

(monitored vs simulated). This chapter also includes the statistical analysis 

and findings of this data, which was undertaken with the aim of assessing 

how closely related the two sets of data are. It has been shown that there 

is a high correlation between several of the parameters analysed during 

this investigation. 
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Chapter 7  
General Discussion and Conclusions 

 
 

“Knowledge is the only acquired asset that will be with 
you wherever you go. It will give you freedom and the 
power to have a positive impact, to help others and to 

make this a better world”. 

Alicia Maria Toro E. BSc 
My Mum 

 
 

7.1. Chapter Overview 

This chapter presents a general discussion and overview of the most 

relevant findings regarding the holistic approach undertaken to develop a 

simulation framework to recreate at design stage a vertical farm, making 

use of an open-source tool and taking into account multiple factors, some 

of them not previously accounted for in vertical farm simulations. 

 

7.2. Discussion of research findings 

This section summarises the discussion around the findings of this research 

work. An interesting statistic mentioned in the literature review chapter 

seems particularly relevant to highlight in this closing chapter again, in 

light of the outcomes of this research. Bearing in mind that Japan is one 

of the countries that has invested more time and money in the 

development of vertical farms (see time-line in Chapter 2), in one of his 

most recent publications, the prominent Japanese author, Dr Kozai 

published that it was found that the number of plant factories in Japan 

making profit increased from 25% to 50% between 2016 and 2019 (Kozai 
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et al. 2016b, 2019) indicating the benefit achievable. These figures reflect 

the potential possibilities to improve the efficiency of this industry, the 

economies of scale can certainly help to drive the cost of vertical farms 

down and there is a significant need to conduct further studies in this field. 

This thesis argues the case of the relevance of multidisciplinary and 

transparent collaboration, in order to achieve more in the area of vertical 

farms, plant factories and related disciplines. The research findings below 

can provide steppingstones in this direction of research for this field.   

  

7.2.1. Contribution to the holistic approach to the concept of 

vertical farms, multidisciplinary data-sharing and concept 

of a simulation-based framework  

As expressed by Higgins (2016), there are still a lot of unanswered 

questions in the world of vertical farming. This statement is echoed by 

Khan and Ahmed (2017), Avgoustaki and Xydis (2020) and Storey et al. 

(2020), to mention but a few.  

Specifically, some of the most popular unanswered questions that are 

highlighted in the published work related to vertical farms have been 

signposted throughout the body of this thesis. In brief, the most common 

topics being: 

o How can the cost of lighting be reduced to make vertical 

farming more financially viable? (Kozai 2014; Mitchell and 

Sheibani 2015; Higgins 2016). The development of LED lights 

has not been enough, the energy consumption attached to 

lighting, requires better management, planning and higher 

efficiency.   

o Why is there such a high number of commercial vertical farms 

that struggle to survive? Is the current busines model 

sustainable? (Higgins 2016; Kalantari et al. 2017b; Martin 

and Molin 2019). What can be learned from the examples set 

by Japan as well as other successful vertical farm stories?  

o How can we make detailed knowledge of vertical farms more 

widely available? Aiming to achieve higher levels of 



Diana Waldron  PhD Thesis 

Cardiff University  208  Welsh School of Architecture 

understanding across different areas of expertise, in order to 

better understand how each of the relevant factors affecting 

the overall efficiency of vertical farms influence each other? 

And how can these factors be brought together, in a holistic 

manner, to make this agricultural practice more 

environmentally sustainable, as well as  economically viable? 

(Safikhani et al. 2014; Higgins 2016) 

o How can collaboration, transparency and multidisciplinary 

alliances be encouraged and achieved, within the world of 

vertical farms? (Despommier 2010; Al-Kodmany 2018; 

Shamshiri et al. 2018; Storey et al. 2020; Zimmerman-Loessl 

et al. 2020)  

o How can the overall affordability of vertical farms be 

achieved? (Shao et al. 2016; Hughes 2018; Avgoustaki and 

Xydis 2020) 

With the development of the framework described in chapter 5 and tested 

in chapter 6, it has been demonstrated that this is an open-access method 

which relevant disciplines can use to further develop the simulation aspect 

of vertical farms. The main part of the framework is assisted by a software 

tool that is flexible enough to allow different disciplines to focus on their 

specific expertise. The supporting software is free, open-source, and 

accessible to the research community. The name of the software is HTB2 

(Alexander and Lewis 1985; Lewis and Alexander 1990). This software was 

initially developed to perform building physics calculations and it has been 

further developed throughout the years (Lomas 1996; Waldron et al. 2013; 

Huang et al. 2020). 
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7.2.2. Contribution on a novel approach to simulation of vertical 

farms. 

