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Propositions

1. Realistic assessments of the energy saving potential of LEDs in
greenhouses must take into account the entire greenhouse energy
system, including heating.

(this thesis)

2. The simplest way to improve the energy efficiency of illuminated
greenhouses is not to illuminate.
(this thesis)

3. The tendency in biosystems engineering to focus on the similarities
rather than the differences between power plants and biological plants
results in discarding the entire biological discipline.

4. The disregard for the principle of “equal pay for equal work” when it
comes to PhD candidates represents a moral failure of Dutch
universities.

5. All scientific journals are predatory.

6. Trying to explain constructs such as “article processing charges” to non-
academics quickly reveals that increased transparency in academia will
weaken, not strengthen, public trust in science.

7. The apprehension towards genetically modified crops, compared with
the uncritical adoption of smart phones and social media, demonstrates
how as a society we prioritize physical over mental health.

8. The alleged objectives of reducing hunger or sparing land obscure
the fact that the main motivation for agricultural intensification is
economic profit.

Propositions belonging to the thesis, entitled

Energy saving by LED lighting in greenhouses: A process-based
modelling approach

David Katzin
Wageningen, 29 June 2021
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Living things don’t all require
light in the same degree. Some of us
make our own light
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Summary

Summary

High-tech greenhouses, equipped with heating, lighting, and CO2 enrichment of
the air, are major consumers of energy. This energy consumption is responsible
for considerable carbon emissions, contributing to global warming, which is
already occurring at alarming rates. Light-emitting diodes (LEDs) have been
promoted as a potential solution to the energy problem of illuminated
greenhouses, due in great part to their high efficacy in converting electrical
energy to light. Current LEDs consume around 40% less electricity than the
commonly used high-pressure sodium (HPS) lamps, while emitting equivalent
light intensities.

Despite their high efficacy, adoption of LEDs in greenhouses has been
limited. High investment costs, lack of knowledge regarding the influence of LEDs
on the greenhouse climate and crop, and low trust towards their claimed
benefits, have all been cited as main obstacles for adoption. It has also been
observed that greenhouses with LEDs require more heating than greenhouses
with HPS lamps. This is because lamps provide not only light but also heat to the
greenhouse. Due to their higher efficacy, LEDs contribute less heat to the
greenhouse, which needs to be compensated by the heating system. Therefore, it
has so far been unclear precisely how much energy can be saved by a transition
to LEDs in greenhouses, and what factors contribute to this potential saving.

This thesis explores how LEDs influence the energy consumption of
greenhouses. It investigates the consequence of replacing HPS lamps by LEDs in
terms of lighting demand, heating demand, and total energy use; analyzes how
LEDs influence the greenhouse climate and energy balance; and examines
further possibilities for energy saving by LEDs in future scenarios.

Chapter 1 provides an overview of the greenhouse energy problem, and
uses the Netherlands as an example to present some of the approaches that have
so far been used to tackle this problem. This chapter also shows that the advent
of LEDs in greenhouses has been accompanied by great expectations, the
majority of which have so far failed to materialize. This chapter suggests that a
transparent and quantitative assessment of the potential benefits of LEDs will
help adjust expectations towards this new lighting technology, as well as promote
trust amongst growers. Process-based mathematical modelling is proposed as a
method towards achieving these goals.
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Summary

Chapter 2 investigates the discipline of process-based greenhouse
modelling. The chapter shows that a considerable number of greenhouse models
are being published, and sets out to understand the reasons for the existence of
this multitude of models. In Section 2.2, substantial background on the concept
of process-based greenhouse modelling is provided, and a general structure of
these models is proposed. Subsequently, modelling studies published between
2018 and 2020 are analyzed according to this general structure. The studies are
categorized according to their objectives, types of greenhouse they describe, and
equipment they consider, and a model inheritance chart is presented, showing
how current models are based on earlier works. Moreover, a comparison of
modelling validation studies is performed. Based on this analysis, possible
reasons for the abundance of greenhouse models are suggested, including a lack
of model transparency and code availability, and a belief that model development
is in itself a valuable research goal. The chapter ends with several
recommendations for the future advancement of the discipline. These include
promoting model transparency and availability of source code, and establishing
shared datasets and evaluation benchmarks.

Chapter 3 presents GreenLight, a process-based model for a greenhouse
with a tomato crop, which describes the influence of HPS lamps and LEDs on the
climate, crop, and energy use. In this chapter, GreenLight’s performance is
evaluated by comparing model predictions against data from two greenhouse
compartments, one with HPS lamps and one with LEDs. The model is found to
have a relative error in predictions of climate and energy use in the range of 1-
12%. In order to promote transparency, the model is offered in an open source
format at https://github.com/davkat1l/GreenLight. In this way, the model is
made available for inspection and extension by others.

Chapter 4 uses GreenLight to predict the influence of replacing HPS lamps
by LEDs in a greenhouse. A wide range of scenarios is considered, including
varying climates, from subtropical China to arctic Sweden, and multiple settings
for indoor temperature, lamp intensity, lighting duration, and insulation. In all
scenarios, LEDs are found to reduce the energy demand for lighting by 40%, but
to increase the demand for heating. This results in the total energy saving by
transition to LEDs to be in the range of 10-25% for the majority of scenarios
considered. An important factor influencing how much energy can be saved by a
transition to LEDs is found to be the ratio between the lighting and heating
demand of the greenhouse before the transition.
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Summary

Chapter 5 presents a novel concept for greenhouse climate control:
heating a greenhouse by light. Considering the observation that all lamps provide
heat as well as light, this chapter suggests that illuminating at high light
intensities could eliminate the need to heat the greenhouse by the heating
system. This approach could potentially be very efficient, as it utilizes lighting
both to enhance crop growth as well as to maintain the indoor temperature. LEDs
offer new possibilities in this direction: due to their high efficacy, and the fact that
they emit relatively little radiative heat, they can be installed at high intensities
without overheating the greenhouse or damaging the crop. The scenarios
explored in this chapter show that heating a greenhouse exclusively by lamps is
possible, as long as sufficient lamp intensities are installed, and a heat harvesting
system is used to maintain indoor temperatures when the lamps are off. The
chapter also shows that if no changes are made to the lamp control strategy,
increasing the lamp intensity in the greenhouse typically results in a higher
energy use, and a lower energy efficiency.

Chapter 6 is a general discussion. This chapter reflects on the results of
previous chapters, both individually and collectively. Several limitations of the
work are identified, their consequence on the results and conclusions are
considered, and recommendations for further research are proposed. Section
6.7 gives further outlook: several reports predict that the energy use of
greenhouses will greatly increase in the coming years, mainly due to lighting. It
is suggested that the higher efficacy of LEDs might actually incentivize growers
to illuminate more than they had done previously. In this way, LEDs may
contribute to an overall increase, rather than a decrease, of greenhouse energy
use. Therefore, the section highlights some other possible avenues to reduce the
energy use and carbon emissions of greenhouses, aside from the adoption of
LEDs. Finally, using some of the lessons learned in the current work, Section 6.8
provides a short discussion on a new type of growing system: sunless cultivation,
also known as plant factories or vertical farms.

Chapter 7 is an appendix, providing a user’s guide and a description of the
GreenLight model. In particular, the following model components are described
in detail: the lamps, including both toplighting and interlighting, the blackout
screen, the heating pipes placed between the crop (grow-pipes), and the heat
harvesting system, including mechanical cooling and dehumidification, a heat
pump, and energy storage. This description could serve as an aid for future
researchers who wish to use or extend the GreenLight model.
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Samenvatting

Hightech tuinbouwkassen, uitgerust met verwarming, belichting en CO2
dosering, zijn grootgebruikers van energie. Hierdoor is de glastuinbouw
verantwoordelijk voor een aanzienlijke koolstof uitstoot die bijdraagt aan de
opwarming van de aarde. Kunstmatige belichting middels licht-emitterende
diodes (ledlampen) heeft de potentie om de energiebehoefte van belichte kassen
te verlagen, vooral door de hoge efficiéntie van deze belichting in het omzetten
van elektrische energie naar licht. De huidige generatie ledverlichting gebruikt,
bij dezelfde lichtintensiteit, 40% minder elektriciteit dan de huidige in de
praktijk toegepaste hogedruk natrium (SON-T) lampen.

Ondanks deze hoge efficiéntie wordt ledverlichting nog niet overal
toegepast. De hoge investeringskosten, ontbrekende kennis over het effect van
ledverlichting op het kasklimaat en het gewas, en het geringe vertrouwen in de
geadverteerde voordelen worden genoemd als de grootste obstakels. Ook stijgen
de verwarmingskosten in tuinbouwkassen met ledverlichting: door de hogere
efficiéntie van de ledverlichting stoten deze lampen minder warmte uit, wat
gecompenseerd moet worden door het verwarmingssysteem. Het was daarom
tot nu toe nog niet volledig bekend hoeveel energie er bespaard kan worden door
over te stappen op ledverlichting en welke factoren deze besparing beinvloeden.

Het onderzoek in dit proefschrift focust zich op hoe ledverlichting het
energieverbruik van de tuinbouwkas beinvloedt. Ook wordt er gekeken naar het
effect van het vervangen van SON-T lampen door ledverlichting op basis van
verlichting-, warmte-, en totale energieverbruik. Daarnaast is er gekeken naar
hoe ledverlichting het kasklimaat en de energiebalans beinvloedt én hoe er in de
toekomst nog meer energie kan worden bespaard middels ledverlichting.

Hoofdstuk 1 presenteert een overzicht van de uitdagingen wat betreft de
energiehuishouding in de kas en hoe deze worden aangegaan in de Nederlandse
glastuinbouw. Ook wordt aangetoond dat de verwachte voordelen van
ledverlichting nauwelijks zullen worden behaald in de praktijk. Dit hoofdstuk
stelt dat een transparante en kwantitatieve analyse van de voordelen van
ledverlichting zullen bijdragen aan realistischere verwachtingen en daarmee het
vertrouwen van de telers zal vergroten. De gebruikte methode, een
modelleeraanpak gebaseerd op processen, wordt gepresenteerd.
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Samenvatting

Hoofdstuk 2 verkent de bijdragen aan de procesmodellering als
discipline voor glastuinbouw. Een groot aantal modellen is aanwezig en dit
hoofdstuk onderzoekt waarom dit aantal zo hoog is. In Sectie 2.2 wordt de
benodigde achtergrondinformatie voor proces gebaseerde kasklimaat modellen
gepresenteerd alsmede een generieke structuur voor deze modellen. De
bijdragen in de literatuur zijn, op basis van deze generieke structuur,
gecategoriseerd op basis van het doel van het model, het type tuinbouwkas, en
de gemodelleerde apparatuur. Verder wordt een overzicht gepresenteerd dat laat
zien hoe deze modellen op elkaar voortbouwen. Bovendien wordt er een
vergelijking gepresenteerd tussen verschillende modelvalidatiestudies. Op basis
van deze analyse worden er mogelijke oorzaken voor de overvloed aan
kasmodellen geidentificeerd. Een gebrek aan transparantie in modellen,
afwezigheid van broncode, en de overtuiging dat modellering op zichzelf een
waardevol onderzoeksdoel is, zijn mogelijke redenen. Het hoofdstuk sluit af met
aanbevelingen voor het verder bevorderen van de discipline. Deze aanbevelingen
zijn, onder andere, het stimuleren van het beschikbaar maken van broncode
alsmede transparantie en het delen van datasets en gemeenschappelijke
evaluatiebenchmarks.

Hoofdstuk 3 presenteert het GreenLight model. Dit model beschrijft de
verschillende processen in een tuinbouwkas met tomaten, en het effect van SON-
T en ledverlichting op klimaat, gewas en energieverbruik. In dit hoofdstuk
worden de voorspelling van het GreenLight model vergeleken met data uit twee
kascompartimenten, een met SON-T lampen en een met ledverlichting. De
vergelijking laat zien dat het model goede voorspellingen maakt, met een
relatieve fout in de orde van 1-12%. Ter bevordering van de transparantie is de
broncode van het GreenLight model openbaar gemaakt op
https://github.com/davkat1/GreenLight. Zo is het model beschikbaar voor
anderen om het te bekijken en uit te breiden.

Hoofdstuk 4 beschrijft het effect van het vervangen van SON-T lampen
door ledverlichting. Een uitgebreide selectie aan verschillende scenario’s is
gesimuleerd, van het subtropische China tot het arctische Zweden, en met
verschillende instellingen voor de kastemperatuur, intensiteit van de verlichting,
belichtingsduur en isolatie. In de geteste scenario’s verlaagt ledverlichting de
energiegevraag met 40%, maar stijgt de warmtevraag. Hierdoor daalt het totale
energiegebruik van een kas met ledverlichting in de orde van 10-25% voor het
merendeel van de gesimuleerde scenario’s. De hoeveelheid energie die wordt
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Samenvatting

bespaard door een overgang naar ledverlichting hangt sterk af van de ratio
tussen de belichtings- en warmtevraag in de kas vo6r de overgang.

Hoofdstuk 5 presenteert een innovatief concept voor kasklimaatregeling:
het verwarmen van de kas door licht. Omdat belichting niet alleen licht genereert
maar ook warmte, zou de belichting in een kas met hoge lichtintensiteit ook
kunnen voorzien in de vraag naar warmte. De potentiéle efficiéntie van deze
aanpak is groot omdat het de verlichting gebruikt voor zowel warmte als licht.
Ledlampen bieden nieuwe kansen voor deze aanpak vanwege de mogelijkheid
om ze te gebruiken bij hoge lichtintensiteiten. De scenario's die in dit hoofdstuk
worden bekeken laten zien dat het verwarmen van een kas uitsluitend met
lampen mogelijk is, zolang de kas wordt voorzien van voldoende lichtintensiteit
en er een warmteterugwinsysteem is dat de temperatuur op peil houdt als de
belichting uitstaat. Dit hoofdstuk toont ook aan dat zonder aanpassingen in de
regeling van de lampen, het verhogen van de lichtintensiteit leidt tot een
doorgaans hoger energieverbruik en een lagere energie-efficiéntie.

Hoofdstuk 6 presenteert een algemene discussie. Dit hoofdstuk
reflecteert op de vorige hoofdstukken zowel in individuele zin als samengevat.
Verschillende limitaties van dit werk worden geidentificeerd, het effect ervan op
de resultaten en de conclusies wordt besproken, en er worden aanbevelingen
voor toekomstig onderzoek gegeven. Sectie 6.7 blikt vooruit op dit
onderzoeksveld: verschillende onderzoeken voorspellen een toename in het
energieverbruik van tuinbouwkassen, voornamelijk door verlichting. Er wordt
gesuggereerd dat de hogere efficiéntie van ledverlichting kan leiden tot meer
gebruik van verlichting. Op deze manier draagt ledverlichting bij aan een
verhoging van het energieverbruik van tuinbouwkassen, in plaats van een
verlaging. Deze sectie brengt daarom andere mogelijke manieren om
energieverbruik en koolstof uitstoot van tuinbouwkassen te verlagen onder de
aandacht. Sectie 6.8 presenteert een korte discussie over een nieuw type
teeltsysteem: zonloze teelt, ook wel verticale landbouw genoemd.

Hoofdstuk 7 is een bijlage met een gebruikershandleiding en beschrijving
van het GreenLight model. De volgende modelonderdelen zijn uitvoerig
beschreven: de boven- en tussenbelichting, het schaduwdoek, de
verwarmingsbuizen tussen het gewas, en het warmteterugwinsysteem, inclusief
mechanische koeling en ontvochtiging, een warmtepomp en energieopslag. Deze
beschrijving vereenvoudigt het gebruik alsmede het uitbreiden van het
GreenLight model voor toekomstige onderzoekers.
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Glossary of terms

Glossary of terms

Assimilation Greenhouse lighting CFD Computational fluid dynamics

lighting for enhancing crop
growth

CHP Combined heat and CSG Chinese solar greenhouse
power generator

FIR Far infrared (thermal)  Grow-pipes Greenhouse heating pipes placed
radiation, wavelength within the canopy
above 2500 nm

HPS High-pressure Interlighting Greenhouse lighting placed
sodium within the canopy

LED Light emitting diode NIR Near infrared radiation,

wavelength of 700-2500 nm

PAR Photosynthetically Pipe-rails Greenhouse heating pipes placed
active radiation, on the floor and used as rails for
wavelength of 400- transportation in the greenhouse
700 nm

PPE, efficacy Photosynthetic PPFD Photosynthetic photon flux
photon efficacy, the density (umol m2s?)
lamp’s efficiency in
converting energy to
PAR (umol J7)

Supplemental  Greenhouse lighting Toplighting Greenhouse lighting placed

lighting including lighting for above the canopy
daylength control
and assimilation
lighting

State variables

CO, Carbon dioxide T Temperature (°C)
concentration
(mg m?)

4 Vapour pressure (Pa)

Auxiliary states

coyrm Carbon dioxide H Conductive or convective heat
concentration (ppm) exchange (W m™)

Hpiroue Convection from the  Hairmecn Sensible heat harvested by the
main greenhouse heat harvesting system
compartment to the
outside air

Hpoitpipe Energy transfer from  Hpusrotpipe Energy transfer from the energy
the greenhouse buffer to the heating pipes
boiler to the heating
pipes

Heoveout Convection from the  Hsossoout Convection from the greenhouse

greenhouse cover to
the outside air

floor to the soil
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Hropout Convection from the top L Latent heat exchange (W m™)
greenhouse compartment
to the outside air
Lairmecn Latent heat harvested by Lairrnscr Latent heat converted to
the heat harvesting system sensible heat by vapor
condensation on the thermal
screen
Leanair Sensible heat converted to  Lropcov,in Latent heat converted to
latent heat by crop sensible heat by vapor
transpiration condensation on the internal
side of the greenhouse cover
Q Electric energy input QutLampin Energy used by the
(W m?) greenhouse interlights
Qrampm Energy used by the R Radiative heat exchange
greenhouse toplights (W m?)
Reansky Thermal radiation from the  Rcovesky Thermal radiation from the
crop to the sky greenhouse cover to the sky
Rrirsky Thermal radiation from the  Rgiob_sunair Global solar radiation
greenhouse floor to the absorbed by the greenhouse
sky structure and transferred to
the greenhouse air
Rgiob_suncov,e Global solar radiation Rintrampsky Thermal radiation from the
absorbed by the interlights to the sky
greenhouse cover
Riampair Short wave radiation (PAR Riampsky Thermal radiation from the
and NIR) from the lamp to toplights to the sky
the greenhouse air
RNiR_suncan NIR from the sun to the RNiR_sunrir NIR from the sun to the floor
canopy
Rpar_suncan PAR from the sun to the Rpar_sunrir PAR from the sun to the floor
canopy
Rpipesky Thermal radiation from the  Rrnscrsiy Thermal radiation from the
heating pipes to the sky thermal screen to the sky
RH Relative humidity (%)
External climate inputs
Ig10n Global solar radiation Tsoout Soil temperature at outer soil
(W m?) layer (°C)
Isky Horizontal infrared RHoy, Outdoor relative humidity (%)
radiation from the sky
(W m?)
Tout Outdoor temperature (°C) V Pous Outdoor vapour pressure (Pa)
Tsky Sky temperature (°C) Vwind Outdoor wind speed (m s™)
Validation metrics
maxE Maximum error maxRE Maximum relative error
ME Mean error MRE Mean relative error
MSE Mean squared error NSE Nash-Sutcliffe's coefficient of

efficiency
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R? Coefficient of RE Relative error
determination
RMSE Root mean squared error rRMSE Relative root mean squared
error
Greenhouse locations
AMS Amsterdam, ANC Anchorage, Alaska, USA
The Netherlands
ARK Arkhangelsk, Russia BEI Beijing, China
CAL Calgary, Canada CHE Chengduy, China
KIR Kiruna, Sweden MOS Moscow, Russia
SAM Samara, Russia SHA Shanghai, China
STP St Petersburg, Russia TOK Tokyo, Japan
WIN Windsor, Canada VEN Venice, Italy
URU Urumgqi, China
Subscripts
Air Greenhouse air in the main  BlScr Blackout screens
compartment (below the
screens)
Boil Boiler BoilGro Energy from boiler to the
grow-pipes
Can Canopy Cov Cover
d Discharge coefficient e External side of cover
Ext External CO; source Flr Floor
Gh Greenhouse Glob Global radiation
GroPipe Grow-pipes HEC Heat exchange coefficient
IntLamp Interlights in Internal side of cover
Lamp Toplighting Leak, Leakage ventilation
Leakage
Out Outside air Pipe Pipe-rails
Superscripts
mes Measured value sim Simulated value
Other symbols
cap Heat capacity (J m2 K™ EHPS Energy use of an HPS
greenhouse (MJ m~ year™)
ELEP Energy use of an LED Frigne Fraction of energy input used
greenhouse (MJ m2 year™) for lighting in an HPS
greenhouse
Heat Energy for heating in HPS Qe Energy for lighting in HPS
greenhouse (MJ m2 year™) greenhouse (MJ m2 year™)
et Energy for heating in LED Qi Energy for lighting in LED
greenhouse (M) m= year™) greenhouse (MJ m2 year™)
U Controlled input €HPS Efficacy of HPS (1.8 umol J7)
(greenhouse actuator)
€LED Efficacy of LED (3 umol J™)










Chapter 1

1.1. High-tech greenhouses and the
greenhouse energy problem

Modern greenhouses are a marvel of human knowledge, skill, science, and
technology: a simple greenhouse can achieve crop yields that are 5-12.5 times
higher than those of an open field of comparable area, and a high-tech
greenhouse - equipped with computerized climate control and supplemental
CO2 enriching the greenhouse air - can further double those yields to 25 times
those of an open field (Heuvelink et al., 2018). By using supplemental lighting,
these yields can potentially be doubled yet again, reaching a productivity that is
up to 50 times higher than open field cultivation (Heuvelink & Kierkels, 2013).

Such high yields are made possible by providing large amounts of inputs,
including labor (Galinato & Miles, 2013), water (Page et al., 2012), fertilizers
(Ntinas et al,, 2017), and energy (Hemming, Bakker, et al., 2019), which results in
substantial greenhouse gas emissions (Xue et al., 2020). These emissions, in turn,
contribute to global warming at an alarming rate (Klein, 2014). The main
contributing factor to emissions in high-tech greenhouses is their energy
consumption (Ntinas et al., 2017; Page et al,, 2012), used mostly for climate
control including heating, cooling, dehumidification, and supplemental lighting
(Hemming, Bakker, et al., 2019). Therefore, considerable efforts are being made
to reduce the energy consumption of high-tech greenhouses.

Greenhouse energy use can be quantified in various ways, depending on
the particular context and goals. Inputs can be measured in units of primary
energy sources (e.g.,, m3 of natural gas), energy (], joules), or carbon footprint
(global warming potential, measured in kg of CO: equivalents). Furthermore,
what is considered as an input may vary: for example, energy coming directly
from the sun may be included or excluded. The quantification of inputs also
depends on the definition of the system boundaries, i.e.,, the moment that a
resource is considered to have become an input. For example, is energy for
heating measured by how much heat is released by the heating pipes, or do we
consider the moment gas is burned, taking into account the efficiency of the
boiler system? Or perhaps the extraction and transportation of energy sources
should also be taken into account?

In any case, once inputs are defined and quantified, they are often scaled
to some unit for the sake of comparison. Scaling to a m? of greenhouse floor area
is a common approach. Alternatively, energy efficiency can be considered,
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measured by the amount of energy needed to produce a unit of product. For
example, comparing greenhouses growing the same crop can be done by looking
at how much energy is consumed per kg of marketable product (M] kg-1).

Innovations in the field of greenhouse energy savings can be roughly
divided into four categories: greenhouse design, equipment and technology,
climate control strategies, and alternative energy sources (Hemming, Bakker,
etal, 2019). These categories are not isolated from each other; for example, new
technologies may require an adapted greenhouse design, and a change in
greenhouse design may require adjustments in climate control (Vanthoor et al,,
2008).

Designing a greenhouse for reduced energy use can include installing a
highly insulating greenhouse cover, setting a north-south orientation that
maximizes the absorption of sunlight in winter (Hemming, Bakker, et al., 2019),
or selecting the best set of greenhouse equipment for a desired goal (Van 't Ooster
et al, 2008; Vanthoor, 2011). Equipment and technology for reduced energy use
includes insulating thermal screens (Dieleman & Kempkes, 2006), mechanical
dehumidification and heat exchangers (Kempkes et al.,, 2017), and heat storage
systems which create a so-called closed or semi-closed greenhouse. These
systems include short term heat storage buffers that extract energy during the
day and release it at night (Seginer et al., 2017; Van Beveren et al,, 2020), or long
term underground heat storage to extract energy in summer and release it in
winter (De Zwart, 2012; Van Ooteghem, 2007).

Given a particular design of a greenhouse and its equipment, the employed
climate control strategy can greatly influence energy use. Studies in the field of
optimal control (Van Straten et al, 2010) showed that an improved climate
control strategy can meaningfully reduce energy use (Van Beveren et al., 2015b;
Van Henten et al., 1997). A new approach to crop cultivation, called the “Next
Generation” greenhouse cultivation, combines design, technology and climate
control with the aim of improving greenhouse energy use (De Gelder, Poot, et al,
2012). Lastly, the use of alternative energy sources does not in itself reduce
greenhouse energy use, but it can meaningfully reduce a greenhouse’s carbon
footprint (Ntinas et al., 2020).
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1.2. Tackling the greenhouse energy
problem: experience from the
Netherlands

Considering the vast efforts dedicated to reducing greenhouse energy use, it is
worthwhile to consider what has actually been achieved in practice. For this, the
Netherlands provides a useful example, due to its large concentration of high-
tech greenhouses (Rabobank, 2018) and its consistent monitoring of the
industry with respect to three perspectives: energy use, carbon footprint, and
energy efficiency (Van der Velden & Smit, 2019b). In the following overview,
advances regarding these three perspectives are described, as they were all
addressed throughout the history of the Netherlands’ tackling of the greenhouse
energy problem.

The endeavor to reduce greenhouse energy use in the Netherlands dates
back to the 1970’s, when the energy crisis created severe economic pressures
against excessive energy use (Germing, 1978). As a result, several research
programs were initiated and conducted throughout the 1980’s (Bot, 1983; Udink
ten Cate, 1983). Starting in the 1990’s, environmental considerations driven by
consumer preferences and international treaties such as the Kyoto protocol
became the main motivation for reducing greenhouse energy use, or rather, for
improving energy efficiency (Bot, 2001). Indeed, throughout the 1990’s the main
factor contributing to greenhouse energy efficiency in the Netherlands was a
substantial increase in yields (Bot, 2001). In fact, between the years 1990 and
2000 there has been little reduction in emissions but considerable gains in yields
(Van der Velden & Smit, 2019b). These have been achieved by an improved
control of the air and root environment, better crop and pest management, and
the introduction of new cultivars (De Gelder, Dieleman, et al.,, 2012).

In the 2000’s, one of the most significant developments was the widescale
adoption of combined heat and power (CHP) units, also known as cogenerators
(Van der Veen & Kasmire, 2015). CHPs burn fuels to simultaneously produce
heat, electric power, and CO:. All these outputs can be used in the greenhouse to
maintain a favorable environment for crop production, but more importantly,
electricity that is not used in the greenhouse can be sold to the national grid. This
method of electricity generation is more efficient than that of regional power
plants, which do not make use of the heat that is emitted when burning fuels to
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generate electricity. The result of using a CHP instead of a standard boiler is thus
typically not a reduction in greenhouse energy use, but rather a reduction in
carbon emissions due to a more efficient utilization of natural gas!. Moreover, the
electricity sold to the national grid can provide a substantial source of income for
growers.

By 2010, the CO2 emissions of the Dutch greenhouse sector were 12%
lower than those of 1990, and the energy use per product was 53% lower than
that of 1990 (Van der Velden & Smit, 2011). Significantly, 75% of the emission
reduction was due to the adoption of CHPs (Van der Veen & Kasmire, 2015).
Other contributing factors were alternative energy sources such as geothermal
heat and biofuels, heat storage in closed or semi-closed greenhouses, and to a
lesser extent, climate control strategies such as the extended use of thermal
screens and dehumidification by heat exchangers (Van der Velden & Smit, 2011).

Around 2012 the dissemination of CHPs reached its peak (Van der Velden
& Smit, 2019b), as the profitability of selling electricity dropped (Van der Veen &
Kasmire, 2015). At this point, 10% of the Dutch electricity demand was
generated in greenhouses (Van der Veen & Kasmire, 2015). The years 2010-2014
saw declines in total greenhouse emissions due to warmer weather, a shrinking
of the total greenhouse area, and a slow adoption of renewable energy sources
(Van der Velden & Smit, 2016). Between 2014 and now, emissions have remained
stable due to the combined influences of conflicting factors: on the one hand,
warmer weather and a shrinking in total greenhouse area are contributing to a
reduction in emissions. On the other hand, higher energy consumption per
greenhouse area, caused in part by wider use of supplemental lighting, is
contributing to an increase in emissions (Van der Velden & Smit, 2019b). This
higher use of lighting is expressed in three ways: the total area of illuminated
greenhouses, the lamp intensities used, and the number of operating hours (Van
der Velden & Smit, 2013).

To summarize, the experience of the Netherlands reveals important
factors in the application of energy saving measures. While innovations in design,
technology, climate control, and alternative energy sources played some role, the
main factor influencing greenhouse energy use was profitability. The diffusion of
CHPs was driven by their economic benefit, and their contribution to emission

1 CHPs can actually increase greenhouse energy use, by incentivizing growers to heat the greenhouse
even when it is not needed, so that they can sell more electricity. Nevertheless, the improved
efficiency of combined heat and power generation compared to generating each of the two
separately, contributed to a total national reduction in emissions.



Chapter 1

reductions was viewed as a beneficial side effect at best (Van der Veen & Kasmire,
2015). In fact, the adoption of CHPs slowed down the penetration of renewable
technologies that do not depend on fossil fuels, such as solar and geothermal
energy (Van der Veen & Kasmire, 2015). Similarly, the growth in the use of
supplemental lighting is due to an increasing market demand and willingness to
pay for high value crops, especially in the winter period (Van der Velden & Smit,
2019b). This trend is seen not only in the Netherlands, but also in other places
worldwide, such as the United States (Stober et al., 2017). This growth in energy
use, together with a reliance on fossil-fuels, also results in a growth in
greenhouse gas emissions (Van der Velden et al., 2018).

1.3. Light emitting diodes (LEDs):
a potential solution?

One technology that has been suggested as a possible means to reduce the energy
use of illuminated greenhouses is the light-emitting diode (LED). LEDs first
became available for commercial use in horticulture during the first decade of
the 2000’s (Mitchell et al., 2015). Since their introduction, they have been
promoted as a potential driver for sustainability and energy efficiency of
greenhouses (Massa et al., 2008). To this day, the expectation is that the adoption
of LEDs will improve food production (Pattison, Tsao, et al, 2018), reduce
greenhouse energy use (Van der Velden & Smit, 2019b) and increase energy
efficiency (Hemming, Bakker, et al., 2019).

LEDs have several possible advantages over their predecessor, the high-
pressure sodium (HPS) lamp. First, LEDs reportedly have a longer operating life
(Mitchell et al,, 2015). Second, they have a high photosynthetic photon efficacy
(PPE, or simply efficacy in short), defined as the ratio of conversion from
electricity to photosynthetically active radiation (PAR), and measured in pmols
of PAR per joule of electric input (Kusuma et al., 2020). Third, the excess heat
emitted by LEDs is mostly convective and not radiative (Mitchell et al., 2015).
This means that the heat emitted by LEDs can be more easily removed from the
greenhouse, and that the lamps can be placed closer to the crop, and even
between crop rows, without causing crop heating and leaf burning due to
excessive radiation from the lamps. This technique, known as interlighting, can
increase the crop’s light use efficiency due to a more homogenous light
distribution (Trouwborst et al., 2011). Lastly, LEDs offer a high level of control,
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including the ability to manipulate their spectrum (the color of light they emit)
and intensity (Pattison, Tsao, et al., 2018). Modification of the spectrum can help
control the crop’s growth, morphology, and defense mechanisms (Lazzarin et al.,
2021), while flexible dynamic control of intensity by dimming can be used to
optimize the amount of light given to the crop at any point in time (Weaver et al.,
2019).

All these attributes contributed to a great deal of excitement around LEDs
during their early days in horticulture (Massa et al., 2008), but also to quite some
misinformation going around at the time (Mitchell et al., 2015). Early LEDs had a
considerably lower PPE than HPS lamps (Dueck et al., 2012; Pattison, Hansen, et
al,, 2018). Despite this, the use of LEDs in greenhouses was considered an energy
saving measure as early as 2008 (Van der Velden & Smit, 2009), and
manufacturers of the time were claiming that LEDs were twice as efficient as HPS
lamps (P. Visser, 2009). In 2015, around the time that LEDs were finally reaching
the same efficacy as HPS lamps (Nelson & Bugbee, 2014; Wallace & Both, 2016),
a highly cited paper claimed that LEDs reduced electrical running costs by a
factor of 4-16 (Singh et al,, 2015). Little evidence was offered to support this
claim, aside from a report of an LED retailer (LED Grow Master Global, 2014).
Nowadays, when LEDs have an almost 1.7 times the efficacy of HPS lamps
(Kusuma et al., 2020), the claim that they are 4-5 times more efficient in
converting electricity to PAR light is still being reiterated (Piromalis et al., 2018;
Xu et al,, 2019).

Besides promises regarding LEDs’ efficacy, operating life is another aspect
that failed to fulfill expectations (Mitchell et al., 2015). Claims of operating lives
going up to 60,000 hours (nearly 7 years of non-stop operation) have been
difficult to verify (Kusuma et al., 2020), and growers are reporting higher lamp
failures than expected (Stijger, 2019). The potential advantage of interlighting
has also been difficult to achieve in practice (Gémez & Mitchell, 2016;
Trouwborst et al,, 2010).

Moreover, it was quickly discovered that crops growing under LEDs
require different climate control strategies, and greenhouses with LEDs require
more heat from the greenhouse’s heating system, compared to those with HPS
lamps (Dueck et al,, 2010, 2012). In one trial, LEDs realized a 37% saving in
lighting input, but the total energy saving, including the need for heating, was
only 11% (Dieleman et al,, 2016). Another trial found that LEDs contributed to a
60% reduction in energy input for lighting, but only a 6.5% reduction in total
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energy input, including heating (Ouzounis et al.,, 2018). In other words, it turned
out that there was some tradeoff between lighting and heating inputs: as the
lighting input diminished due to the use of lamps with higher efficacies, the
heating demand increased. Nevertheless, most studies comparing LEDs with HPS
lamps focused on the savings of the lighting system, and neglected the changes
in heat demand (Gémez et al., 2013; Kumar et al., 2016; Kusuma et al., 2020;
Nelson & Bugbee, 2014; Stober et al,, 2017). A complete understanding of how
much energy could be saved by LEDs, how LEDs influenced the heating demand
of the greenhouse, and what were the full potentials of LEDs, remained missing.

1.4. Exploring the potentials of LEDs
in greenhouse: objectives and approach
of this thesis

The lack of reliable information, combined with high investment costs, resulted
in a very slow adoption of LEDs in greenhouses (Abbenhuis, 2020a, 2020b; Both
et al,, 2017; Stober et al.,, 2017). In the United States, only 2% of illuminated
greenhouses now use LEDs (K. Lee et al., 2020). This is unfortunate, because with
their current efficacy, LEDs have the potential to reduce energy use as well as
running costs for the growers. As in the case of CHP dissemination in the
Netherlands, the adoption of this new technology can increase both energy
efficiency and grower profits. However, there is a dire need for transparent and
impartial information, based on well-established knowledge, and free from
baseless and lavish presumptions.

It is within this context that the “LED it be 50%” research program was
initiated in 2015. This program, involving 5 Dutch universities and multiple
partners from industry, aimed to find out how LEDs can be used to reduce the
energy use of illuminated greenhouses without diminishing their yields. This
thesis is one of the outcomes of the program, and it addresses the following
questions: how much energy can be saved by using LEDs in greenhouses? What
are the consequences of replacing HPS lamps by LEDs, in terms of lighting
demand, heating demand, and total energy use? How are the greenhouse energy
balance and indoor climate influenced by LED lamps? And can the tradeoff
between lighting and heating demands reach a point where so much lighting is
given that heating is no longer needed?

10
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The approach employed in this work uses a process-based mathematical
model of the greenhouse crop and climate. Such models are an effective tool for
the analysis and development of greenhouse systems. With these models, the
knowledge about a given system is summarized in mathematical terms, which
are then used to make predictions regarding how the system will behave in new
scenarios or under new settings. Mathematical models have been part of the
research and development for greenhouse energy saving since their very
beginning in the 1970’s (Germing, 1978), and continued to accompany them
throughout the 1980’s (Bot, 1983; Udink ten Cate, 1983), 1990’s (De Zwart,
1996; Van Henten, 1994), 2000’s (Tap, 2000; Van Ooteghem, 2007), and 2010’s
(Van Beveren et al., 2015b, 2015a; Vanthoor, 2011).