This PhD thesis is the first attempt to use HTB2 as an assistive tool to the 

framework developed for the appraisal and early-stage design of vertical 

farms proposed in this investigation. Nevertheless, this software tool has 

been previously validated within other contexts. The most valuable 

characteristic that this framework aimed to exploit from HTB2 is its 

flexibility, which encourages further research and development in 

multifaceted and multidisciplinary fields. Therefore, this thesis presents 

the process of how these characteristics are being integrated in the design 

of vertical farms, allowing to simulate scenarios as early as the conception 

stage of the design process. Due to the flexible nature of the simulation 

tool chosen to assist this process, the framework presented in this 

investigation can empower the vertical farming world to tackle the design 

of these projects in a multidisciplinary manner, in order to allow different 

experts to focus on their relevant topic, whilst collaborating in the 

development of any type of vertical farm. 

For example, experts in the area of lighting can learn more specifically the 

necessary routines that are currently included in the lighting “module” of 

the simulation software (HTB2). These experts can take ownership of this 

field and further develop it to include any number of variables that can be 

present in vertical farms. By exploiting the current capabilities of the tool 

and further exploring and developing these areas, the experts involved in 

this process can integrate their knowledge into the tool itself. Thereafter, 

their particular “module” (focused on lighting, in this example) can then 

be linked to other “modules” of HTB2, that comprise details about other 

relevant areas of vertical farms. In parallel, other experts in the field of 

biology, or evapotranspiration of plants, or any related topics, can follow 

the same process, focused on their area of expertise, knowing that this 

knowledge will be linked to the overall structure. All these modules are 

then interlinked by using HTB2, which at the moment is limited in what 
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can achieved for vertical farms, but as a tool, it has potential for further 

research and development in the field of vertical farms.  

Overall, the framework described in this thesis empowers different 

disciplines involved in vertical farms to communicate details and 

parameters in a transparent manner. The various elements of vertical 

farms are catalogued in a series of files, each of them describing all the 

details of the case study and each of these files can be openly shared. 

These files contain the information that is needed to allow the designer of 

a vertical farm to use HTB2 to perform early stage predicted calculations 

and estimations for the energy consumption of the farm and other 

parameters. More importantly however, designers can compare details 

between different scenarios in order to aim for optimisation, and in turn, 

databases can be created. All this information can thereafter be shared 

and compared in a consistent manner, across the international vertical 

farming community. 

By creating more databases with this structured form of information, the 

framework can be further improved and optimised in order to get closer to 

recreating all the parameters of vertical farms more accurately. Following 

this process, with more detailed data and information, this framework can 

thereafter be validated with existing vertical farms, checking if the 

calculations are accurate in terms of predicting energy usage of lighting, 

ventilation, temperature, and humidity levels, among others. Since one of 

the most significant obstacles of building vertical farms is the high initial 

investment, validating a framework that can estimate potential energy 

usage before they are built, can prove to be a valuable tool to assist 

vertical farming developments. 

 

7.2.3. Contribution to the calculation of parameters relevant to 
the analysis of vertical farms. 

Due to the novel perspective of approaching the issues around the design 

of vertical farms, there have been a number of parameters that have been 

highlighted in this research work.  
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Table 29 is a section of a larger table presented in chapter 5 (Table 10). 

The larger table presented a summary of relevant parameters found in the 

literature that are relevant for the analysis of vertical farms. The section 

of the table inserted below aims to bring focus to the fact that there are 

significant gaps in the literature of vertical farms (and related building 

integrated agricultural concepts, i.e. plant factories). The fields or 

parameters presented in the excerpt of the table are related to: 

• ventilation rate of vertical farms (wind speed or ACH). 

• R-value (or u-value) of the host building (occasionally described as 

“enclosure” in the literature). 

• Type of insulation of the host building. 

• Lighting efficiency. 

• Renewable energy. 