As a first step towards a model-based approach to uncovering the
potentials of LEDs for greenhouse energy saving, Chapter 2 of this thesis
provides an overview of the currently used process-based greenhouse climate
models. This chapter outlines the current status of greenhouse modelling;
explores how models have been developed, used, and evaluated; examines why
so many greenhouse models exist; and analyzes the differences between them.
This exploration helps in the process of selecting the most suitable model for the
analysis of the potentials provided by LED lighting, particularly in terms of
energy saving. The chapter also shows that supplemental lighting has played a
relatively minor role in greenhouse modelling. Out of all the models mentioned
above, only two included lamps (De Zwart, 1996; Van Beveren et al., 2015a), and
none considered LEDs. More recently, lighting has become more prevalent in
greenhouse modelling, including the emergence of models aiming to describe the
influence of LEDs. Among these, some models focused only on how LEDs enhance
photosynthesis (Xu et al,, 2018b, 2019), while others also took into account the
influence of LEDs on the greenhouse air (De Ridder et al.,, 2020; Righini et al,,
2020).

Chapter 3 presents GreenLight, a new greenhouse model which includes
both HPS and LED lamps. GreenLight is based on a previous model of a
greenhouse and tomato crop (Vanthoor, De Visser, et al, 2011; Vanthoor,
Stanghellini, et al, 2011). This model is extended by including grow-pipes
(heating pipes placed within the plant canopy), a blackout screen (used to
prevent light pollution from the greenhouse when the lamps are on at night), HPS
and LED lamps. Using data from a trial comparing the two types of lamps, the
chapter examines how well GreenLight is able to predict the greenhouse’s indoor

11



Chapter 1

climate and energy use, including both heating and lighting energy inputs.
Significantly, GreenLight is offered in open source form, and its underlying code
is made publicly available for review or reuse. This high level of transparency,
which is rare for peer-reviewed greenhouse climate models, presents the
underlying assumptions and inner workings of the model, which helps engender
trust in the model’s predictions. Moreover, it allows researchers to easily build
on the model, facilitating further developments in the field.

Chapter 4 examines how much energy can be saved in a greenhouse by
transitioning from HPS lamps to LEDs, taking into account both the lighting and
heating inputs. The influence of several factors on the potential energy saving -
including the greenhouse’s location, design, and climate control strategy - is
evaluated. One issue that is revealed by this investigation is the tradeoff between
heating and lighting in the greenhouse: as the lighting input is decreased due to
a higher efficacy, the heating input must increase to compensate for some of the
lost heating that was previously emitted by the lamps. The investigation
presented in this chapter is one of the first thorough analyses of the energy saving
potential of LEDs in greenhouses, including a wide range of scenarios and taking
into account the influence on both the lighting and heating demands of the
greenhouse.

While Chapter 4 examines the case of a greenhouse replacing its HPS
lamps by LEDs of a comparable light intensity and control strategy, what often
occurs in practice is that LEDs are used to increase the total lamp intensity and
operating hours (Moerkens et al., 2016; Van Baar, 2019). As LEDs continue to
increase in efficacy, growers may opt for even higher intensities (K. Lee et al,,
2020). Chapter 5 considers this future development. Together with the
observation that increased lighting inputs reduce the required heating input, this
chapter explores the possibility of greenhouses whose entire heating demand
originates from lamps. In this way, lighting provides a double benefit of providing
heat while promoting growth. Such greenhouses would have high yields, a simple
energy system, and will not require boilers which typically burn fossil fuels.
Assuming electricity grids could become completely based on renewable
sources, such greenhouses would be completely carbon neutral while also being
extremely productive. This chapter examines what is required to make
greenhouses heated by lamps feasible, and estimates their predicted energy use
and efficiency.

12
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Chapter 6 summarizes the key findings from each of the previous
chapters, integrates and compares between chapters, discusses limitations of
this thesis, and offers some recommendations for future research. The chapter
also reflects on the potential of LEDs to promote greenhouse energy saving in
practice, and explores some alternatives to LEDs that may prove more effective
in reducing the energy consumption and carbon emissions of greenhouses. The
chapter ends with a short outlook on what may be considered the next step in
protected cultivation after LEDs in greenhouses: sunless cultivation, also known
as vertical farms.

At every step of the research described above, the GreenLight model has
been further extended and developed. Thus, besides a thorough analysis of the
energy savings made possible with LED lights, another result of this research is
this elaborate model of illuminated greenhouses. Chapter 7 provides a
description and user’s guide to GreenLight, that can accompany future
researchers wishing to use or extend the model. As greenhouse systems,
equipment, and control strategies will continue to advance in the future, the need
for new research and analysis will also grow, including in the realm of process-
based greenhouse modelling. The work presented in this thesis is a small
contribution in this effort, and it can hopefully serve as a building block within
the long past and future of the field.
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Chapter 2

Highlights

e An overview of recent process-based greenhouse climate models is provided.

e A wide range of approaches is identified, differing in complexity and purposes.

e An inheritance chart showing the origins of contemporary models is presented.

e Reasons for the abundance of greenhouse models are suggested and discussed.

e Transparency and common benchmarks are identified as critical tools for
future progress.

Abstract

Process-based greenhouse climate models are valuable tools for the analysis and
design of greenhouse systems. A growing number of greenhouse models are
published in recent years, making it difficult for newcomers to the field to decide
which models to use or what existing knowledge to build upon. In this review, we
analyze greenhouse modelling studies published between 2018 and 2020, in an
attempt to uncover why so many greenhouse models are published, how models
differ from one another, and how accurate models are in their predictions. We
describe a general structure of process-based greenhouse climate models,
including a range of common approaches for describing the various model
components. We analyze recently published models with respect to this general
structure, as well as their intended purposes, greenhouse systems they
represent, equipment included and crops considered. We present a model
inheritance chart, outlining the historical origins of contemporary models, and
showing which were built on previous works. We compare model validation
studies and show the various types of datasets and metrics used for evaluation.
This analysis provides possible reasons for the abundance of greenhouse models,
including a lack of model transparency and code availability; a belief that model
development is in itself a valuable research goal; and a tendency to prefer simple
models in control-oriented studies. We show that approaches to model validation
vary considerably, making it difficult to compare different models or assess if
models serve their intended goals. We suggest that increased model
transparency and availability of source code will ease model reuse and extension,
and that shared datasets and evaluation benchmarks will facilitate model

evaluation and comparison.
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Process-based greenhouse climate models: genealogy, current status, and future directions

2.1. Introduction

Mathematical modelling of greenhouse climate is the study dedicated to
quantitatively describing horticultural greenhouses and the interrelationships
between the outdoor weather, the indoor climate, the greenhouse structure, the
climate control equipment, and the cultivated crop. This discipline sits at the
intersection of several fields, including agricultural crop modelling, building
engineering, and systems and control theory.

Greenhouse modelling dates back to at least 1958, with a model
describing how water on the greenhouse roof influences the absorbed solar
radiation (Morris et al., 1958). The first model describing the complete
greenhouse system may be attributed to Businger (1963), who used
mathematical equations to analyze the energy budget of a glasshouse. Since then,
greenhouse models have been used as a research tool for synthesis and
advancement of knowledge, as an educational device in the classroom, and as an
aid to decision-making and policy analysis (Gary et al., 1998). In their role as
decision aides, greenhouse models have been used for help with tactical
management, operational control, and design of greenhouse systems (Lentz,
1998).

The greenhouse industry currently faces difficult challenges as it aims to
increase production around the world while decreasing the use of resources such
as energy and water (Marcelis, Costa, & Heuvelink, 2019). In their role as
research tools, models can provide useful insights to help address these
problems and to identify potential research directions in order to sustainably
intensify production. At the same time, there is a growing interest by the
greenhouse industry in the use of models and other data-based tools as an aid in
management and control. Models are increasingly used in horticulture (Kérner,
2019) as companies provide support tools based on modelling and prediction (B-
Mex, 2020; Hoogendoorn Growth Management, 2020; Priva, 2019), and methods
for greenhouse control based on artificial intelligence are being developed and
tested (Hemming, De Zwart, et al.,, 2019b).

The growing interest in greenhouse modelling results in a great number
of available models. As early as 1985, Van Bavel et al. noticed “a proliferation of
greenhouse climate models that may well confuse those that wish to solve
practical problems by the simplest means possible” (Van Bavel et al., 1985).
Around 1990, several reviews (De Halleux, 1989; Hoélscher, 1992; Lacroix &
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Zanghi, 1990) collectively found 41 greenhouse models published over a period
of nearly 30 years, from 1958 to 1986 (Von Zabeltitz, 1999). This list has since
grown tremendously, with several recent reviews (Choab et al., 2019; Golzar et
al,, 2018; Iddio et al.,, 2020; Lopez-Cruz et al., 2018; Taki et al., 2018) collectively
listing over 150 greenhouse models, more than 70 of them developed in the last
decade.

It is unclear why so many greenhouse models are being developed. One
possible explanation is that greenhouses are extremely versatile, differing in
structure type, climate control equipment, cultivated crops, and purposes
(Stanghellini et al., 2019). Accordingly, a vast range of goals and research
questions may be posed regarding greenhouse operation. Another possible
explanation is that models with similar purposes are being independently
developed by different groups, creating model redundancy (Holzworth et al.,
2015; Janssen et al., 2017).

Whatever the reason may be, the plethora of existing greenhouse models
makes it difficult for newcomers to the field - researchers, developers, or other
potential users of a model - to adequately choose the best model for their
purposes. Soltani & Sinclair (2015) have listed several criteria that should be
taken into account when selecting a model, including suitability, complexity,
validity, and transparency. “Suitability” concerns the objectives that a model was
designed to achieve; “complexity” concerns the number of parameters, processes
or equations included in a model; “validity” (termed “robustness” by Soltani &
Sinclair) describes the extent of the scenarios under which the model can
generate accurate predictions; and “transparency” is the accessibility and clarity
of the model structure and source code.

The purpose of this chapter was to provide an overview of the current
status of greenhouse modelling. We focused on one category of greenhouse
models, namely process-based models of the greenhouse climate, that consider
the greenhouse air as a “perfectly stirred tank” (Roy et al., 2002), possibly divided
into several compartments. We analyzed recently published models in this
category in terms of their objectives, complexity, validity, and transparency. This
analysis was used to try to explain why so many greenhouse models exist. We
examined if and how models differ by determining their shared and distinct
components, and identifying which of those originate from previously published
models, and which are new additions. In this way, two objectives are served: first,
a framework for decomposing and analyzing greenhouse models is offered. An
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overview of recently developed models is laid out by this framework, allowing
newcomers to make informed decisions about which model to use or build on.
Second, a general overview of the current state of greenhouse climate modelling
is provided. This overview is used to identify possible bottlenecks in the
advancement of the field, suggest solutions on how these bottlenecks may be
overcome, and outline further steps that can be taken to make improvements for
the future of greenhouse modelling.

The rest of this chapter is organized as follows: Section 2.2 provides some
background on process-based greenhouse climate models, describing a general
common structure that these models share and demonstrating with examples
the possible range of complexity within this common structure. Section 2.3
details the methodology used in the review and analysis of process-based
greenhouse climate models published between 2018 and 2020. Section 2.4
presents the results of this analysis, starting with an overview in Section 2.4.1,
which demonstrates the range of recently published models in terms of the
modelled system (greenhouse structure, crop, and equipment), objectives and
purposes, and development status (completely new models, extension of
previous models, and model reuse). Section 2.4.2 analyzes the models and shows
in detail how recently published models differ. Section 2.4.3 presents an
inheritance chart of models, showing how current models originate in previously
published models, with a history going back to the 1980’s. Section 2.4.4
compares the various approaches employed when greenhouse climate models
are validated against measured data. Section 2.5 provides a discussion and
reflection on the current state of greenhouse modelling in view of the results:
Section 2.5.1 explores the source of variation between greenhouse climate
models, and in particular, the variation in model complexity. Section 2.5.2 briefly
discusses the advantages and disadvantages of simple and complex models, and
reflects on the desired level of model complexity that is needed to satisfy a goal.
Section 2.5.3 discusses some of the possible reasons that so many new
greenhouse models are being developed. Section 2.5.4 focuses on greenhouse
model validation, and Section 2.5.5 provides some thoughts regarding how
accurate greenhouse models should be. Lastly, Section 2.5.6 gives some
recommendations, both for the greenhouse modelling field as a whole and to
newcomers faced with the problem of model selection.
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2.2. Background

2.2.1. Process-based greenhouse climate
models and the “perfectly stirred tank”

As in other systems, greenhouse climate models may be broadly categorized as
either descriptive (also termed empirical or black-box) or process-based (also
termed mechanistic, explanatory, white-box, or grey-box) (Thornley & France,
2007). The distinction between the two categories, however, is not always clear,
and they are better viewed as two edges on a spectrum (Keating & Thorburn,
2018). Descriptive models describe systems using equations based on
mathematical or statistical grounds, regardless of underlying principles. In
contrast, process-based models aim to provide an understanding or explanation
of the system being investigated, typically by combining two levels of description,
with a lower level describing observed scientific phenomena, and a higher level
describing emergent properties based on these phenomena (Thornley & France,
2007). The expectation is that process-based models can provide insights that
apply outside the limits of the system on which they were designed, predicting
the results of a range of “what-if” scenarios (Duncan, 1975; Keating & Thorburn,
2018).

One class of process-based greenhouse models treats the greenhouse air
as a “perfectly stirred tank” (Roy et al., 2002). In this approach the greenhouse
air is treated as a uniform entity, where spatial variability is ignored and
representative values of, e.g., air temperature are used. In some cases the air is
divided into compartments such as the air above and below a thermal screen (see
example below), but still each compartment is assumed to be perfectly stirred.
Furthermore, under this approach the greenhouse is often assumed (sometimes
implicitly) to be infinitely large (e.g., De Zwart, 1993). One consequence of this
approach is that the air is assumed not to be influenced by the side walls of the
greenhouse.

Another class of models uses computational fluid dynamics (CFD) to
describe the movement of air within the space of the greenhouse (Boulard et al.,
2002). This method, which is considerably more complex and computationally
intensive than the perfectly stirred tank approach, allows to describe
heterogenous attributes of the greenhouse air and its change through space and
time. A review on the possibilities and challenges of CFD in greenhouse
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modelling was given by Norton et al. (2007), and more recent advances were
listed by Choab et al. (2019). Nevertheless, the heavy computational
requirements of CFD models still limit their applicability, and a middle ground
may be found by combining them with perfectly stirred tank approaches (Piscia
etal, 2015).

Some greenhouse models are developed using building energy simulation
programs such as EnergyPlus or TRNSYS (Choab et al., 2019). These programs
were designed to simulate the energy demand of buildings, and considerable
modifications are needed to correctly apply them for greenhouses (Ahamed et
al, 2020). In these platforms, models are constructed using pre-existing
components available within the simulation program. While this could facilitate
model development, it reduces model transparency, since understanding the
inner workings of the model requires considerable knowledge of the simulation
program that was used for its development.

In this chapter, we focus on process-based, perfectly stirred tank models
of the greenhouse climate. This means that we focus on the indoor climate and
the processes that influence it (Figure 2.1). An essential component of the indoor
climate is the air, but other components (e.g, crop temperature, floor
temperature) may also be included. Models that describe exclusively the control
system (e.g., the boiler, cogenerator, heat storage) or exclusively the crop (yield
models), are outside the scope of this chapter. Nevertheless, processes that
influence the indoor climate (including crop processes such as photosynthesis
and transpiration) are reviewed here. Since crop yield is the most important
component of the greenhouse system, and in fact, the reason for its existence, we
also survey how this component was considered whenever it was included.

2.2.2. Objectives of process-based greenhouse
climate modelling

As mentioned earlier, process-based models are designed with the intention that
they provide insights that lie outside the domain of knowledge and data that was
used in their development (Duncan, 1975; Keating & Thorburn, 2018). The
objectives and purposes of process-based greenhouse climate models can be
classified into four categories: exploratory modelling, model-based control,
model-assisted design, and systems analysis.
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Figure 2.1. Scheme of the greenhouse system. Control decisions are based on the outdoor
weather, the indoor climate, and the crop status. The indoor climate is influenced by the
outdoor weather, the controls, and the crop. The crop is influenced by the indoor climate.
Some outputs are yield (which depends on the crop), costs and energy use (which depend on
the controls). In this chapter we focus on the indoor climate and the processes influencing it.

In exploratory modelling (also termed scenario analysis), the model is
used to predict the results of unknown scenarios. This analysis can point out
directions for solving a problem, or be used to narrow down a list of possible
strategies or solutions which can then be tested in practice. For example, De
Zwart (1996) used a model to find the most promising energy saving methods
out of a predefined list. Model-based control uses models to apply methods such
as model predictive control or optimal control on the greenhouse climate (e.g.,
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Katzin, Van Mourik, et al., 2020a; Kuijpers et al,, 2021; Tap, 2000; Van Henten,
2003; Van Henten et al,, 1997; Van Ooteghem, 2007; Van Straten et al.,, 2010).
While this line of research generates meaningful insights regarding greenhouse
climate control, it is rarely realized in commercial greenhouse practice (Van
Beveren et al., 2015b).

Model-assisted design is a form of exploratory modelling used for the
design of greenhouse systems. It may include scenario analysis or more
sophisticated methods. For example, Vanthoor (2011) presented a model and an
optimization method which was used to find an optimal design (based on model
predictions) for a given location and situation. Lastly, in systems analysis a model
is used to better understand a particular greenhouse system. Methods such as
sensitivity analysis can be used to reveal which components have a strong
influence on the system. Here, care should be taken to be aware on what is
actually being analyzed: the real-world system represented by the model, or the
model itself, as a sensitivity analysis can uncover insights regarding both (e.g.,
Van Henten, 2003).

2.2.3. General structure of process-based
greenhouse climate models

In this section, we describe a general structure that is common in all process-
based greenhouse climate models. At the same time, we outline the range of
different approaches that are found between models. This section summarizes
observations from several sources describing greenhouse models, with a wide
range of complexity (De Zwart, 1996; Stanghellini et al., 2019; Van Henten, 1994;
Van Straten et al., 2010).

The indoor climate may be described by one or more of the following
attributes: temperature, humidity, and CO: concentration. A general way to
model these attributes is by considering balances: an energy balance, a water
vapor balance, and a COz balance, but not all greenhouse climate models describe
all three balances: some focus only on energy, or only on energy and water. For
each of these balances, incoming and outgoing flows are identified, and the
difference between the incoming and outgoing flows is the net change in each
attribute. A set of equations that describes these balances is:
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E = Qsun + Qnear + QLamp — Qvent — Qratent (Wm?2)

_QCon - QFIR - QCool

My = Wrrans + Wepap + Whum — Weona (kg {water vapor} Eq. 2.1

—Wyent — Wpenum m2 5'1)

M, = Clnj — Cphot — Cvent (kg {CO2} m?s71)

Here, each line represents a balance. The first line represents the energy balance,
where E is the net change of energy in the greenhouse. The incoming energy
flows are Qg,,,, solar radiation from the sun; Qy.q;, heat from the heating system;
and Qpgmps, heat emitted by lamps. The outgoing energy flows are Qyene,
exchange of air through ventilation; Q;,:.n:, COnversion from sensible to latent
heat; Qc,,, convective and conductive exchanges with the outside; Qr;g, thermal
(far infrared) radiation; and Q.,,;, heat extracted by cooling mechanisms. The
second line represents the water vapor balance, with M;,, the net change of water
vapor mass in the greenhouse. The incoming flows are Wry.q,s crop
transpiration; Wgyq,, water evaporation from the soil or other surfaces; and
Wium, which includes humidity added by control mechanisms such as fogging or
pad and fan cooling. The outgoing flows are W, 4, condensation of vapor on cold
surfaces; Wy, vapor exchange through ventilation; and Wp.pym, vapor
extracted by dehumidification mechanisms. The third line represents the CO2
balance, where M is the net change of COz mass in the air. The incoming flow is
Cnj, enrichment of the air by CO2 injection; the outgoing flows are Cpp, crop net
photosynthesis; and Cy.,;, CO2 exchange through ventilation.