At present, table 29 continues to have many gaps, because  a standardised 

manner to report the characteristics of vertical farms does not exist.  If 

move forward, in the future, this simulation framework can provide all the 

data that would be necessary to fill table 29, making it more transparent 

for vertical farms to learn from each other and improve practices.  The 

next section will provide more details on this matter (section  7.2.4).
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Table 29. (Excerpt of Table 10-Chapter 4) “Parameters for simulation gatahered from literature review, plus other relevant 
data within the context of vertical farming”. 
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7.2.4. Filling the table’s gaps (in the literature) 

Throughout the development of the framework described in chapter 5, the 

simulation methodology outlines the importance of establishing the 

thermal properties of the construction materials of a host building to assess 

the thermal performance of vertical farms. Therefore, by implementing the 

assessment analysis proposed by this research, vertical farms will include 

this information as part of the design process. Furthermore, data such as 

the r- or u-value of the host building, type of insulation and lighting 

efficiency will be available for every vertical farming projects to share, by 

following the framework proposed in this investigation.  

At present, there is no evidence of which type of construction materials 

can be best suited for vertical farms. As part of this investigation a “user 

library” was created containing an initial list of building materials to use 

for vertical farms (chapter 5, section 5.5.1.3 and figure 28). The aim is to 

share this library with the vertical farming community in order to populate 

it further. The library contains thermal properties of the materials, such as 

conductivity (W/m/C), density (kg/m3) and specific heat capacity (J/kg/C), 

allowing the software (HTB2) to calculate u-values. Any construction 

material can be integrated into this software tool, as long as the three 

parameters mentioned above are available.  

7.2.5. Contribution on relationship of different parameters 

This research provides evidence on the correlation amongst the various 

parameters relevant for the analysis of vertical farms. The statistical 

analysis described in chapter 6 shows the results of the monitored data of 

an active vertical farm where a direct correlation was identified between 

the outside weather and the indoor parameters. The relationship between 

the outside and the inside environment was evidenced with the 

correlations between the outside temperature and the energy used by the 

air handling unit (AHU) (r = .403, p < .05), grow room temperature (r = 

.398, p < .05) and grow room humidity (r = .348, p < .05).  This evidence 

contradicts common assumptions by vertical farming publications which 

consider the outside temperature as a negligible factor when assessing the 

efficiency of vertical farms (Kozai et al. 2016b; Al-Kodmany 2018). A very 
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small amount of publications actually include details of the weather to 

assess a vertical farm (Benis et al. 2017a; Graamans et al. 2018).  

Furthermore, the statistical analysis also confirmed that the highest 

correlation for the total energy use was with the variables related to 

lighting energy use (r = .63, p < .05). See further details of the correlation 

of the monitored data in chapter 6, section 6.4.2 and Table 20.  

7.2.6. Contribution on lighting analysis 

Due to the importance of the impact of lighting in the further development 

of vertical farms (Mitchell and Sheibani 2015; Li et al. 2016; Molin and 

Martin 2018b), additional statistical analysis took place in this area (see 

Table 20 and attached information, in Chapter 6). The analysis compared 

the results of the simulation and the monitored data from the commercial 

case study. The nature of the lighting data is mainly split into two scenarios 

for vertical farms: photoperiod and darkperiod, i.e., ON and OFF. 

Therefore, if these are established as the main dichotomous variables, then 

further comparisons between the simulated data can be achieved. 

Therefore, beyond being able to calculate and compare the energy 

consumption of light between simulation and monitored data, this 

statistical analysis allowed to identify a percentage of coincidence between 

the dichotomous variables, i.e., coincidences of the prediction of lights ON 

or OFF. The coincidence percentage found was 52.9% of the data. Most of 

the coincidence occurred for the high consumption data (48.4%). 

Therefore, 48% of the time the simulation and the monitored data agreed 

on lights ON. The above information highlights the relevance of the work 

undertaken as part of the framework developed in this thesis, that can be 

used as a foundation to build further lighting analysis and predictions of 

vertical farms. This can further inform lighting management prediction 

strategies. 
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7.2.7. Contribution on analysis of simultaneous parameters 

The analysis of the graphs presenting the behaviour of the internal 

temperature and relative humidity in relation to the outside weather 

(Figures 64 to 71, in chapter 6), have significant information to contribute 

towards better indoor climate management strategies. This is another gap 

of vertical farms highlighted by Higgins (2016). In the outcomes of this 

research, the evidence presented in Figure 71 of Chapter 6, suggests that 

internal relative humidity can be better managed by considering the 

conditions of the outside weather. For instance, in this case the data 

suggested that the relative humidity indoors follows a similar pattern to 

the outside relative humidity for the majority of the months (the graph 

shows hourly data for 1 typical month for each season). Nevertheless, if 

observed in more detail, the winter month (Feb) seems to be the 

exception, i.e. the outside humidity differs most notably from the indoors 

conditions. The other three months (representing the remaining seasons: 

spring, summer and autumn) showed a similar level of relative humidity 

to the outside (Figure 71, Chapter 6). Hence, by considering this data in 

coordination with other data (without neglecting the inclusion of CO2 

levels), attention could be placed into the design of a by-pass scenario, to 

aim for energy saving measures from the air handling unit. In effect, if the 

data collected with this analysis suggests that the outside relative humidity 

is similar to the levels of humidity required by the crops, vertical farms 

that use air-conditioned environments, could improve the efficiency of 

their systems by having a by-pass mode, to be activated when the 

conditions of the outside air match the desired conditions for the crops. 

 

7.2.8. Contribution towards potential renewable energy 

exploration 

By using HTB2 as the assisting software tool for this framework, a further 

valuable characteristic can be explored: HTB2 has been used in previous 

studies for solar energy potential (Bassett et al. 2012). Hence, this is an 

area that can significantly benefit vertical farms. An exploratory sample of 

this analysis was included in this investigation in “Trial 5” of chapter 5 (see 
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Figure 47). Although it requires further development, this can be an initial 

steppingstone to improve this characteristic further in this context. Several 

publications mentioned the benefit of coupling vertical farms with 

renewable sources of energy (Kalantari et al. 2017a; Benis and Ferrão 

2018; Kosorić et al. 2019; Tablada et al. 2020), but very few provided a 

solution on the best way to achieve this. Proksch et al. (2019) agrees with 

various authors on the potential of PV panels to reduce energy 

consumption of indoor faming, his publication cited the case of a high-tech 

greenhouse in Australia which is 50% supply from PV panels.  Other 

authors who highlighted the benefit of integrating renewable energy in 

vertical farms are (Kosorić et al. 2019; Tablada et al. 2020) as well as 

other researchers highlighting the various potential of including PV panels 

in the built environment (Huovila et al. 2007; Parra et al. 2014; Coma 

Bassas et al. 2020). Whilst the exploration of the integration of PV potential 

is relevant, it must be taken under consideration the various relevant 

aspect toa chieve higher efficiency of PV panels. For example, in large 

cities, the potential to integrate PV panels on the facades of tall buildings 

instead of roofs is appealing (i.e. BIPV). Nevertheless, the orientation, 

inclination of panels and direct access to the sun have a significant impact 

on the efficiency of every single PV panel. This are careful considerations 

that need to be evaluated for each individual case scenario. An added value 

of using HTB2 for this simulating framework for vertical farms is that this 

software has been validated to undertake this kind of sensitivity analysis 

of potential efficiencies of PV panels. 

 

7.3. Novel contribution to knowledge  

The outcomes of this research contribute to improve the current methods 

to assess vertical farming buildings. By having a standardised framework, 

different vertical farms across the world can be compared and new 

efficiency benchmarks can be developed, encouraging multidisciplinary 

collaboration and transparent data-sharing. 

This investigation aimed to deliver a step change in: 
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I. The development of a novel analytical and conceptual framework 

supported by simulation (based on HTB2), to appraise the viability 

of vertical farming buildings at an early stage of the design process. 

The area of simulation of vertical farms has very little development 

and there are no open-source freely available tools to undertake this 

analysis. This is one of the main gaps this investigation tackled. 

II. This framework has the potential to allow future vertical farms 

designs to be optimised before they are built. This results in the tacit 

contribution to better and more energy-efficient vertical farms being 

deployed in the future, by using this framework to forecast different 

scenarios of energy consumption and assessing the possibility to be 

complemented by renewable energy.  

 

7.4. Limitations 

Literature review 

The most significant limitation found in the literature is the lack of detailed 

data related to the design of vertical farms. In particular data that can be 

used to assess and/or simulate the different scenarios. Most available 

published data provides information about optimum temperature ranges, 

relative humidity or lighting hours (photoperiod), (Li et al. 2016; Wang et 

al. 2016; Benis et al. 2017a; Graamans et al. 2017; Graamans et al. 

2018). However, finding details with regards to the optimum level of 

ventilation (ACH) or the thermal properties of the host building (u-values) 

has been particularly challenging, only Graamans et al. (2018) provided 

some details on u-values and ventilation. Furthermore, publications by 

Benis et al (2017, 2018) and Tsitsimpelis et al (2016) make some 

reference to these factors, but no specific details are provided, and the few 

details presented in terms of ventilation, for example, differ significantly 

from each other. Hence, reliability and testing of data of this nature 

requires further scrutiny and investigation.  