Some of the flows above may act both as incoming and outgoing flows. For
example, when Cy., is positive it represents an outgoing flow, losses of COz from
the system through ventilation. This is the common case when the indoor CO2
concentration is higher than the outdoor. However, Cy.,; may also be negative,
for instance, if the indoor CO2 concentration is lower than the outdoor. In this
case the expression —Cy,.,; in Eq. 2.1 will be positive and represent an incoming
flow of COz2 to the system.

While all process-based greenhouse climate models represent the
greenhouse system in balances, approaches differ on how to implement them in
practice. One approach is to assume that the entire system is in steady state, i.e.,
that E = 0, My, = 0, M = 0. Using this approach allows to model all but one of
the components in each line of Eq. 2.1, and calculate the last component based
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on the steady state assumption. Other approaches are to simulate the system by
using discrete-time difference equations or continuous-time differential
equations (Lopez-Cruz et al., 2018).

2.2.3.1. Example 1: the Van Henten model
A concrete example is the differential equations based model of Van Henten
(1994, 2003), summarized here and in Figure 2.2 using notation from Eq. 2.1:

dX 1 °C S-l
—L = (QSun + Queat — Qent — QCon) ( )

dt  Ceapg
aXx, 1 kg {water vapor} m2 sl
dt = —— Wrrans = Wyent) (ke { por} )

t Ccap,h
dX, 1 (kg {CO2} m25s1)
=——>I(C; — C - C

dt Ccap,c ( Inj Phot Vent) Eq. 22
dX, kg {dry weight} m2 s-1
S = F (X, Xe, X Vraa) (g {dry weight} ms7)
Cphot = 9(X1, X, Xa, Vraa) (kg {CO2} m2s1)

Wrrans = h(X7, Xy, Xg) (kg {water vapor} m- s)

This model is composed of 4 states described by 4 differential equations. Three
of these states correspond to the balances of Eq. 2.1: the indoor temperature X
(°C), the indoor vapor concentration X, (kg {water vapor} m-3), and the indoor
CO2 concentration X, (kg {COz} m-3), defined by equations corresponding to the
balances E, My, and M, of Eq. 2.1. The parameters c.qp 4, Ccap,ns Ccap,c and the
functions f (X7, X¢, X4, Vega), 9(X7, Xe, Xq, Viga), and h(Xr, Xy, X4) are described
in Van Henten (1994, 2003). Several components mentioned in Eq. 2.1 are
neglected in this model. At the same time, the model describes a state X,
representing the dry weight of the crop in the greenhouse (kg {dry weight} m-2).
This state, governed by the equation f whose definition is excluded here,
provides additional information about the greenhouse system but it is not part
of the climate balances. Nevertheless, the crop dry weight state X, influences the
photosynthesis and transpiration flows Cpp,,; and We,.q (given here as functions
g and h), which are part of the greenhouse climate system.
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Figure 2.2. Scheme of the Van Henten model (Van Henten, 1994, 2003) with its mass and
energy flows (Eq. 2.1, Eq. 2.2). Solid lines indicate energy or mass exchanges, with arrows
indicating the typical direction (incoming or outgoing flows). Dashed lines indicate influence
of a state on a process.

2.2.3.2. Example 2: the De Zwart model (KASPRO)

In order to illustrate the range of models that are represented by Eq. 2.1, another
example (De Zwart, 1996) is given in Figure 2.3. The De Zwart model (also known
as KASPRO), developed around the same time and place as the Van Henten model,
is remarkably more elaborate. It includes nearly all components listed in Eq. 2.1,
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with several of them further decomposed to smaller subcomponents. For
example, Qg,, is divided into diffuse and direct radiation from the sun, and is
composed of solar radiation heating the greenhouse floor, air, crop, and cover.
Using the notation of the De Zwart model, the various components of the energy
balance are defined by:

Qsun = Psuncov + Psunair + Pyiscan + Pnircan + Pyisrir (W m2)
+Pyirrir
Quear = Hpouupp + HpoitLow (Wm?2)
Qramp = Pawair (Wm?2)
Qvent = Hropout + Hairout (Wm?2) Eq.23
Qratent = Lcanair + Lserrop — Lairser — Ltopcov — Laircov (Wm2)
Qcon = Heovout (W m2)
Qrir = Reovsiy (Wm?)

Here, P is shortwave radiation, H is convection or conduction, L is latent energy,
and R is thermal radiation. The subscripts indicate the origin and target of the
energy flow: for example, Ps,,,,co, represents shortwave radiation from the sun to
the greenhouse cover. Note that Py;scq, and Pyjrcan are denoted by a single line
in Figure 2.3, and similarly for Py;sp;- and Pygp-- Similar equations as in Eq. 2.3
can be constructed for the water and COz balances.

The De Zwart model is made up of 18 states, some calculated with
ordinary differential equations and some with algebraic equations where a
steady state is assumed (see Eq. 2.4, below). As in the case of the Van Henten
model, the states serve two purposes: first, they add detail to the simulation,
providing descriptions for the temperatures of the cover, air, canopy, etc. Second,
these details are used to calculate the inflows and outflows of the general balance
equations (Eq. 2.3). For example, the total losses to thermal radiation Q;z are
defined as the thermal radiation from the cover to the sky R¢gysky. This value

depends on the cover temperature T,,, as will be illustrated in the next section.
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Figure 2.3. Scheme of the De Zwart model (De Zwart, 1996) with its mass and energy flows
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through screen are depicted below; their influence on other flows are indicated by V and S,
respectively.
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To give more concrete detail, some of the equations concerning the energy

balance in the De Zwart model are:

AT 1

dt - ,0 c V (PSunCov + HTopCov + HAirCov + RFerov
covp,covVcov

+ RSchov + RUppCov + RLowCov + RCanCov

+ LTopCov + LAirCov - HCovOut - RCovSky)
0= HSchop + HAirTop - HTopCov - HTopOut

0= RFlrScr + LAirScr + RUppScr + RLowScr + HAirSCR + RCanScr
- HSCrTop - LSchop - RSchov
dTair _ 1

dt - PairCp ai V.. (PAluAir + PSunAir + HUppAir + HLowAir
air“p,air ¥ air

+ HCanAir - HAirFlr - HAirTop - HAirScr
- HAirOut - HAirCov)

ATean 1
dt CapieqrLAI

(RUppCan + RLowCan + PVISCan + PNIRCan

- HCanAir - RCanCov - RCanScr - RCanFlr

- LCanAir)

Ty, 1
at  prrCp Vs

+ Pyiskir + Pnirrir — Heirsor — Rewrser

(RLowFlr + RUppFlr + HAirFlr + RCanFlr

- RFerov)
ATy 1
dt = v (HBoilUpp - RUppScr - RUppCov
Pupp Cp,upp Yupp
- HUppAir - RUppCan - RUppFlr)
dTlow _ 1 H R R
d - Vv ( BoilLow — Rrowser T Rpowcov
t plowcp,low low

+ HLowAir + RLOWCan + RLowFlr)

(°Cs™)

(°Cs1)

(Cs)

(°Cs)

(Cs)

(°Cs)

(°CsY

(Cs)

Eq.2.4
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Here, T is the temperature of an object in the greenhouse (°C), and p, ¢, V,
cap are model parameters. Hg,;;ypp and Hpoy11.0 are energy flows from the boiler
to the upper and lower heating nets. The De Zwart model provides elaborate sub-
models to calculate these energy flows, which are outside the scope of this

review.

2.2.4. Components of process-based
greenhouse models

As can be seen by the examples in Section 2.2.3, a broad range of approaches is
possible for modelling the greenhouse climate. These approaches can be
classified on a spectrum between “simple” and “complex”. Complex models
include a larger number of processes and objects, and use mechanistic
descriptions of processes that involve multiple influencing factors. Simpler
models neglect some processes, use fewer objects, and summarize phenomena
with descriptive functions, while maintaining an overall process-based model
structure. Objects in this sense are entities that are described by properties:
objects of the energy balance are described by their temperature, objects of the
water vapor are described by their vapor concentration, and objects of the CO2
balance are described by their COz concentration. For example, the Van Henten
energy balance includes only two objects: indoor and outdoor air, and only 4
processes: solar radiation, heating pipes, convection and ventilation (Figure 2.2,
Eg. 2.2). The De Zwart energy balance has 17 objects, including soil layers and
the sky temperature, and processes not considered by Van Henten such as
thermal radiation (FIR) and conversion to latent heat (Figure 2.3, Eq. 2.3, Eq. 2.4).

Besides the objects and processes included, models also vary in how each
process is described. Table 2.1 lists simple and complex approaches that are used
to describe some of the processes in Eq. 2.1. The following subsections provide
further detail.

2.2.4.1. Solar radiation and energy from lamps

The heating input from the sun can be described as Qg,;, = asynlsyn (W m2) with
Isun (W m2) representing solar radiation from the sun and ag,,, (-) the fraction
of global radiation that contributes to heating the greenhouse. Solar radiation
Is,n is typically given as an input to the model. This input may be a single value
representing global radiation, or two values differentiating between direct and
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diffuse radiation. The coefficient ag,,, may be assumed constant, or depend on
the location of the sun in the sky and the amount of diffuse and direct radiation.
Note that the value of ag,,,, is different from greenhouse transmissivity, a measure
of what fraction of the outdoor sunlight penetrates the greenhouse and reaches
the canopy, which is used when estimating photosynthesis.

Heating from the lamps can be described as Qqmp = AramplLamp (W m2)
where I} 4, (W m-2) is the energy input (electricity) provided to lamps and a; 4,
(-) is the fraction of this input that contributes to heating the greenhouse. As with
solar radiation, a,4,,, may be assumed constant or be dependent on a sub-model
describing the lamp output in terms of photosynthetically active radiation (PAR),
near infrared radiation (NIR), thermal (far infrared) radiation (FIR), convective
and conductive heating. The choice on how to model the lamps may also depend
on which lamps are considered, e.g., incandescent lamps; fluorescent lamps;
high-intensity discharge lamps such as high-pressure sodium (HPS) or metal-
halide lamps; or light emitting diodes (LEDs). Naturally, for greenhouses without
supplemental lighting this component is neglected from the model.

2.2.4.2. Ventilation

Energy lost through ventilation is typically represented by air exchanges
between two bodies:
Qvent = ve(Ty — T;) (Wm2) Eqg. 2.5

Where T; and T, (°C) are the temperatures of the two bodies, ¢ (] m-3 K1) is the
volumetric heat capacity of the air, and v (m3 m2 s'1) is the rate of air exchange.
In the simplest cases Q.. is neglected or assumed constant. Alternatively (as in
the Van Henten model), v is given as an input, T; is the indoor temperature, and
T, is the outdoor temperature. In more complex cases (as in the De Zwart model)
several air exchanges are considered, modelled as in Eq. 2.5, and summed to
constitute Q.- A complex approach to modelling v takes into account factors
such as the degree of opening of the windows, outdoor wind speed, temperature
differences between indoor and outdoor air, and others. Other air exchanges in
the greenhouse (e.g., between the air below and above a screen) can be modelled
similarly.
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Table 2.1. Model components of process-based greenhouse models and the range of

approaches used to describe them, from a simple to a complex approach.

Model Basic formula Simple Complex approaches
component approaches
Qsun, heating from  Agunlsun Agyun 1S CONstant, as,n, depends on
the sun (W m?) Isun is global location of sun and
radiation given as geometry of
input greenhouse, Ig,,
includes diffuse and
direct radiation
Qyear, heating - Value is given or Sub-model based on
from the heating calculated based temperatures of pipes,
system (W m?) on balance water in boiler
equation
QLamp: heating AramplLamp Qpqmp 1S CONstant, Lamp energy output
from lamps Lamp IS given as divided into PAR, NIR,
(W m3?) input FIR, convection
Qvens: €nergy loss  ve(Ty — 1) Neglected, v is v depends on window
to ventilation constant, or v is opening, wind speed
(W m?) given as an input and direction, indoor
and outdoor
temperature
Qcon, CONVeCctive h(Ty —T3) Only 2 multiple objects
and conductive temperatures included,
heat exchange included h depends on objects’
(W m?) representing temperatures, shapes,
indoor and air movement
outdoor,
h assumed
constant
Qg thermal Fe g0 Neglected, or only Multiple objects

radiation
(W m?)

(T = (1Y)

radiation to the
sky. Sky
temperature
depends on
outdoor air
temperature

included, F is variable,
sky temperature (when
included) depends on
outdoor air
temperature, humidity,
cloud cover
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Table 2.1 (continued).

Model Basic formula Simple Complex approaches

component approaches

QLatent: l0SSES tO L - Wiatent Neglected Includes crop

latent heat (W m™) transpiration,
evaporation and
condensation on
multiple surfaces (soil,
screens, cover)

W rrans: Crop - Depends on Depends on leaf area

transpiration radiation index (LAl), vapor

(kg {water} m2s™) pressure deficit (VPD),
stomatal response to
radiation, CO2
concentration,
humidity, crop
temperature

Wyene, Vapor loss v(Vy = V2) See Qyent See Qyent

through

ventilation

(kg {water} m2s™)

Wonda: max{0, Neglected Condensation on

condensation and
evaporation
(kg {water} m2s™)

g(VAir - VSurface)}

multiple objects (screen,
cover) included

Cpyj, COz injection
(kg {CO2} m2 ™)

Given as input

Depends on availability
of sources such as flue
gas from boiler

Cyent: CO2 loss v(C — C3) See Quent See Quent
through

ventilation

(kg {COz} m2 s

Cphor, Crop - Depends on Depends on LA,
photosynthesis radiation radiation, CO,,

(kg {COz} m2s)

temperature, crop
developmental
processes
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The air exchange between indoor and outdoor air v is used similarly in the
calculation of losses of water vapor and CO2z through ventilation:
Wyene = v(V; — V5) (kg {water} m2s-1) Eq. 2.6

Cyent = V(C; — C;) (kg{CO2} m2s1) Eq.2.7

where Wy ., (kg {water} m2s1) is the rate of water vapor loss to the outside, and
v, and V, (kg {water} m-3) are, respectively, the indoor and outdoor water vapor
concentrations. Similarly, Cyep: (kg {CO2} m2 s1) is the rate of CO2z loss to the
outside, and C€; and C, (kg {COz} m=3) are the indoor and outdoor CO:
concentrations.

2.2.4.3. Convection and conduction

Convection and conduction between two bodies are calculated according to
Fourier’s law:

Qcon = h(Ty = T,) (Wm?) Eq.2.8

Where h (W K1 m2) is called the heat exchange coefficient and T; and T, (°C) are
temperatures of the two bodies. Convection and conduction are often lumped
together in models, although the two are quite different in nature. In particular,
for convective exchanges the heat exchange coefficient h is a non-linear function
of the temperature difference T; — T,, and may depend on other factors such as
wind, although a simple approach assumes a constant h.

What T; and T, (°C) represent depends on the context. In simple cases, T;
represents the greenhouse temperature, typically the greenhouse air, and T, is
the temperature of the outside air. If conduction to the soil is included, a function
as in Eq. 2.8 may be added where T, is the soil temperature.

A more complex approach looks explicitly at heat exchanges occurring on
the greenhouse outer surface. In this case, T; represents the temperature of the
greenhouse cover, which would require modelling this object. Conduction to the
soil can include several soil layers, as in the De Zwart model (Figure 2.3).
Convection and conduction between other greenhouse objects (screens, lamps,
the crop, heating pipes, and more) are modelled similarly.
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2.2.4.4. Thermal radiation

Thermal radiation between two objects, also called long wave radiation or far
infrared (FIR) radiation, is modelled according to the Stefan-Boltzmann law:

Qrir = F51520((T1K)4 - (T2K)4) (Wm2) Eq.2.9

where F (-), called the view factor, expresses how visible the two objects are to
each other; ¢ and &, (-) are the emissivities of the two objects, which are a
property of the bodies’ material; ¢ = 5.67-10"8 W m2 K# is the Stefan-
Boltzmann constant; and T and TX (K) are temperatures in kelvins of the two
objects..

Air emits very little thermal radiation, so using indoor air temperature as
TJ and the outdoor air temperature as TX in Eq. 2.9 is typically insufficient to
calculate the thermal radiation losses of the greenhouse system. As an outdoor
temperature, what is typically used is a so-called sky temperature, which
represents the amount of radiation emitted from the earth towards space. Sky
temperature may be given as an input, or calculated based on outdoor air
temperature, humidity, and cloud cover. As in the case of convection, the cover
temperature is often used for T¥X. Thermal radiation exchange between
greenhouse objects, such as the greenhouse cover, the crop, and the soil, are
modelled similarly.

2.2.4.5. Energy losses to latent heat
An important component of the energy balance is conversion of sensible to latent
heat. This is described as

Qratent = L - Wiarene (W m?) Eq.2.10

where L (J kg1) is the latent heat of evaporation of water, and
Wiatent = Wrrans + WEvap — Weona (kg m2s1) Eq.2.11

is the net amount of water transformed to vapor in the system: Wry,.q,,s is water
transpired by the crop, Wg,,, is water evaporated from the soil, and Weyyq is
vapor condensed to water on cold surfaces such as the cover or screens. For each
of these components W, the associated energy flow is L - W. Not every change in
the water vapor balance is associated with latent heat exchanges: for example,
loss of water vapor through ventilation Wy,,,; (Eq. 2.6) is not in itself associated
with a change in the energy balance.
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2.2.4.6. Transpiration

A wide range of approaches can be used for modelling crop transpiration, as
outlined in detail by Katsoulas & Stanghellini (2019). These approaches range
from an empirically fitted function where transpiration depends only on solar
radiation, through aerodynamic models that include the influence of wind, to
detailed models that include the response of stomata to environmental attributes
including total radiation intercepted by the crop, vapor pressure deficit (VPD),
air temperature and COz concentration. Such models also typically include the
vapor pressure difference between the canopy and surrounding air, which
requires an estimate of the canopy temperature.

An essential component in many transpiration models is the leaf area
index (LAI), which expresses the leaf area of the crop per leaf area of greenhouse
floor. This means that some estimate, assumption, or model describing LAl must
be provided in order to use these transpiration models. One approach is based
on the assumptions that the indoor water vapor concentration is in steady state,
and that all vapor flows besides ventilation are negligible. Considering Eq. 2.1,
this leads to Wiy, gns = Wyente, which allows to estimate transpiration based on
ventilation rate and indoor and outdoor vapor concentrations (Eq. 2.6).