The issues mentioned above, are also particularly important in terms of 

the analysis of the relationship of building materials interacting with indoor 

plants. Due to the high levels of humidity and other parameters highly 
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relevant for an optimum indoor environment for plants and people, further 

research is recommend in the area of optimum building materials within 

this context. For example, further information on the use of hygroscopic 

materials (Tenwolde and Pilon 2007; Kalantari et al. 2017a) in the context 

of vertical farms could have significant potential to develop better 

performing urban farms.  

Methodology  

Groat & Wang (2013) wisely described the boundaries between different 

research strategies as “permeable”, this characteristic was perhaps the 

most exciting about this research project, as well as the most challenging 

and, in occasions, overwhelming. This permeability between the different 

research methods chosen in this mixed-methods approach was an 

extremely enriching research experience. The amount of knowledge gained 

during the journey has been unmeasurable. However, trying to keep the 

knowledge-gaining experiences within the straight path to achieve the 

main objectives, was a significant challenge. Like most research paths, 

there are ups and downs and this has been certainly an enriching journey, 

filled with joy and pain. It would have been beneficial to have an 

“impermeable” research strategy, that could assist to tackle the issues at 

hand in a more straight forward process. Nevertheless, creation would 

probably not materialise, without the excitement and the occasional pain. 

Hence, from this perspective, having such an interactive set of mixed-

methods in an investigative project can be extremely valuable, but it can 

also have its limitations if the boundaries of research are difficult to 

maintain at a manageable level. Hence, when using a mixed-method 

approach, ensure a strategy to keep the boundaries in-check. As Groat & 

Wang (2013) also described, the aspects of one method can successfully 

augment the characteristics of the other interacting methods. 

Framework simulation development 

Benis et al (2015, 2017, 2018) and Graamans et al (2017, 2018, 2020) 

are the main authors that have contributed significantly to the field of the 

exploration of simulation potential of vertical farms. Nevertheless their 

focus have been on specific types of agricultural methods integrated in the 
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built environment, i.e. greenhouses and lab-like plant factories. Due to the 

lack of open-source tools used and transparent information, it is difficult 

to scrutinise the simulation models and identify which aspect of their work 

can be directly linked to other scenarios of vertical farms. Furthermore, 

the simulation results published are based on virtual scenarios. Any 

published data based on active vertical farms are related to the analysis of 

monitored figures, not simulations (Ward R et al. 2018; Jans-Singh et al. 

2019). No studies have been found to compare both scenarios: monitored 

vs simulated. This is a novel approach, therefore the main limitation in this 

respect is the lack of comparative published research to validate the 

chosen methodology and framework development.  

Case studies 

As highlighted by Despommier in (2014), purposely designed building 

integrated vertical farms only began to emerge years after his first book 

published in 1999 (Despommier 1999). This field is still at its infancy 

(Storey et al. 2020; Zimmerman-Loessl et al. 2020) and therefore 

availability of case studies to validate the simulation framework is a 

challenging task. In particular, to find case studies that will have monitored 

data. During the planning of this investigation, the route of gathering own 

monitored data was also explored. But the logistics of achieving this, in 

conjunction with arranging access to a vertical farm that would allow the 

collection of this data was also a sensitive and complex affair. Due to a 

thorough scoping study and significant amount of systematic stakeholder 

engagement, this investigation found a suitable case study, willing to share 

their monitored data. This was a relatively unique opportunity, but it took 

a significant amount of searching, at a national and international scale (this 

investigation even included a trip to China during the scoping study). 

Hence, it is important to highlight that significant time consideration must 

be allowed to find a suitable case study. Alternatively, a contingency plan 

can be put in place to plan for data collection alongside the development 

of the simulation model, to be able to create the comparative scenarios as 

demonstrated in this thesis. 
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7.5. Suggestion for future research  

In terms of software development, this research strongly encourages 

further expansion of the software tool used as part of this analytical 

framework. Due to its modularity, HTB2 allows for further development 

that can be written primarily by computer programmers, in collaboration 

with a multidisciplinary team that can assist the development focused on 

vertical farms. It is an open-source code. As a result, if further calculations 

are deemed to be relevant for the simulation of vertical farms, HTB2 code 

can be made available to create plugins or alternative functions that could 

potentially help to improve this simulation. One instance could potentially 

be to develop a module to account for evapotranspiration of plants in more 

detail than the current HTB2 module allows. There are already 

mathematical models to calculate these characteristics, such as the 

Penman-Monteith equations or using the Vanthoor model, researchers 

have used this principle to include it in their calculations (Allen 2005; Benis 

et al. 2017a). A software developer could potentially write a “module” for 

HTB2, or modify some of the existing modules to include 

evapotranspiration characteristics, or other further modules that can 

enrich the simulation. Similarly, there could be additional models to 

calculate water, CO2 requirements, etc. HTB2 can also potentially be 

expanded and tailored to further vertical farms requirements, if there is 

available R&D time to invest in the tool and the analytical framework 

developed in this thesis.  

 

7.6. Conclusion  

The framework developed in this investigation can potentially be used as 

a standardised approach to assess vertical farms at an early design stage. 

By having this as a platform, the vertical farming community can develop 

potential benchmarks around the world in terms of energy efficiency and 

quality of produce. This tool can potentially help towards more transparent 

communication and data-sharing across different levels of the vertical farm 

stakeholders around the globe. These latter characteristics can potentially 

act as catalysts for more collaboration and therefore allowing larger 
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multidisciplinary teams working together towards achieving greater 

efficiency and affordability of vertical farms.  

 

7.6.1. Review of aim and objectives 

This final section summarises how this study achieved the aims it was set 

to fulfil, describing the novel contributions to the field. 

 

The aim of this thesis is to explore the potential and required 

future development of a simulation-based modelling 

framework to meet the needs of vertical farming. The main 

target of this framework is to provide a replicable 

methodology that can be expanded to integrate further 

aspects of vertical farms. This is with the wider purpose of 

improving our understanding of the concept of vertical farms, 

bringing together the variety of theories that are attached to 

this industry. The investigation proposes an analytical and 

conceptual framework to test a quantitative approach 

(simulation) to advance the knowledge in the area of the 

design of vertical farms. The framework developed is assisted 

by an open-source software tool and encourages future 

multidisciplinary collaboration and data-sharing.  

 

This study developed an analytical framework to approach the assessment 

of vertical farms from a novel angle. This new method focused on the value 

of multidisciplinary collaboration and transparency of data-sharing. With 

this focus in mind, a pathway to encourage and allow this collaboration has 

been built, as one of the main outcomes of this research. In order to 

achieve this, a software tool was selected to materialise the concepts of 

the framework. HTB2 is the software tool that has been chosen to assist 

this investigation throughout the development of this framework. 
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The main objectives to achieve this aim are:    

 

1. To review the State of the Art of vertical farming, the 

different methods used in this alternative agricultural 

practice and establish the most appropriate method(s) to 

be recreated through the simulation process and data 

analysis.  

This research developed a thorough systematic literature review to 

consider the vast majority of literature available in the area of vertical 

farms and related practices/designs. The systematic literature review was 

complemented by an extensive stakeholder engagement, targeted to 

gather information related to the main gaps identified in the literature. The 

search for these gaps played a particularly relevant role towards the 

development of the analytical framework. This is due to the fact that this 

framework required clarity of data, detailed information and 

material/knowledge related to a number of different disciplines. The 

knowledge gained during the journey across the scoping studies, literature 

review, stakeholder engagement and further analysis of information and 

data, helped to synthesise the understanding of vertical farms. As a result, 

clear information regarding the State of The Art of vertical farms, their 

different methods and characteristics have been included in the chapters 

of this thesis. This information has thoroughly informed the process of 

recreating and simulating the selected vertical farming scenarios. 

 

 

 

 

 

 

 

 

 



Diana Waldron  PhD Thesis 

Cardiff University  223  Welsh School of Architecture 

 

2. To propose, develop and test a conceptual and analytical 

framework that can be used to recreate or modify the 

behaviour of vertical farms in indoor environments, with the 

assistance of a flexible simulation tool.  

Chapter 5 provides a clear description of the process followed to develop 

the conceptual and analytical framework to recreate, analyse and modify 

vertical farming scenarios. This has been achieved with the integration of 

a simulation software tool (HTB2) which has been previously validated for 

other simulation scenarios. This is the first attempt to utilise the various 

characteristics of this software within the context of vertical farm design.   

 

 

3. To test the simulation framework developed in order to assess 

an active vertical farm (case study). Including the assessment 

of the framework to allow the prediction of important 

parameters relevant to establishing an optimum environment 

required for the building to host a vertical farm indoors. 