2.2.4.7. Condensation

Condensation occurs when humid air is in contact with a surface that is colder
than the dew point of the air. Equivalently, this means that the saturation vapor
pressure at the temperature of the surface is higher than the vapor pressure of
the air. Condensation typically occurs on the indoor side of the greenhouse cover
or on screens, but may also happen on the crop itself, the floor or soil. An
equation to describe condensation is:

Weona = max{O, g(VAir - VSurface)} (kg m-2 5_1) Eq. 2.12

where Vy;,- (kg m3) is the vapor concentration of the air, Vg, rqce (kg m3) is the
saturation vapor concentration at the temperature of the surface, and g (m3 m=2
s1) is an exchange coefficient. This coefficient g may be related to the heat
exchange coefficient h in Eq. 2.8, for instance it may be proportional to it.

2.2.4.8. Crop photosynthesis

Leaf and canopy photosynthesis modelling is a broad and long-standing
discipline with an extensive range of approaches (Hikosaka, Niinemets, et al.,

36



Process-based greenhouse climate models: genealogy, current status, and future directions

2016). Earlier reviews described some of the crop modelling approaches used in
horticulture (Gary et al., 1998) and in greenhouses in particular (Marcelis et al,,
1998).

As with transpiration, photosynthesis models range from very simple
models where only light is taken into account, to complex models including the
influence of temperature, CO2 concentration, and crop processes such as
assimilate demands of the various organs. A yield model may also be included,
predicting how much produce can be sold by the greenhouse, and when. Again,
the level of detail varies considerably between such models (Kuijpers et al,,
2019). The type of crop may influence the level of detail: leafy crops such as
lettuce typically require less detail than fruiting crops such as tomato or
cucumber.

As with transpiration, a description of the leaf area index (LAI) and its
development through time may also be included in the crop model. In any case,
LAI is typically an important component of the photosynthesis model. This
means that even if a simple photosynthesis model is used, some assumption or
estimate regarding LAI is needed.
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2.3. Review of recent greenhouse
modelling studies: methodology

In order to examine the current state of greenhouse modelling, a literature search
was performed on Clarivate’s Web of Science (www.webofscience.com). Since the
term “greenhouse” is widely used in non-horticultural contexts, a search for
simply “greenhouse model” or “greenhouse AND model” was unfeasible, yielding
over 8,000 results, most of them irrelevant. Instead, the search term chosen was:
("greenhouse model*" OR "greenhouse simulation*" OR (greenhouse* AND
("yield model*" OR "thermal model*" OR "heating model*" OR "yield
simulation*" OR "thermal simulation*" OR "heating simulation*" OR "optimal
control")) NOT ("greenhouse gas*" OR "greenhouse emission*" OR "greenhouse
effect*")). The search was performed on October 6, 2020, for articles in the Web
of Science Core Collection, published in 2018-2020, whose topic (title, abstract,
keywords, and Keywords Plus) matched the search term. The search yielded 80
results. Of these, 48 articles were excluded: 15 that described models of
components of the greenhouse system; 12 that discussed unrelated topics; 7 that
discussed greenhouse dryers; 5 that described real world, scaled down models
of greenhouses; 5 review studies; 3 descriptive models; and 1 CFD model. Thus,
32 articles published in 2018-2020 were considered in this chapter.

2.3.1. Overview of greenhouse modelling
studies

The studies in the 32 articles were analyzed as follows: first, the study objectives
were divided into 5 categories (see Section 2.2.2), including exploratory
modelling, model-based control, model-assisted design, and systems analysis.
Another category was included for studies focusing on model calibration
methods. Next, a more specific purpose of each study was summarized according
to the authors’ descriptions. The greenhouse type, crop, and equipment modelled
were described based on the author’s descriptions or, when those weren’t
provided, on the conditions used during model validation. For greenhouse type,
we defined a Venlo greenhouse as an even-span greenhouse with glass cover and
walls. A Chinese solar greenhouse (CSG) was defined as a low greenhouse with a
northern wall which provides diurnal heat storage. A southern cover arching
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from the northern wall to the southern edge of the CSG is equipped with a
thermal blanket or screen that maintains heat in the greenhouse overnight.

Lastly, studies were categorized according to the development status of
the models used: new: newly presented models (possibly combining several
previous works, but not explicitly derived from a single previous model); reuse:
exact copies of a previous model; parametrization: models combining a single
previous model with a new set of parameters; extension: models explicitly using
a single previous model and adding components to it; and translation:
previously published models presented using new code or a new software
platform.

2.3.2. Composition of process-based
greenhouse climate models

In order to get a better understanding of the differences between models that are
currently used, the models were analyzed and compared with regards to how
they handle the various greenhouse model components. These components
included:

e Energy balance: heating from the sun, the heating system, and
supplemental lighting; number of objects considered in thermal
radiation exchanges; number of objects considered in convective and
conductive exchanges; ventilation; latent heat.

e  Water vapor balance: transpiration (variables influencing it and model
used), evaporation and condensation (number of objects considered).

e (CO2 balance: photosynthesis and yield (factors influencing them and
model used).

e Leafareaindex (LAI).

For each component, we noted whether the model introduced a new
method for calculating the component, or if a previous study was used. We noted
which previous work was used for a specific component, if this was noted. If a
component based on previous works was modified (simplified or extended), this
was also noted.
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2.3.3. Inheritance of process-based greenhouse
climate models

In order to explain the differences between current models, the models were
further investigated by examining which previous models they were based on,
and how they had modified or combined them. This was done based on the
authors’ descriptions, together with our own comparison of the published model
with previously published models. The models included in this study were
compared against their reported “parent” to see whether components were
added or modified, and how. The parent models were also checked to see
whether they themselves were based on common earlier works. We also noted
whether some of the same authors were involved in the publications describing
the parent and the daughter models. For this purpose, promotors and
supervisors were considered as coauthors of PhD dissertations.

2.3.4. Validation of greenhouse models

For all models that presented a validation simulation, the following attributes
were collected:

e Location and season where measured data was collected. Here,
meteorological seasons of northern latitudes were used: Winter:
December-February; Spring: March-May; Summer: June-August;
Autumn: September-November (all studies considered were performed
in the northern hemisphere).

e Type and size of the facility where data was collected, if it was provided:
research greenhouse, commercial greenhouse, or scaled-down
prototype.

e Evaluated variables.

e Duration of time in which data was collected, and frequency of data
points.

e  Metrics used for validation.

e Main validation results, rounded to 2 decimal points.
Metrics used for validation varied considerably between studies, as well

as the terms used to describe these metrics. The definitions below, following
Legates & McCabe (1999), were used when noting the validation metrics. Here,
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we denote by y; the measured values, f; the predicted values, y the mean of the
measured values, f the mean of the predicted values, }, summation over i, and
max the maximum over i, where i=1,..,n is an index ranging over
measurements and corresponding predictions.

e Mean error: ME = %Z(fi -y
e  Maximum error: maxE = max {f; — y;}
e Mean relative error: MRE = y—;Z(ﬁ' -y

e Maximum relative error: maxRE = max {—f ‘;y i}

e Mean squared error: MSE = %Z(fi —¥1)?

¢ Root mean squared error: RMSE = I%Z(fi —y)?
1 2
~2(fi =)

_ (onGi-D)
T L0 92E(i- )2

e Relative root mean squared error: rRMSE =

[l

e Coefficient of determination: R?

TOi- f)?
Y- )?

Nash-Sutcliffe’s coefficient of efficiency: NSE = 1 —

Several studies use the NSE as defined above but term this metric R2.
Whenever equations were given for the metrics used, they were reported
according to the definitions here. If no definition was given, the term given by the
authors was used. The term “explained variation” was assumed to mean R? as
defined here.

Some words are in order regarding terminology. It has been noted that the
term “validation” may be interpreted as aiming to provide a clear yes or no
answer regarding the adequacy of a model: the model is either valid or it is not.
For this reason, some have suggested to avoid the term “validation” and use
“evaluation” instead (Wallach et al., 2014a). Nevertheless, the two terms are
often used interchangeably. In this study, we use the term “validation” in a narrow
sense, as the comparison of model predictions against measured data. The term
“evaluation” is understood in a broader sense, which includes validation but may
also include other components, such as the process of data collection.
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2.3.5. Studies used in each analysis

In the investigations of model composition and inheritance, models based on
software platforms such as TRNSYS, EnergyPlus or COMSOL (see Section 2.2.1)
were excluded from the analysis, since their descriptions were typically
insufficient for users unfamiliar with these programs to understand the inner
workings of the model. In the analysis of model inheritance, only complete
greenhouse models were considered as eligible parent models. For the sake of
clarity, the inclusion or combination of model components, such as a separate
transpiration or convection model was not described in the inheritance chart.
Naturally, for the analysis of model validation, only studies presenting any kind
of validation were considered.

For some studies included in this review, the details of the model
described were given in a previous publication. In these cases, we used
information from the previous publication to analyze the model composition,
inheritance and validation. This was done for Ahamed et al. (2018c) by also
considering Ahamed et al. (2018b); for Lammari et al. (2020) by including
Lammari et al. (2012); and for Esmaeli & Roshandel (2020) with Esmaeli &
Roshandel (2017).
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2.4. Results: current state of the art in
greenhouse modelling

2.4.1. Overview of greenhouse climate
modelling studies

The majority of the studies considered (11 of 32) focus on greenhouse climate
control (Figure 2.4). Studies focused on design are also common (8 of 32),
followed by systems analysis (6), exploratory modelling (4), and model
calibration (3), although the distinctions between these categories was not
always clear (Table 2.2).

In studies focused on control, various methods for climate control were
described and evaluated, such as adaptive control, fuzzy logic, and more (Table
2.2). Model-based design was used for designing a complete greenhouse system
or specific components such as placement of PV cells. Systems analysis was used
to analyze the greenhouse energy use, environmental impact, or the model itself.
Exploratory modelling was used to test scenarios with different designs, control
strategies, and equipment. Model calibration studies proposed new methods for
calibration or identification, such as particle swarm optimization and deep
networks.

More than a third of the studies (11 out of 32) presented new models, and
the same number of studies was devoted to extensions of previous models
(Figure 2.4). Reuse of existing models was less common (9 out of 32 cases). One
study presented a translation of an existing model to a new software platform.
New models were created to describe new types of greenhouses (e.g. CSGs,
asymmetric overlap roof), to implement models on specific platforms (e.g.
TRNSYS), to include new technologies (lamps, heat harvesting), or to incorporate
detailed model components (cover absorbance, thermal screens) (Table 2.2).
Notably, 6 studies defined the development of the model itself as a study purpose,
and 8 studies defined the use of a certain methodology as a purpose.

In the majority of cases (11 of 32), the crop in the modelled greenhouse
was tomato (Figure 2.4). This could be expected, as tomato is by far the most
widely produced and exported vegetable in the world, excluding potato and
melons (Rabobank, 2018). The low representation (3) of ornamental crops is
surprising, as they make up at least half of the world’s greenhouse production
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(Stanghellini et al., 2019). Remarkably, several models (5) were designed or
evaluated under the assumption that the greenhouse does not house any crop.

The types of modelled greenhouses could broadly be classified into three:
Venlo glasshouses, Chinese solar greenhouses, and polyethylene greenhouses
(Figure 2.4). CSGs varied in the type of covering material used, and polyethylene
greenhouses varied in shape (Table 2.2). The modelled greenhouses also varied
considerably in the equipment they included, with heating the most common
equipment included (19 of 32 studies), followed by lighting (15 studies in total),
COz injection (12), fogging (7), and thermal screens (7) (Figure 2.4).
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Figure 2.4. Classification of studies related to process-based greenhouse climate modelling.
Ornam: ornamental crops. CSG: Chinese solar greenhouse. PE: polyethylene. HPS: high-
pressure sodium lamps. LED: light-emitting diodes. MHL: metal halide lamps. n/a:

information was not available.

45



Chapter 2

Table 2.2. Overview of studies related to process-based greenhouse climate modelling, 2018-2020. Category indicates the category of the study.
Development is the development status of the model used in the study. Greenhouse type: PE: polyethylene, CSG: Chinese solar greenhouse.
Equipment: B: boiler, BS: blackout screen, C: cooling, CHP: cogenerator, COz: CO: injection, DAH: direct air heating, FG: fogging, FN: fans, GP:
grow-pipes, H: heating, HPS: high-pressure sodium lamps, HS: heat storage, HU: humidification, L: lamps (no lamp type specified), LED: light-
emitting diodes, MHL: metal halide lamps, PV: photovoltaic cells, P&F: pad and fan cooling, TS: thermal screen. All models include ventilation and
all CSG models include a thermal blanket and heat storage in a wall. Crop: None: no crop was present in the greenhouse. n/a: information was
not available. See Section 2.3.1 for more details.

Reference Category Purpose Greenhouse Equipment Crop Development
type

Abbes et al. Control Develop a greenhouse model for North PE tunnel - None Extension
(2019) African context to help control

microclimate
Ahamed et Exploratory  Develop a model for designing and CSG COz FN, H, L Tomato Extension
al. (2018a) estimating heating demands of CSGs
Ahamed et Design Design an energy efficient greenhouse Double-layer COz FN, L, TS Tomato Reuse
al. (2018¢) PE
Ahamed et Analysis Estimate heating demands of CSG CSG double CO2 FN, H, L Tomato Reuse
al. (2018d) layer PE
Ahamed et Analysis Develop a TRNSYS based model for CSGs CSG, glass CO2 FN, H, L n/a Translation
al. (2020) cover
Alinejad et al. ~ Design Asses an adjustable PV blind system for Multi-span flat ~ FN, H, P&F, PV, Rose New
(2020) greenhouses arch PE TS
Baglivo etal.  Analysis Develop a TRNSYS based model for Venlo C, H, HPS Chrysanthemum  New
(2020) greenhouses
C.Chenetal. Design Design a CSG CSG - n/a New
(2019)
De Ridder et Calibration  Propose a method for model calibration Venlo H, HPS, LED, TS Cucumber New
al. (2020)
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Table 2.2 (continued).
Reference Category Purpose Greenhouse Equipment Crop Development
type

Esmaeli & Design Optimize the design of a CSG CSG - Various New

Roshandel (2020)

Gharghory (2020) Calibration  Use a deep network to predict greenhouse  n/a FG, H n/a Reuse
indoor climate

Golzar et al. (2018) Design Develop a greenhouse model that includes ~ Venlo COy, H, HU, Tomato New
energy demand and yield in order to MHL
optimize greenhouse design

Golzar et al. (2019) Analysis Investigate the most important drivers for Venlo COy, H, HU, Tomato Reuse
environmental impacts of greenhouses MHL

Hemming et al. Exploratory  Compare greenhouse control strategies Venlo CO, HPS, TS Cucumber  Extension

(2019b) under different settings

Seginer et al. Control Evaluate the advantage of expanding the Venlo B, CHP, HS Tomato Extension

(2020b) indoor climate bounds

J.Chen etal. (2019)  Design Evaluate placement of PV cells on a Venlo PV Vriesea Extension
greenhouse roof

Jomaa et al. (2019) Control Use fuzzy logic to control the greenhouse n/a FG, H n/a Reuse
temperature

Katzin et al. (2020b)  Exploratory  Design a greenhouse model to predict the Venlo BS, CO2, H, HPS,  Tomato Extension

(Chapter 3) implications of changing the greenhouse LED, TS
lighting system

Lammari et al. Control Perform model calibration and setpoint Multi-span FG, H Tomato Reuse

(2020) tracking using proportional integral sliding  arch, PE
mode controllers

Ma et al. (2019) Control Predict the microclimate to achieve Venlo HPS, P&F n/a New
homogeneity with a conveyor belt system

Mohamed & Control Use an adaptive neuro fuzzy interface n/a FG, H None Reuse

Hameed (2018)

system to control a greenhouse
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Table 2.2 (continued).
Reference Category Purpose Greenhouse Equipment Crop Development
type

Mohammadi et al. Analysis Develop a model for a semi-solar CSG, glass - Cabbage New

(2020) greenhouse cover

Pérez-Gonzélez et al.  Calibration  Apply particle swarm optimization and Single span FG, H None Extension

(2018) differential evolution to parametrize a arch
greenhouse model

Rasheed et al. (2019)  Design Propose a reliable greenhouse model by Gambrel roof, H, TS None New
using TRNSYS, with a focus on thermal double PE
screens

Righini et al. (2020) Exploratory  Extend a greenhouse model by adding Venlo CO2, GP, H, HPS,  Tomato Extension
lamps, heat harvesting and test how HS, LED, TS
energy can be saved

Sethi (2019) Design Develop a model for an asymmetric PE FG, FN Tomato New
overlap roof shape (AORS) greenhouse

Su et al. (2018) Control Apply optimal control based on adaptive Venlo DAH, F Tomato Extension
dynamic programming to save energy

Subin et al. (2020) Control Implement fuzzy proportional-integral- n/a FG n/a Reuse
derivative controllers to control
temperature and humidity

Xu et al. (2018a) Control Apply adaptive two timestep receding Venlo COz, H Lettuce Reuse
horizon optimal control (TTRHOC) on a
greenhouse

Xu et al. (2018b) Control Realize economic optimization in CSG CSG COg, H, LED Lettuce Extension
using TTRHOC

Xu et al. (2019) Control Quantify the benefits of TTRHOC on a Venlo COy, H, LED Lettuce Extension
greenhouse with LEDs

G. Zhang et al. Analysis Develop a model with dynamic cover Venlo - None New

(2020) absorbance and transmittance factors
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2.4.2. Composition of process-based
greenhouse climate models

Models differed considerably in how they incorporated the various greenhouse
system components (Table 2.3). A considerable amount of model development
(14 of 24 models analyzed) consisted of putting together previously published
components; less than half of the studies (10 of 24) described newly developed
model components. The solar heat load was typically given as a model input or
set as a fixed proportion of an input. Heating was typically given as an input or
calculated based on other energy fluxes. When lighting was included, the
resulting heating load was often assumed to be proportional to the lamp power
input, no matter the lamp type (6 out of 9 cases). In 2 cases describing LEDs, it
was assumed that light does not contribute any heat to the greenhouse. The
number of objects included in thermal radiation (FIR) exchanges varied from 0
to 11, and the number of objects included in convective exchanges varied from 2
to 18. Ventilation was neglected (2 out of 24 cases), assumed constant (5 cases),
given as an input (8 cases), or calculated based on various variables (9 cases).
Latent heat was excluded by 5 out of 24 models, and in 3 only the influence of
fogging was included. LAI was excluded (9 of 24 cases) or assumed constant (8
cases) by a majority of the models. Approaches to modelling transpiration varied
considerably, as previously noted by Katsoulas & Stanghellini (2019). Relatively
few models considered photosynthesis (9 of 24) and yield (8 of 24), and
approaches varied between those that did.
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Table 2.3. Decomposition of greenhouse models, including model objective, number of objects considered in convective and radiative exchanges,
variables influencing selected processes, and origins of model components. Color code: Blue: model extension, components that were changed
during model extension based on previous sources. Green: new model or new model component. Red: model reuse. Yellow: component not included
in the model. Model objective: Ctrl: climate control, Expl: exploratory modelling, Calib: calibration, Analys: system analysis. Greenhouse type:
PE: polyethylene, CSG: Chinese solar greenhouse, Ven: Venlo. Development: Ex: extension, RE: reuse. Model decomposition: C: calculated based
on other components, F: only fogging included, G: given as input, O: constant, N: no heating contribution, New: new model or component, «:
proportional to input, X: component excluded, v: component included. Lamp type: n/a: not specified, H: high-pressure sodium, L: LED, M: metal
halide. Influence of climate variables: Ci: indoor COz concentration, DW: crop dry weight, Hi: indoor humidity, Ho: outdoor humidity, LAI: leaf
area index, n/a: information not available, R: radiation, Tc: crop temperature, Ti: indoor temperature, To: outdoor temperature, V: ventilation
control, W: wind. [-] model simplification. [+] model extension. See references at the end of the table.
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Reference
Abbes et al. (2019) Ctrl PE  Ex[1] [1] X X 4 8[1] O v 0O Hi, LALLR, 3 X X
Tc, Ti [1]
Ahamed et al. (2018a, 2018d) Expl CSG Ex[2] [2] C «(nfa) 3[2] 5 T, To W v O Hi, LAI, R, X X X
El| Ti, W 2]
Ahamed et al. (2018b, 2018c¢) Design PE New New C «(n/a) 3[2] 3[2] O v 0 Hi, LAl R, X X X
Ti, W [2]
J. Chen et al. (2019) Design Ven Ex[4] New X X 3 6 X X X X X X X
De Ridder et al. (2020) Calib Ven New « C o(HL X 5 V v X Hi, Ho X X X
Esmaeli & Roshandel (2020, 2017) Design CSG New X X X 9 O v n/a Hi LALR T X X X
[5]
Gharghory (2020) Calib  n/a Re[6] G X X X 2[6] Ge] F X RI6] X X X
Golzar et al. (2018, 2019) Design Ven New & C oM 2 2 Ti, To,V, v [8] Hi, LAL R, Ti 1 R, Ci [8]
W [7] [9] [10]
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Table 2.3 (continued).
Hemming et al. (2019b) Expl Ven Ex[7] [7] [71 <(H) 7[71 16[7] Ti,To,V, v n/a Ci Hi LAl nfa [11+]
[7] W [7] R, Tc, Ti [7] [11]
Jomaa et al. (2019) Ctrl n/a Re & G X X 41121 Ti,To,V v O Hi, LAl R, Ti X X
(2] [12] [12] [12]
Katzin et al. (2020b) (Chapter 3) Expl Ven Ex & G New 11 18 Ti, To,V, v O Ci, Hi, LAI, Ci, [14]
[13] (H'L) [13+] [13+¢] WT13] R, Tc, Ti [13] LA,
R, Tc
[14]
Lammari et al. (2020) Ctrl PE Re o« G X X 4[15] O[15] v X Hi, R, Ti [15] X X
[15]
Mohamed & Hameed (2018) Ctrl n/a Re G G X X 2[16] GI[16] F X Hi, R [16] X X
[16]
Mohammadi et al. (2020) Analys CSG New & X X 5 6[17] W[17-] v O Hi, LAl R, X X
Te, Ti [18]
Pérez-Gonzalez et al. (2018) Calib PE Ex & G X X 3[19] O[19] v X Hi, R, Ti X X
[19] [19+]
Righini et al. (2020) Expl Ven Ex o« G « 10 17 Ti, To, v [14] Ci, Hi, LAI, Ci, [14]
[13] (H'L)  [13+] [13+] VW [13] R, Tc, Ti[13] LAI,
R, Tc
[14]
Seginer et al. (2020) Ctrl Ven Ex & G X X 2 G [20] v 0O R [21] Ci,R, «xDW
[20] Ti
[20]
Sethi (2019) Design PE  New New X X 4 G v X Ti, Tc [22] X X
Su et al. (2018) Ctrl Ven Ex & G X X VvV, W v 0 Hi, R, Ti Ci, X
[23] [24-] [23] LA,
R, Ti
[25]
Subin et al. (2020) Ctrl n/a Re[6] G X X X 2[6] GIe] F X R [6] X X
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Table 2.3 (continued).
£§357 f F EIE€ELif 3§ IR 3 385 3% %
Ag®E & 2 2322%3 %32 28 Se 7 233 § =
ae 3 o > 3 950 o 8 ~ = T §33 @ 3
s o ) o6 @ Jdwug g9y ga s > 0 5 Zps < ]
£ 3 3 &% 3¢ 20 e 5 o 2 3% 3 o
B 2 23% "3 g> % g § 883§ =
- 5 o = = ) S =37 a
Reference 3 % “
Xu et al. (2018a) Ctrl Ven Re x G X X 2[26] G X < Hi, LAl Ti X Ci, «<DW
[26] DW  [26] LAI,
R, Ti
[26]
Xu et al. (2018b) Ctrl CSG Ex 28 G N (L) X 3 G X « Hi, LAI, Ti X Ci, «<DW
[26] [26+] DW  [26] LAl
R, Ti
[26]
Xu et al. (2019) Ctrl Ven Ex & G N(L) X 2[26] G X < Hi, LAl Ti X Ci, <DW
[26] DW  [26] LAI,
R, Ti
[26]
G. Zhang et al. (2020) Analys Ven New New X X 3 10 X X X X X X X

References: [1] Abbesetal. (2010). [2] Ahamed et al. (2018b). [3] Jolliet et al. (1991). [4]]. Chen etal. (2016). [5]]. Chen et al. (2015). [6] Pasgianos
et al (2003). [7] De Zwart (1996). [8] Jones et al. (1999). [9] Bontsema et al. (2007). [10] Stanghellini et al. (2012). [11] Marcelis et al. (2009).
[12] Blasco et al. (2007) [13] Vanthoor, Stanghellini, et al. (2011). [14] Vanthoor, De Visser, et al. (2011). [15] Lammari et al. (2012). [16] Albright
et al (2001). [17] Van Ooteghem (2007). [18] Stanghellini (1987). [19] Hasni et al. (2011) [20] Seginer et al. (2018). [21] Seginer et al. (2020).
[22] Tiwari & Goyal (1998). [23] Tap (2000). [24] Roy et al. (2002). [25] Goudriaan & Van Laar (1993). [26] Van Henten (2003).
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2.4.3. Inheritance of process-based greenhouse
climate models

Some of the differences and similarities between models can be explained by the
model inheritance chart (Figure 2.5). For example, it can be seen that the models
of Katzin et al. (2020b) (Chapter 3) and of Righini et al. (2020) were both
extensions of Vanthoor, Stanghellini, et al. (2011) and that the models described
in Pérez-Gonzalez et al. (2018) and in Lammari et al. (2020) both originated with
Boulard et al. (1996). The models used by Mohamed & Hameed (2018),
Gharghory (2020), and Subin et al. (2020) all originated with the model of
Albright et al. (2001). It can also be seen that several early models (Albright et
al,, 2001; Boulard et al., 1996; De Zwart, 1996; Van Henten, 1994; Van Ooteghem,
2007) are still used as a basis for many recent studies. At the same time, for
several recent studies (Ahamed et al,, 2018a; C. Chen et al.,, 2019; De Ridder et al,,
2020; Sethi, 2019) we were not able to identify whether they were based on
previous greenhouse models, and if so, on which.

In many cases where a model was reused or extended, authors of the
parent model were also involved in the new study. In 7 out of 11 cases of model
extension, the original and extended model shared coauthors. The same was true
for 4 out of 9 cases of model reuse. Cases of model reuse or extension by authors
unrelated to the original publication are limited to quite simple models, as can be
seen by their decomposition in Table 2.3: Xu et al. (2018a) reused the model of
Van Henten (2003), Mohamed & Hameed (2018) reused the model of Albright et
al. (2001), Gharghory (2020) and Subin et al. (2020) reused the model of
Pasgianos et al. (2003), and Jomaa et al. (2019) reused the model of Blasco et al.
(2007), while using parameters from a previous study. Model extension without
shared coauthors is also reserved for relatively simple models, e.g. the extensions
by Xu etal. (2018b, 2019) to Van Henten (2003), the extension by Su et al. (2018)
to Tap (2000), and the extension of Pérez-Gonzalez et al. (2018) to Hasni et al.
(2011).
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Figure 2.5. Inheritance chart of recently published greenhouse modelling studies and the models on which they are based. Studies are sorted
vertically by year of publication, with the most recent studies in the bottom and the oldest ones on top. Colored boxes indicate studies included in
this review. Out of space considerations, only first author names are given, except in cases of possible ambiguity. CSG: Chinese solar greenhouse;
HPS: high-pressure sodium lamps; LED: light-emitting diodes; PV: photovoltaic cells.
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2.4.4. Validation of greenhouse climate models

Models differed in the techniques used for model validation in all aspects
considered: the facilities used for data collection, the evaluated variables, the
dataset length and frequency, and in validation metrics (Table 2.4). The size of
the facility used varied from a 15 m? prototype to a 5,760 m2? commercial
greenhouse. The evaluated variables typically included the indoor temperature,
but other variables were often included, such as indoor humidity, radiation inside
the greenhouse, and heating energy used. Dataset length varied from less than a
day to a full year, and the frequency of measurements varied from one second to
one month. In terms of validation metrics, all studies included graphs comparing
measured and simulated values. Some studies added no information beyond the
presented graphs, while others used multiple metrics to analyze the model
predictions. RMSE was the most common metric for validation (used in 9 of the
22 studies), followed by R? (7 studies). Other metrics were also used, with some
used only by a single study. Because of this wide range of evaluation methods,
differing in timespan, frequency, evaluated variables and evaluation metrics, it is
practically impossible to compare model performance based solely on validation
results.
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Table 2.4. Validation of greenhouse models. Variables: Ci: indoor COz concentration, DW: harvested dry weight, E: electricity produced, FW:
harvested fresh weight, H: heating energy, Hi: indoor humidity, R: radiation, RHi: indoor relative humidity, Tc: cover temperature, Ti: indoor
temperature, Tp: plant temperature, Ts: soil temperature, Tw: wall temperature, V: ventilation rate, Wi: indoor wind speed. Validation metrics:
d: Wilmott’s index of agreement, EF: model efficiency, MAPE: mean absolute percentage error, maxE: maximum error, maxRE: maximum relative
error, ME: mean error, MRE: mean relative error, MSE: mean squared error, NSE: Nash-Sutcliffe’s coefficient of efficiency, R2: coefficient of
determination, RE: relative error, RMSE: root mean squared error, rRMSE: relative RMSE, TSSE: total sum of squared error. n/a: information was
not available. All studies included plotted graphs of validation results. See Section 2.3.4 for definitions of commonly used metrics, and the respective
publications for definitions of metrics used in only one study, marked with (*).

Reference Location and Facility of Evaluated Dataset Validation Main validation results
season of evaluation variables  duration metrics
evaluation (size) (frequency)
Abbes et al. (2019) Borj Cedria, Tunisia.  Research R, RHi, Ti 19 days (n/a) MSE, R? R:R?= 0.98, MSE =39 W
Spring (100 m?) m. RHi: MSE = 0.45,
R%=0.98. Ti: MSE = 3.63°C,
R?=1
Ahamed et al. Elie, Manitoba, Commercial H, R, Ts, 3 days maxE, ME, MRE, H: rRMSE = 11.5%. R:
(2018a) Canada. Spring (210 m?) Tw (10 min =1 hour)  NSE, RMSE, NSE = 0.71, RMSE = 68.34
rRMSE, W m= Ts: NSE = 0.68,
RMSE = 1.8°C
Ahamed et al. Saskatoon, Canada.  n/a (1125 m?) H, R 8 months maxRE, MRE, R?, H: MaxRE = 9%, MRE =
(2018b, 2018c) Spring-autumn (month) RMSE 4.6%. R: R? = 0.78, RMSE =
112.61 W m™
Alinejad et al. (2020) Shiraz, Iran. Full Commercial E, H, R, 1 year (monthly) maxRE R: maxRE < 8%,
year (4,081 m?) RHi, Ti, V Ti: maxRE < 3%,
C. Chen et al. (2019) Beijing, China. n/a Ti 2 months d®*) Ti: d = 0.987
Winter (hourly)
J. Chen et al. (2019) Hangzhou, China. n/a (230 m?) R 8 hours (hourly) MRE, RMSE R: RMSE = 12.61-21.97
Autumn W m?
De Ridder et al. Belgium. Autumn Research Ti 2x7 days R? Ti: R? > 90%
(2020) (160 m?) (20 minute)
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Table 2.4 (continued).

Reference Location and Facility of Evaluated Dataset Validation Main validation results
season of evaluation variables  duration metrics
evaluation (size) (frequency)

Esmaeli & Roshandel  Shenyang, China. n/a (756 m?) Ti 1 day (hourly) maxE, R?, RMSE Ti: maxE = 2.8°C, R? = 0.95,

(2020) Winter RMSE = 0.32°C

Golzar et al. (2018) Conthey, Research H, DW 10 months NSE, PBIAS (*), DW: NSE = 0.96,
Switzerland. (360 m?) (week-month) rRMSE PBIAS = 0.18, rRMSE = 23%.
Winter-autumn H: NSE = 0.91, PBIAS = 0.18,

rRMSE = 27%

Hemming et al. Bleiswijk, The Research FW 3 months - -

(2019b) Netherlands. (96 m?) (weekly)
Summer-autumn

Jomaa et al. (2019) Borj Cedria, Tunisia.  Research Hi, Ti 3.5 days (n/a) - -
Spring (100 m?)

Katzin et al. (2020b) Bleiswijk, The Research Ci, H, RHi, 112 days ME, RE, RMSE, H: RE = -0.92-11.6%. RHi:

(Chapter 3) Netherlands. (144 m?) Ti (5 minute) rRMSE RMSE = 5.52-8.5%.
Autumn-winter Ti: ME = -0.09-0.05°C,

RMSE = 1.74-2.04 °C

Lammari et al. Avignon, France. Research (n/a) Hi, Ti 2x7 days (n/a) - -

(2012, 2020) Spring-summer

K. Li et al. (2019) Jiangsu, China. n/a (720 m?) Ti, Wi 15 hours MRE Ti: MRE < 15%. Wi: MRE
Spring (minute) about 20%.

Ma et al. (2019) Indiana, USA. Research (n/a) R, Ti 7 days (minute) R? R:R>=0.9, Ti: R> = 0.88
Autumn

Mohammadi et al. Tabriz, Iran. Research Tc, Ti, Tp, 8 hours (minute) EF (*), MAPE (%), Tc: R? = 0.96,

(2020) Autumn (15 m?) Ts R?, RMSE, RMSE = 2.21°C. Ti: R? =

TSSE (*) 0.98, RMSE = 1.64°C. Ts:

R? = 0.98, RMSE = 1.84°C
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Table 2.4 (continued).

Reference Location and Facility of Evaluated Dataset Validation Main validation results
season of evaluation variables  duration metrics
evaluation (size) (frequency)

Pérez-Gonzélez etal.  Guadalajara, Research RHi, Ti 1-3 days J(* ) = 5.64-9.4327

(2018) Mexico. Autumn, B0m? (second)
spring

Rasheed et al. (2019)  Daegu, South Research Ti 20 days (n/a) NSE Ti: NSE = 0.79-0.84
Korea. Winter, (168 m?)
autumn.

Righini et al. (2020) Klepp, Orre, Commercial FW, Ti FW: 3-7 months; rRMSE, MRE FW: MRE = 0.7-4.3%.
Norway. Winter, (5,760 m?), Ti: 3x(6-8) days Ti: rRMSE = 7.1-9.6%
spring, summer experimental (n/a)

(n/a)

Sethi (2019) Ludhiana, India. Research R, Tc, Ti, 7-12 hours RMSE R: RMSE = 4.01 W m=2. Tc:

Summer, winter. (100 m?) Tp (hourly) RMSE = 3.91°C. Ti: RMSE =
4.69°C. Tp: RMSE = 3.7°C

Su et al. (2018) Chongming, n/a (875 m?) Ci, Hi, Ti 5 months RMSE Ci: RMSE = 50 mg m?
Shanghai, China. (5 minute) Hi: RMSE = 1.68 g m>,
Autumn-spring. Ti: RMSE = 2.1°C

G. Zhang et al. (2020)  Taian, Shandong, Prototype Te, Ti, Ts 3x15 days ME, R?, RMSE Ti: R? = 0.98, RMSE = 1.36-
China. Winter, (15 m?) (5 minute) 2.01°C. Ts: R? = 0.66-0.99,
spring. RMSE = 0.1-1.93°C
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2.5. Discussion

2.5.1. What is the source of variation between
greenhouse climate models?

The vast range of crops, structures, equipment and climates that characterizes
greenhouse horticulture does not seem sufficient to explain the variation
between greenhouse models. The majority of studies reviewed considered a
tomato crop, while many others assumed an undefined generic crop or no crop
at all (Figure 2.4). Regarding structure type, most studies were concerned with
Venlo type greenhouses (Figure 2.4), although a considerable number of studies
focused on CSGs, and several were devoted to transforming an existing model to
a CSG (Figure 2.5). Adding new equipment to an existing greenhouse model is
sometimes a motivation for model extension (Figure 2.5), but that in itself does
not seem to justify the development of entirely new models.

Modelling objective provides a better, although partial, explanation to
model variation: the most complex models found in this chapter, with 16 or more
objects included in convective exchanges, were all devoted to exploratory
modelling (Table 2.3). At the same time, a considerably simpler model (Ahamed
et al, 2018a) was also used for exploratory modelling, so it remains unclear
whether exploratory modelling really requires such complex models.

Atthe other end of the complexity scale, studies focused on calibration and
control tended to use simple models, with few objects included in the convective
and FIR exchanges. 11 models had 3 or less convective objects, of which 7 dealt
with control and 2 with calibration (Table 2.3). Such models tended to focus less
on accurate predictions, and often lacked validation (Table 2.4). The approach in
these studies was also more generic, often providing little detail on the type of
structure or crop, and even neglecting the crop completely (Table 2.2).

The distinction between detailed and complex “prediction-focused”
models and simpler “control-focused” models goes back at least to the 1980’s,
when Bot (1983) and Udink ten Cate (1983) developed in parallel models that
represented these two objectives. Tap (2000) reported that in 1986, Vennegoor
op Nijhuis compared these two models as part of an MSc thesis and found them
to be similar in terms of predictions, with the model of Udink ten Cate being
considerably faster in terms of computation time. Indeed, a preference for
simpler models in control applications due to computational issues remains
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relevant to this day: see for example the discussion in Van Henten & Bontsema
(2009), or the several technical steps required in Xu et al. (2018a) to obtain an
accurate and fast solution to an optimal control problem.