Finally, the study presented in chapter 6 outlines the process followed to 

implement the framework (described in chapter 5), using a real case study: 

a commercial vertical farm in London. The analysis describes how the 

monitored data was accessed (as a result of stakeholder engagement), 

interrogated (to assess suitability) and thereafter compared to data that 

was simulated based on a virtual scenario that was built as part of this 

investigation, to recreate the scenario of this particular commercial vertical 

farm. Important parameters were identified and evaluated by using the 

proposed framework, with the target of establishing the calculation 

required to assess the optimum characteristics for vertical farms to thrive 

in their host buildings.  
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Appendix 1  
Stakeholder Engagement 

 

Year 2019

Diana Waldron - PhD Schedule of Work Collaboration and Communication with the Wider VF Community - Gantt Chart

PhD Project Title: Plants and Architecture: Building a Self-Energised Food Production for Urban Vertical Farming

YEAR 1 YEAR 2 Maternity YEAR 2 YEAR 3

Date (month/year)

Aug-O
ct2

015

Nov15-Ja
n16

Feb-A
pr2

016

M
ay-Ju

l2016

Aug-O
ct2

016

Nov16-Ja
n17

Feb-A
pr2

017

M
ay-Ju

l2017

Aug-O
ct2

017

Nov17-J
an18

Feb-A
pr2

018

M
ay-Ju

l2018

Aug-O
ct2

018

Nov-D
ec2

018

BUFFER perio
d

Contacted DATE Response (YES/NO) TOPIC
ACADEMIC CONTACTS 

Dr Li (East China Normal University - Shanghai) *
The purpose of this contact was to engage with 

academic partners in  a collaborative partner to submit 

a research porposal to undertake a 

01/11/2015 YES Student Mobility C

AS A RESULT: Grant funding application for fieldwork 

in China (Newton Fund)- Successful
01/06/2016 YES Student Mobility c c c

Dickson Despommier - Columbia University, USA

Prominet academic in the area of VF, therefore his 

advice and feedback can be valuable to my research 

18/02/2016  

22/02/2016
YES

General information and possibility 

to interview the "father of modern 

vertical farms"

C

Dr Ana Moragues, Cardiff University 08/02/2017 YES
Aiming to create links within our 

university with experience on VF
C

Dr Tim Patterson, South Wales University *
02/08/2017  

22/08/2017
YES

To discuss options regarding setting 

up a VF case study coupled with 

Anaerobic digestion. Requested 

advice on location for my VF 

(attempt 2)

C

Dr Sandra Esteves, South Wales University 02/08/2017 YES As above C

Luuk Graamans, TU Delft University 13/02/2018 YES
To discuss his simulation choices and 

results
C

Mr Reinhart, MIT 25/04/2018 NO As above C
Paulo Ferrao, FCT, Portugal 26/04/2018 YES As above C

INDUSTRIAL CONTACTS 

Lu Xingmeng (VF in China) 20/05/2016 NO
Contacted him to arrange a visit to 

their VF in China
C

Prof Qichang Yang (VF in China) 20/05/2016 NO
Contacted him to arrange a visit to 

their VF in China
C

Neil Tapper (Cenin)* 03/11/2016 YES

Contacted him to discuss potential 

location for my VF case study 

(attempt 1)

C

Tom Webster (GrowUp VF in London)* 09/05/2017 YES

A number of meetings were held, one 

of them included a tour to  their 

vertical farm

C c

Jessica Brown (Modular Farms) 23/08/2017 YES
To discuss VF equipment and figures 

from the industry
C

Sophie Durnam (Salad Garden in Cardiff) 10/04/2018 YES

Contact at Bute Park Centre. Where I 

was hoping to develop a VF project. 

Sophie is part of Salad Gardens 

enterprise, based here. Discussed 

potential location for my VF case 

study (attempt 3)

C

Bill Walton (MaxiGrow, UK) 10/05/2018 YES
Looking for a quote for VF 

equipment (attempt 4)
C

Nico Hill (MaxiGrow, UK) 10/05/2018 YES
Looking for a quote for VF 

equipment (attempt 4)
C

Peter (Erith Horticulture Ltd, UK) 10/05/2018 YES
Looking for a quote for VF 

equipment  (attempt 4)
C

Stephen Fry (V-Farms, HydroGarden)*

Largest UK  providors of VF equipment
10/05/2018 YES

Visit their VF facilities. Looking for a 

quote for VF equipment.  (attempt 4)
C

BOTH:ACADEMIC/INDUSTRIAL CONTACTS 

Kevin Fredianni 23/03/2016 YES

Contacted him for a potential visit to 

his vertical farm. Paigton Zoo was the 

1st recorded vertical farm built in the 

UK.