At the same time, it seems reasonable that models designed for predicting
scenarios would include many processes. First of all, because new insights
regarding particular system components and processes can only be uncovered if
those components and processes are included in the model. Second, there seems
to be an agreement between model developers and users that model structure,
i.e., the assumptions and relationships underlying the model, are important
factors when assessing the reliability of a model for exploratory simulations
(Eker et al.,, 2018). This view could explain why models developed for prediction
tend to incorporate many process-based relations based on physical and
biological principles, rather than summarize phenomena with simpler functions:
the inclusion of phenomena which are understandable and trusted by a potential
user (or the model developer) promotes trust in the model and its predictions.

Nevertheless, although modelling objective seems to give the best
explanation for the wide range in model complexity, it should be stressed that it
is often difficult to accurately extract a given model’s objective based on the
authors’ descriptions. In particular, the distinctions between exploratory
modelling, design, and system analysis are not always clear-cut (Table 2.2).
Furthermore, in some cases, the impression could arise that models were
developed solely for the purpose of developing them. In other cases, the main
objective seems to be the demonstration of a certain methodology, and the
accurate representation or application for greenhouses seems secondary. The
objectives assigned to the models throughout this chapter (Figure 2.4, Table 2.2,
Table 2.3) should be viewed with this observation in mind.

2.5.2. How complex should process-based
greenhouse climate models be?

Seeing the vast range in model complexity, a question that arises is how complex
greenhouse models should really be. This question is extensively debated in the
context of crop modelling (Antle et al.,, 2014; Hammer et al., 2019; Keating, 2020;
Monteith, 1996; Passioura, 1996; Sinclair & Seligman, 2000). Monteith (1996)
advocated finding a “balance” between simplicity and complexity. He stressed
that complex models are more difficult to understand and that it is often easier
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to derive insights from simpler models, even if those may provide less accurate
outputs.

Unfortunately, besides this general advice and the view that simple models
are often preferable, it is hard to find very practical advice regarding model
complexity. Passioura (1996) maintained that crop models should be “as simple
as possible” and should have “a small appetite for data”. Keating (2020) reiterated
a statement attributed to Albert Einstein that “the model should be as simple as
possible in the context of intended application, but no simpler”. In the context of
greenhouse modelling, Vanthoor (2011) proposed that developing simple
models is often easier said than done: “According to Johan Cruijff simple soccer
is the most difficult to play, and unfortunately, this also applies to simple
modelling”.

At the same time, there is quite some evidence to attest to the power of
simple models: Stockle (1992) showed that a photosynthesis model can be
considerably simplified, and thus be made easier to use and understand, without
meaningfully increasing its prediction error. Soltani & Sinclair (2015)
demonstrated that simple crop models sometimes provide more accurate
predictions than complex ones. In the context of greenhouse crops, the case of
the TOMGRO tomato crop model is remarkable, where the number of state
variables was reduced from 574 to 5, while still achieving good predictions
(Jones et al., 1999).

Unfortunately, it is very difficult to compare the performance of
greenhouse models (Section 2.4.4). It would be interesting to test, for instance,
how the exclusion or inclusion of thermal radiation in greenhouse climate
models influences predictions (see, e.g., Table 2.3). Constructing a framework
where greenhouse climate models could be compared and evaluated using a
common dataset of measurements would help elucidate how model complexity
influences model performance.

2.5.3. Why are so many different models being
used and developed?

As mentioned in Section 2.1, the abundance of greenhouse models is not new.
More than 30 years ago, Van Bavel et al. (1985) called to focus efforts on the
improvement of existing greenhouse models, rather than “the writing of entirely
new programs and the construction of new models”. Not much later, Lacroix &
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Zanghi (1990) urged that “rather than build new models, it should usually be
sufficient to take up existing models, adapt them to specific needs and improve
them further” (translated). These calls seem to have remained unheeded, with
many models still being developed, several of which serving similar purposes
(Table 2.2).

One possible reason for this model abundance is that some models seem
to be developed simply for the sake of developing a model (Table 2.2). Granted, a
study may have several purposes, some stated more explicitly than others, and
the definition of a study’s purpose as described in Table 2.2 is based on subjective
interpretation. Nevertheless, clear motivation behind a particular model’s
development is often missing, and it seems that model development is in itself
considered a worthwhile research objective. This issue has been previously
identified in the field of crop modelling (Sinclair & Seligman, 2000). Moreover,
the lack of an explicit statement of modelling objectives makes it difficult to judge
whether a given model serves its intended purposes, or if it is suitable for use by
others to serve their own goals.

Another possible reason for the creation of new models rather than
building on existing ones is an issue raised by Holzworth et al. (2015) in the
context of agricultural modelling: “maintenance of documentation and
software/code has not been considered a core research outcome [...] This results
in software that is maintained in an ad-hoc fashion to the point where often the
best way forward in improving the software base is to start from scratch”. In this
case, Holzworth et al. (2015) seem to assume that model code is available but
poorly maintained. In greenhouse modelling, matters are arguably worse, since
it is rarely the case that code is made available at all, so that indeed the only way
forward is to start from scratch.

Reuse of existing models is also limited due to poor reporting. When code
is not available, potential users are driven to reproduce models based on
equations printed in published papers. This method is vulnerable to mistakes
such as misprints and omission of details, made worse when old models are
reprinted using new notation (e.g., new variable and parameter names). Another
issue is imprecise referencing, for example when whole books (containing
multiple models) are provided as a reference to a model being used, or when
several references are given without an explanation on how they were used or
combined.
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The suspicion that new models are being developed simply because older
models are not available is strengthened by the model inheritance chart (Figure
2.5): when reusing or extending existing models, researchers predominantly
choose their own models as a basis for further work. Cases where the work of
others has been reused or extended are typically restricted to simple models,
where reproduction is arguably easier. This observation is in line with that of
Holzworth et al. (2015) who remarked: “[the] model fit-for-purpose question is
usually overlooked in favor of adopting an off-the-shelf model, likely one with
which the researchers have some experience, regardless of its possible
complexity misfit”.

2.5.4. To what extent are greenhouse
models valid?

An essential component of model development is the validation of model
predictions against measured data. In greenhouse modelling, evaluations vary
considerably in their approaches. Details on if and how data was used for model
development (e.g. for parameters calibration) are often missing. In this review,
the size of the measured dataset varied considerably in the duration and
frequency of the measured timespan, and in the majority of cases (13 of 22) data
was collected in relatively small research facilities (Table 2.4). Naturally, model
developers can only work with the data they have. However, reflections are
scarce on whether the data used for evaluation is truly representative of the
system being modelled (Wallach et al., 2014a).

Considerable differences also exist in the metrics used in model validation
(Table 2.4). As noted earlier (Section 2.3.4), the terms used for these metrics are
inconsistent, with several different names given to the same evaluation metric,
and worse - the same name used for two different metrics, namely, the Rz and
the NSE. This confusion seems to stem from the fact that when a model is derived
using a linear least squares regression, the R and NSE are equivalent. However,
process-based greenhouse models are rarely based on linear regression. In fact,
it is unclear why the R2 is used at all in this context: authors who use it state
(sometimes implicitly) that an R? value close to 1 automatically represents good
model predictions. However, this is a misconception, as a high R? will only
indicate that there is a linear relationship between measured and predicted
values. For instance, measured values of y = 1,2,3 and predicted values of

63



Chapter 2

f =500,0,—-500 will yield RZ= 1, despite the model being completely off in both
the trend and the order of magnitude. These attributes led Bellocchi et al. (2010)
to conclude that the use of the R2? to evaluate model performance is “flawed”.
Kobayashi & Salam (2000) give an example of how the R can be misleading, as it
obscures important information for assessing model performance.

Various scientific disciplines hold long ongoing debates regarding the
most effective methods for model evaluation and validation (Bennett et al., 2013;
Eker et al., 2018; Legates & McCabe, 1999; Oreskes et al., 1994), including the
crop modelling community (Bellocchi et al., 2010; Cao et al., 2012; Kobayashi &
Salam, 2000; Wallach etal., 2014a; Yang et al., 2014). It seems that in greenhouse
modelling this debate has so far been absent, resulting in model developers each
coming up with their own methods for evaluation, and some simply not
validating or evaluating their model at all. The diversity in model validation
metrics makes it difficult to compare validation results, which hinders
straightforward model selection based on prediction accuracy. It is hard to
explain why so many metrics are being used, including some that were devised
exclusively by the authors for a specific study. One possible explanation is that
authors choose metrics which they believe make their model look successful.
Some evidence supporting this hypothesis is the fact that some validation results
are presented in vague terms, e.g. “less than” or “greater than” some value (Table
2.4). Moreover, no greenhouse model validation study ever seems to conclude
that the model under investigation is poor, although positive results bias
(Pliiddemann et al., 2017) may also play a role here.

The use of research facilities for evaluating energy use predictions carries
special difficulties, as research typically takes place in small compartments
within a bigger greenhouse. Edge effects due to a relatively large wall surface
area, heat transport between compartments, and a central heating system
distributing heat to all compartments simultaneously, contribute error to the
energy use measurements of individual compartments. These are all issues that
are typically ignored in “perfectly stirred tank” type models, which often assume
that the greenhouse is infinitely large (Section 2.2.1). Ideally, authors should
report on the procedures taken to measure or estimate energy use in
compartments, including what steps were taken to avoid edge effects.

Yield prediction was not part of the main focus of this chapter (Section
2.2.1), but several greenhouse climate models reported on it during model
validation (Table 2.4). When evaluating yield predictions, one crucial component
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is the dry matter content (DMC) of the harvested product. This parameter
converts dry weight predictions - as they typically appear in crop models - to
fresh weight yield. In tomatoes, DMC ranges between 4-7.5% (Heuvelink et al,,
2018), which results in a substantial range of yield predictions given a particular
dry weight outcome: for 1 kg of dry weight, the range of 4-7.5% corresponds to
a fresh weight prediction range of 13-25 kg. Thus, modifications within a
generally accepted range of DMC can nearly double a given model’s yield
prediction. Ideally, authors would report on how they estimate DMC when
comparing dry weight model outputs to fresh weight yield measurements.

At the same time, there is room to consider how accurate we can expect
yield predictions for continuously yielding crops to really be. In practice, growers
have some flexibility regarding the moment of harvest (Saltveit, 2018), and
harvesting strategy, influenced by concerns such as labor availability or produce
price, may have a major influence on harvest (Marcelis & Gijzen, 1998). As long
as such concerns are not included in greenhouse models, it may be wiser to settle
for longer term yield predictions (aggregated on a monthly or yearly basis) than
to expect accurate daily or weekly yield predictions.

2.5.5. How accurate should process-based
greenhouse climate models be?

The lack of standards in greenhouse model validation raises the question how
accurate greenhouse climate models really need to be. One standard that began
to establish regarding indoor greenhouse climate is that a rRMSE of up to 10% is
acceptable (e.g. Ahamed et al,, 2018a; Sethi et al., 2013; Vanthoor, Stanghellini, et
al, 2011), although this choice lacks justification. In particular, while rRMSE
provides a convenient comparison between predictions in different units, it can
also be misleading when comparing the same units under different settings. For
example, an rRMSE of 10% corresponds to an RMSE of 1.5°C when the mean
temperature is 15°C but to an RMSE of 3°C when the mean temperature is 30°C.

In any case, it is counterproductive to set a fixed metric where models
achieving values above or below some golden standard are deemed useful or
useless. This lesson was painfully learned for the case of statistical significance
and p-values (Wasserstein & Lazar, 2016). Nevertheless, some guidelines may be
useful here: a model cannot be expected to be more accurate than the variance
that is already present in the system, including measurement error. For instance,
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we cannot expect indoor climate predictions to be more accurate than the
sensors used for measurements. Similarly, it would be useful to evaluate model
errors with respect to the spatial variance that naturally exists in the greenhouse
climate.

At the same time, it should be stressed that models are a means to an end,
and the goal of achieving perfect model predictions is not very useful in and of
itself. Model accuracy should be evaluated with respect to the particular goal the
model is meant to serve. For instance, the acceptable error in models used for
climate control might be very different from that of models used for system
analysis. Accurate, high frequency predictions of the indoor climate may not be
needed for models used in greenhouse structure design; for this goal, aggregation
on bigger timescales is probably more suitable.

2.5.6. What advances in greenhouse modelling
can we expect in the future?

2.5.6.1. Model development and extension

Ideally, and as already stated decades ago (Lacroix & Zanghi, 1990; Van Bavel et
al, 1985), more efforts would be placed on improving the knowledge of
individual processes in the greenhouse rather than reproduce existing models.
For example, considerable efforts are currently being made in the modelling of
CSGs. It would be worthwhile to test whether assumptions that were used when
designing models for Venlo-type greenhouses (e.g., an “infinite greenhouse”) still
apply for CSG models. Similarly, there is a growing interest in modelling
supplemental lighting in greenhouses, as new technologies such as LEDs are
rapidly advancing. Unfortunately, very few studies provide systemic
measurements of lamp output and its influence on the greenhouse energy and
other balances (Nelson & Bugbee (2015) is one rare example). This issue is
becoming increasingly important as plant physiologists learn about the
responses of crops to narrow-band LED spectrums with the hopes of
implementing these insights in greenhouses (Ouzounis et al., 2015).

Other components of the greenhouse system which could use more
development are mechanical cooling and dehumidification, where some
advances have been made (De Zwart & Kempkes, 2008; Van Beveren et al., 2015a;
Vanthoor, Stanghellini, et al, 2011) but complete model descriptions and
validation studies are still rare. The crop is an important component of the
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greenhouse climate, both for estimating photosynthesis and the system
performance in terms of yield. In this respect, there remains a need for reliable
quantitative information. For example, quantitative knowledge on the influence
of adverse climate on crop behavior is limited (Vanthoor, De Visser, et al., 2011),
and models describing the influence of irrigation water on the crop (e.g. Jiang et
al. (2019)) are rarely included in greenhouse models. In particular, dry matter
content (DMC) remains an elusive but extremely important variable with very
few studies attempting to accurately predict it. Other underdeveloped
components in greenhouse crop models were noted by Marcelis et al. (1998) and
include product quality, leaf area development, maintenance respiration and
organ abortion.

An interesting feature of practically all detailed process-based greenhouse
models is the fact that stomatal conductance is modelled separately for
transpiration and photosynthesis. Stomata simultaneously regulate the exchange
of water vapor and COzbetween the air and the crop, and this principle lies at the
basis of stomatal modelling (Buckley, 2017). This principle is often overlooked in
greenhouse modelling. On the one hand this may be expected, as many models
do notinclude a COzbalance (Table 2.3). But even when the COz balance is absent,
many process-based transpiration models are based on a prediction of stomatal
behavior (Katsoulas & Stanghellini, 2019). For these models, it would be
informative to test how the modelled stomatal behavior influences
photosynthesis and crop growth, especially in models that have detailed
descriptions of both transpiration and photosynthesis (e.g., (Golzar et al., 2018;
Vanthoor, De Visser, et al., 2011; Vanthoor, Stanghellini, et al., 2011).

2.5.6.2. Model transparency and comparison

Forty years ago, in the context of geographical models, Willmott (1981) lamented
that “far too few computer programs have been published, resulting in the
development of numerous overlapping and/or redundant algorithms”.
Unfortunately, this statement is still true for greenhouse climate models. Source
code for greenhouse models is rarely made available by its authors, with a few
exceptions emerging in the last years (Altes-Buch et al,, 2019; Katzin, Van Mourik,
etal., 2020b (Chapter 3); Kérner & Holst, 2017). The models for Ahamed (20183,
2018b, 2018c, 2018d, 2019) are available in PDF form in Ahamed (2018),
providing transparency to the studies but limiting reuse due to copyright. This
state of affairs is a far cry from that of agricultural models, where several long-
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standing models have made their code available, albeit with differing levels of
accessibility (Soltani & Sinclair, 2015).

Accessible model code would not only facilitate model reuse and
extension, it could also help to compare different models, evaluate their validity
in different scenarios, learn the strengths and weaknesses of each approach, and
combine successful parts for further improvement. In arable farming, such
efforts have been ongoing in projects such as the Agricultural Model
Intercomparison and Improvement Project (AgMIP) (Rosenzweig et al.,, 2013)
and the Agricultural Model Exchange Initiative (AMEI) (Midingoyi et al., 2020).

An important component of model development and intercomparison is
the development of benchmark datasets. Such datasets have been made available
for crop model validation and comparison (Asseng et al., 2015). Indeed, publicly
available shared datasets would help evaluate models by comparing their
prediction accuracy in equivalent scenarios. Using such data, benchmark
problems could be devised, setting quantitative and qualitative standards that
are expected of greenhouse climate models. Unfortunately, publicly available
data from greenhouses is extremely scarce. Some exceptions are the Autonomous
Greenhouse Challenge (Hemming et al., 2020; Hemming, De Zwart, et al,, 2019a)
and the recently established Controlled Environment Agriculture Open Data
initiative (CEAOD, 2020). Nevertheless, publicly available long term data from
large-scale commercial greenhouses is currently missing.

2.5.6.3. Model selection

The overview given in this chapter could help newcomers to the field of
greenhouse climate modelling in the process of model selection. While the
models included in this review are only a small part of the vast range of
greenhouse climate models that have been developed, this chapter provides a
starting point and directs researchers to consider several points, both when
choosing an existing model to build on and when presenting their own work.
When developing new models, developers should explore which models
already exist that describe the system they are interested in, such as the type of
greenhouse, crop, and equipment included in their system. Developers should
consider the objectives of previous models, and reflect critically whether using a
given model is suitable to satisfy their own objectives. Model validation studies
are useful for demonstrating whether a given model accurately represents a
particular system. At the same time, the structure and assumptions underlying
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the model are equally important for judging the suitability of a model for a
particular goal.

The points above are also crucial in the reporting on model developments.
Ideally, developers would clearly indicate the type of system (greenhouse
structure, crop, equipment, climate) they have in mind when designing a model.
The reasons for developing and using a model should be clearly stated, as well as
the assumptions used and results from previous works included in the model.
Lastly, model transparency, inclusion of model code and sharing of data would
greatly facilitate model reuse and advancement and will help push forward the
entire field of greenhouse modelling, and greenhouse horticulture in general.

2.6. Conclusion

This review surveyed process-based greenhouse climate models published in the
years 2018-2020, in an effort to explain the proliferation of greenhouse models
and the variation between them. This outlining of the current state of greenhouse
modelling can serve as a tool for newcomers to the field as they set out to decide
which existing knowledge to build upon. Regarding the current state of
greenhouse modelling, the following conclusions can be drawn:

1. There is a tendency in greenhouse modelling to develop new models
rather than extend or reuse existing models. Models differ in the type of
greenhouse and crop they describe, the equipment included, and in
their research objectives, but these differences alone do not explain the
great abundance of greenhouse models.