C

Andrew Blume (Associate of Vertical Farming, AVF) 23/08/2017 YES
Creating internation Links with the 

VF community
C

Mark  Horler (Associate of Vertical Farming, AVF) 24/08/2017 YES As above C

TRIP TO SHANGHAI-
Newton Fund PhD Placement Grant China-UK

Jul-16

Application: Successful 
(Field work Interrupted/ 
Unsuccessful)

Visited the University in Shanghai 
but had to return sooner than 
planned due to pregnancy issues.

C

TRIP TO EDINBURGH - PLEA Conference Jun-17 Successful
Oral presentation and conference 
proceeding publication

C

PAPER ACCEPTED FOR URBAN AGRICULTURE 
CONFERENCE IN NEW FOREST, UK

Oct-18
Successful

Due to present paper on the 10th of 
Oct 2018 (everything is arranged 
for attendance). Paper to be 
published in the conference 
proceeding (open access).

C

Key:  C = Contact made usually by sending an email, c = Constant comunnication in preparation of the project or a visit, *  = Communicated more than twice and in some cases further meetings were arranged to discuss in depth.
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Appendix 2  
Information on Simulation Raw Data 

 

That background data of the simulations undertaken on this study have 

not been included in these appendices, due to the sheer volume of this 

data. The simulated scenarios contained data for every hour, for every day 

of a full year (from 2016 – 2017). This volume of data was multiplied every 

time by the number of parameters investigated: relative humidity, internal 

and external temperature, etc. On top of this each scenario dad a series 

of tested variations. To include all the relevant raw data would easily take 

more than a thousand extra pages attached to these appendices. The 

relevant aspects of the raw data have been summarised in the several 

figures, tables and graphs provided on the main body of this thesis, but if 

the reader of this thesis have further queries related to the raw data, 

please feel free to get in touch with the author via email, Twitter or 

LinkedIn. 

For instance, below a screenshot can be seen, of one of the excel files 

where the raw data has been organised and put together in Excel, in this 

instance, to make a direct comparison of the data obtained by simulation 

vs the monitored data of the physical vertical farm. This is hourly data for 

a full year and it’s the comparison to achieve values related to the energy 

consumption of heating, colling and ventilation of the vertical farm. This is 

only a fraction of the raw data of the simulation undertaken for this study. 

To provide a scale of the size of the overall amount of data manged for 

this investigation. This comparison alone when transferred into word 

document its length is more than 250 pages.   
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Furthermore, besides the data pre- and post-simulation (i.e. input and 

output) another instance of the kind of processes that have been part of 

this analysis is to query and check for the quality of monitored data, before 

it can be compared to the simulation. When dealing with monitored data, 

the sets of information need to be  “clean”, to removing any potential value 

that can skew the data. The table below is a screen shot of the data 

received from GrowUp Vertical Farm being scrutinised and analysed to 

identify any odd data that might need to be “tidy up”. The size of this data 

file will be of a similar size as the previously discussed (over 250 pages 

long). 
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Furthermore, the image 

to the right, is the list of 

the various simulation 

cycles that took place for 

this PhD investigation. 

Some of these folders 

have subfolder of further 

simulation with added 

variations, all of them 

with raw input and output 

data. The development of 

this simulation 

framework was an 

iterative process, where 

data from literature was 

gathered to inform the process, but also trial and error tests took place to 
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tweak some of the parameters and understand the behaviour and validity 

of this simulation framework, in the context of vertical farms. Each 

different simulation helped to inform the next iteration until there was 

more clarity on how to analyse the data obtained from HTB2 in a truly 

comparative manner with monitored data from the real vertical farm. This 

was not a simple process of outputs and inputs, the modularity of HTB2 

has been utilised to tailor the simulation to these specific scenarios. 

Since HTB2 has not been designed originally to develop this kind of 

scenarios, that outputs from the simulation had to extracted by hand from 

HTB2, transferred into Excel for the author of this work to develop the 

statistical analysis and other comparative studies to obtained the results 

that are part of this PhD Thesis.   

 

This image to the right, is a 

sample view of the contents of 

one of the simulation folders, 

shown in the previous image. 

Here, most of the files are the 

HTB2 module, which are where 

all the data necessary to run 

each simulation is contained.  

The image on the next page 

provides a snapshot of how 

several of these files (on the 

right, the HTB2 files) look like 

when they are open.  
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