2. Process-based greenhouse climate models share a general common
structure, but they vary considerably in the choice of components that
are included in the model, and in the treatment of each component.
Depending on the modelling approach and objectives, each component
can be completely neglected, represented with a single empirical
function, or described with a process-based submodel which includes
the influence of multiple factors.

3. Extension and reuse of models is largely limited to developers
extending their own models, except in the case of relatively simple
models. A possible reason for this circumstance is the lack of
transparency and availability of existing models, which makes it
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difficult to build on them. An emerging trend towards open-source
model code will hopefully promote model reuse and extension in the
future.

4. Besides the lack of transparency, other identified reasons for the
abundance of greenhouse models are a view that model development is
in itself a sufficient research goal, and the difference in model
objectives, namely the preference for simpler models in control-
oriented research compared to the use of complex models in
exploratory studies.

5. There is a lack of consensus in greenhouse modelling regarding how
models should be evaluated, the type and size of datasets that should be
used, and the appropriate metrics for validation. Sharing of datasets
and the establishment of common benchmark tests are proposed as a
means to facilitate future model evaluation and comparison.
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Highlights

e A model for lighting in greenhouses, including HPS and LED lamps,
was developed.

e The model was evaluated using data from a greenhouse with HPS and
LED toplights.

e The model evaluates energy requirements of the greenhouse with an
accuracy of 1-12%.

e Prediction of indoor temperature and humidity had an rRMSE of 6-11%.

e The model is publicly available in free open source format.

Abstract

Greenhouse models are important tools for the analysis and design of
greenhouse systems and for offering decision support to growers. While many
models are available, relatively few include the influence of supplementary
lighting on the greenhouse climate and crop. This chapter presents GreenLight, a
model for greenhouses with supplemental lighting. GreenLight extends state of
the art models by describing the qualitative difference between the common
lighting system of high-pressure sodium (HPS) lamps, and the newest technology
for horticultural lighting - the light-emitting diodes (LEDs). LEDs differ from HPS
lamps in that they operate at lower temperatures, emit mostly convective heat
and relatively little radiative heat, and can be more efficient in converting
electricity to photosynthetically active radiation (PAR). These differences can
have major implications on the greenhouse climate and operation, and on the
amount of heat that must be supplied from the greenhouse heating system.
Model predictions have been evaluated against data collected in greenhouse
compartments equipped with HPS and LED lamps. The model predicted the
greenhouse’s heating needs with an error of 8-51 W m2, representing 1-12% of
the measured values; the RMSE for indoor temperature was 1.74 -2.04°C; and the
RMSE for relative humidity was 5.52-8.5%. The model is freely available as open
source MATLAB software at https://github.com/davkat1/GreenLight. It is hoped
that it may be further evaluated and used by researchers worldwide to analyze
the influence of the most recent lighting technologies on greenhouse climate
control.
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3.1. Infroduction

Greenhouse climate models are a useful tool for the analysis, design, and
optimization of greenhouse structures and climate control. Such models have
been in use for several decades, and are continually being extended and
developed (Lopez-Cruz et al,, 2018). One reason that greenhouse models must
be constantly redeveloped is because greenhouse systems themselves evolve.
Some recent progress in greenhouse design and technology include novel heating
systems and sources; advanced approaches in crop management and protection;
and the introduction of innovative technologies for assimilation lighting
(Ahamed et al, 2019; Hemming et al., 2017; Marcelis et al., 2014; Marcelis &
Heuvelink, 2019; Stanghellini et al., 2019).

Assimilation lighting has been used in greenhouses for decades and is a
rapidly developing greenhouse technology. In high latitudes, high pressure
sodium (HPS) lamps are the main source of assimilation lighting in greenhouses
(Marecelis et al., 2019; Virsilé et al., 2017), and their efficacy, measured in pmol of
photons of photosynthetically active radiation (PAR) per joule of input (umol J-1),
can reach values of around 1.7-1.8 umol J-1 (Nelson & Bugbee, 2014). At the same
time, light emitting diodes (LEDs) are gaining interest as a useful source of
assimilation lighting in greenhouses (Dutta Gupta, 2017; Mitchell et al,, 2015),
especially since surpassing HPS lamps in efficacy, and reaching as much as 2.5
pumol J1 (Bugbee, 2017), and even a reported 3 pmol ]! (The DesignLights
Consortium, 2019). The efficacy of LEDs is expected to continue to rise, although
the current and potential efficacies strongly depend on the spectral output of the
lamp (Pattison, Hansen, et al., 2018).

With respect to their influence on the greenhouse climate, LEDs differ
from HPS lamps in their output of PAR and near infrared radiation (NIR), their
convective heat exchange with the surrounding air and in their operating
temperature and emission of far infrared radiation (FIR). In HPS lamps, the
conversion rate from electrical input to PAR output is around 35-40%. With
LEDs, this value can vary greatly, and ranges from around 30% to 70%. The
conversion rate from electrical input to NIR output is 20-22% in HPS lamps, and
0-2% in LEDs (De Zwart et al., 2017; Nelson & Bugbee, 2015). The majority of
heat emitted from LEDs is conductive heat, which must be directed away from
the lamp in order to maintain its longevity and efficiency. This is done either by
a passive cooling system and heat exchange with the surrounding air, or by an
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active cooling system which includes electric fans or water pipes (Mitchell et al.,
2015). Furthermore, LEDs operate at considerably lower temperatures than HPS
lamps, resulting in lower far infrared radiation (FIR), and providing the
possibility of placing LEDs closer to the crop without damaging to it. In particular,
LEDs offer new opportunities for high-intensity interlighting, a technique where
lamps are placed between or within the crop rows (Heuvelink et al., 2018).

At the same time, the heat produced by HPS lamps reduces the demand
from the greenhouse heating system (Ahamed et al., 2019). Several experiments
have shown that the radiative heat from HPS lamps helps maintain the desired
crop temperature, and that greenhouses equipped with LEDs require higher
inputs from the heating system (Dieleman et al, 2015; Dueck et al, 2012;
Ouzounis et al,, 2018). It follows, therefore, that the potential energy savings that
are achievable by using LEDs may be offset by the need to provide more energy
for heating. Thus, a question that arises is how a greenhouse lighting system
influences its heating requirements, and how well do greenhouse climate models
predict and describe these requirements under various lighting systems.

Despite the recent advances in horticultural lighting, relatively few
greenhouse climate models include the effects of lamps. A recent review listed
30 different greenhouse climate models (Lopez-Cruz et al., 2018). Of these, only
two models (De Zwart, 1996; Van Beveren et al., 2015a) describe the influence of
HPS lamps, and none consider LEDs. Since LEDs are qualitatively different from
other lighting technologies, including them in an already existing greenhouse
model, even one that does include lamps, poses a challenge.

A common approach to include the influence of lamps on greenhouse
climate is the assumption that a constant fraction of the electricity supply to
lamps immediately heats the greenhouse air (Ahamed et al.,, 2018b; Golzar et al,,
2018; Van Beveren et al., 2015a, 2015b). A slightly more sophisticated approach
was used by Altes-Buch et al. (2019) and earlier by De Zwart (1996) to
distinguish between the PAR and NIR output of the lamps, but lump together FIR
and convective heat. Two recent platforms that describe the qualitative
differences between HPS and LED lighting are the Radiation Monitor (De Zwart
et al, 2017), which focuses on the use of thermal screens; and the Virtual
Greenhouse (previously named Hortisim) (Kérner & Holst, 2017), which is part
of the Universal Simulator (Holst, 2013, 2019), an open source modelling
platform. However, it seems that no experimental results are available which
demonstrate how well these models perform under various types of lighting.
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From the above, we conclude that there is a lack of accessible and tested
models that thoroughly describe the influence of assimilation lights, and in
particular LEDs, on the crop, the greenhouse climate, and their interactions. Such
a model is necessary for reliably predicting the implications of replacing HPS
lamps by LEDs. More specifically, such a model should accurately estimate the
energy requirements of the heating system in a greenhouse with HPS or LED
lamps. In this way, the model can help growers choose and design a lighting
system that best suits their circumstances and purposes, as well as assist policy
makers in making informed decisions regarding the influence of lighting on
greenhouse energy consumption.

The purpose of this study was to design and evaluate a greenhouse climate
model which includes a detailed description of assimilation lights (HPS and
LEDs). The ability of the model to accurately predict the heat requirements of
illuminated greenhouses was tested by comparing model predictions with data
collected from greenhouse compartments with HPS and LED lighting. The model
developed, named GreenLight, was based on the work of Vanthoor, Stanghellini,
et al. (2011) and Vanthoor, De Visser; et al. (2011), and was extended by adding
toplights, interlights, heating pipes within the canopy (grow-pipes), and a
blackout screen to reduce light pollution from the greenhouse to the outside
environment. To facilitate reuse and extension of the model, it is publicly and
freely available as open source MATLAB code at
https://github.com/davkat1/GreenLight.

3.2. Materials and methods
3.2.1. The Greenlight model

The GreenLight model is based on the model of Vanthoor, De Visser, et al. (2011)
and Vanthoor, Stanghellini, et al. (2011) (termed here the Vanthoor model). The
model considers three attributes of the greenhouse climate: energy balance,
carbon balance, and vapour balance. The full details of the Vanthoor model are
available in the electronic appendices published in Vanthoor, De Visser, et al.
(2011) and Vanthoor, Stanghellini, et al. (2011). This model was extended to
include lamps above the crop (toplights), lamps within the canopy (interlights),
heating pipes within the canopy (grow-pipes), and a blackout screen, which is
used to reduce light pollution from the greenhouse towards the outside
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environment. This section describes some of the main features of the GreenLight
model, namely the energy balance model and the lamp model. The full details of
the GreenLight model are presented in Chapter 7 and in the MATLAB code for
GreenLight.

3.2.1.1. Energy balance
The Vanthoor model includes 13 state variables describing the temperatures of
greenhouse objects (°C). These are the temperatures of: the external side of the
cover Ty, .; the internal side of the cover Tgy, ;,; the air in the compartment
above the thermal screen Tr,); the thermal screen Trpg.,; the air in the main
compartment Ty;,.; the canopy T¢g,; the pipe-rail system Tp;,,; the floor Tg,.; and
5 soil layers Tsy1, Tsoz2, - Tsos- In GreenLight, 4 state variables were added: T, 4y,
TintLamps Teropiper and Tgigcr, €xpressing the temperature of the toplights, the
interlights, the grow-pipes, and the blackout screen (°C), respectively.

Accompanying the 4 new state variables are 4 new control inputs: Uy gmp,
Umntrampr Upoitoro» and Upse describing, respectively, the switching of the
toplights, the switching of the interlights, the valve opening between the boiler
and the grow-pipes, and the opening of the blackout screen. As in the Vanthoor
model, control inputs are expressions varying from 0 to 1, where 0 indicates no
action (a switched off lamp, a closed heating valve, an open screen), and 1
indicates action at full capacity (a switched-on lamp, a fully open valve, a fully
closed screen). A scheme describing the energy balance of the GreenLight model,
highlighting the difference between it and the Vanthoor model, is given in Figure
3.1

The differential equations for the temperature states (all in W m-2) are
given below. The equations for the lamp temperatures Tpq,p, and Tpyepamyp are
given in the next subsection. Expressions in bold are additions to the Vanthoor
model.
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Figure 3.1. Scheme of the GreenLight model energy balance. Dashed and bold items are additions to the Vanthoor model. All the items in grey
exchange FIR between each other.
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CapCov,eTCov,e = RGlob_SunCov,e + HCov,inCov,e - HCov,eOut - RCov,eSky
CapCov,inTCov,in = HTopCov,in + LTopCov,in + RCanCov,in + RFerov,in
+ RPipeCov,in + RThSchov,in - HCov,inCov,e
+ RBlSchov,In + RLampCov,In
CapTopTTop = HThSchop + HAirTop - HTopCov,in - HTopOut
+ HBlSchop
CapBlSchBlScr = HAirBlScr + LAirBlScr + RCanBlScr + RFerlScr
+ RPipeBlScr - HBlSchop - RBlSchov,in - RBlSchky
- RBlSchhScr + RLampBlScr
CapThSchThScr = HAirThScr + LAirThScr + RCanThScr + RFerhScr
+ RPipeThScr - HThSchop - RThSchov,in - RThSchky
+ RBlSchhScr + RLampThScr
CapAirTAir = HCanAir + HPipeAir + RGlobSunAir - HAirFlr
- HAirThScr - HAirOut - HAirTop - HAirBlScr
+ HLampAir + RLampAir + HIntLampAir + HGroPipeAir Eq.3.1
CapCanTCan = RPAR_SunCan + RNIR_SunCan + RPipeCan - HCanAir
- LCanAir - RCanCov,in - RCanFlr - RCanSky
- RCanTh.S‘cr - R CanBiscr T RPAR_LampCan
+ RNIR_LampCan + RFIR_LampCan + RPAR_IntLampCan
+ RNIR_IntLampCan + RFIR_IntLampCan + RGroPipeCan
CapPipeTPipe = HBoilPipe - RPipeSky - RPipeCov,in - RPipeCan
- RPipeFlr - RPipeThScr - HPipeAir - RPipeBlScr
+ RLampPipe
cappy Tryr = Hpirrir + Rpar_sunrir + Ryir_sunrir + Reanrir
+ RPipeFlr - HFlrSol - RFerov,in - RFlrSky
— Reprrhser — ReurBiser + Rpar_LampFir
+ Ryir_Lamprir + RFIR_LampFir
capsonTsoy = Hsot-1yso0) = Hsotysoj+1) J = 1.2,--5

CapGroPipeTGroPipe = HBoilGroPipe - RGroPipeCan - HGroPipeAir

Here, H represents conductive or convective heat exchange (W m2); R
represents radiative heat exchange (W m2); and L represents latent heat
exchange (W m2). Subscripts represent the source and target of the exchange,
thus e.g., Ropj10pj2 represents radiative heat transfer from Objl to Obj2. The
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latent heat exchanges depend on the vapour fluxes in the greenhouse, which are
described in full by Vanthoor, Stanghellini, et al. (2011).

The blackout screen was modelled in an analogous way to the Vanthoor
model component of the thermal screen, with different parameter values. Here,
capgser (J K1 m2) is the heat capacity of the blackout screen; Reangiscrs Rrirpiscrs

Rpipepiscr» Rpiscrcoviny Reiscrsky Reiserrnser and Rpgmppiser (W m2) are the long
wave (FIR) heat exchanges between the blackout screen and, respectively, the
canopy, floor, heating pipes, cover, sky, thermal screen, and lamps; Hy;.g15c and
Hroppiser (W m2) are the convective heat exchange between the air in the main
and top compartment and the blackout screen; and Ly, g5 (W m-2) is latent heat
exchange between the air and the blackout screen due to vapor condensation.
The grow-pipes were modelled analogously to the Vanthoor model
component for the pipe-rail system (heating pipes on the floor of the greenhouse
floor that are also used as rails for transportation). However, since for a mature
crop the majority of the radiative heat from the grow-pipes is absorbed by the
canopy, the FIR exchange between the grow-pipes and other greenhouse objects
was assumed to be negligible. In the equations above, capgropipe (J K1 m2) is the
heat capacity of the grow-pipes; Hgji6ropipe (W m2) is the heating input into the
grow-pipes; Rgropipecan (W m2) is the FIR exchange between the grow-pipes and
the canopy; and Hgyopipeair (W m2) is the convective heat exchange between the

grow-pipes and the air in the main compartment.

3.2.1.2. The lamp model

The equations for the lamp temperatures TLamp and Tppepamp are (in W m2):
CapLampTLamp = QLampln - RLampSky - RLampCmi,In - RLampThScr
- RLampBlScr - HLampAir - RPAR_LumpCan
- RNIR_LampCan - RFIR_LampCan - RLampPipe
- RPAR_LampFlr - RNIR_LampFlr - RFIR_LampFlr
Eq.3.2
- RLampAir - HLampCool
CapLamplntTLampInt
= QIntLampIn - HIntLampAir - RPAR_IntLampCan

- RNIR_IntLampCan - RFIR_IntLampCan
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Figure 3.2. The energy flows to and from the lamp, including FIR, NIR, PAR, and convective
heat exchange, as well as the main lamp parameters in the GreenLight model. See Chapter 7
for full details.

where cappgmp and cappampm: are the heat capacities of the toplights and the
interlights (J K1). The energy fluxes (all in W m2) influencing the toplights’
temperature T4, may be divided into the following categories:

* Electrical input: Q Lampn*

* FIR exchange between the lamps and the sky, cover, thermal screen,
blackout screen, canopy, heating pipes: R LampSky» R LampCov,ins R LampThScrs
RLampBlSc‘r’ RFIR_LampCan' RLampPipe' and RFIR_LampFl‘r'

* NIR output towards the canopy and the floor: Ry ;g 1ampcans RNir_LampFir-

* PAR output towards the canopy and the floor: Rpag 1ampcan Rpar_tamprir-
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e Short wave radiation (NIR and PAR) which is not absorbed by the floor or
canopy, assumed to be absorbed by the greenhouse construction elements

and transferred to the greenhouse air: R 4,

« Convective heat exchange with the greenhouse air: H; 4,47
e Active cooling, heat extracted from the lamps and removed from the

greenhouse system: H, ;... coo1-

The interlights are modelled in a similar way as the toplights: Qntrampin
is the electrical input to the interlights; Hjntrampair is the convective heat
exchange between the interlights and the air; and Rpag meLampcans
Ryir_mtLampcans RintLampcan are, respectively, the PAR, NIR and FIR heat
exchanges between the interlights and the canopy. As with the grow-pipes,
radiative heat exchange between the interlights and other greenhouse objects
was assumed to be negligible.

A total of 15 parameters are used to describe the toplights: 0,qmpmax
(W m2) is the electrical capacity of the lamps; A g, (M?m2) is the surface area
of the lamps per area of greenhouse floor; T umppars Pramppars Trampnirs
PLampNIR» Tramprir (-) are the transmissivity () and reflectivity (p) of PAR, NIR,
and FIR of the vertical layer of the lamps. These influence the radiative fluxes in
the greenhouse, including the loss of sunlight due to shading by the lamps.
Niamppar AN Ny ampnir (J(PAR/NIR) ] (electricity)) are the conversion rate from
electrical input to PAR and NIR output of the lamp; {;4mppar (MmoOl(PAR)

J-1(PAR)) is the amount of photons per joule within the PAR output of the lamps,

Top
Lamp

and efgma™ (-) are the

which depends on the lamps’ spectral output; &
emissivity of the lamps towards the top and the bottom; 74mpcoor () is the
amount of energy exported from the lamps by active cooling and removed from
the greenhouse; capLamp (] K1 m2) is the heat capacity of the lamps, affecting
the rate of heating and cooling of the lamps; and cygcigmpair (W K1 m-2) is the
heat exchange coefficient between the lamps and the surrounding air, which
influences how much of the energy of a lamp is converted to convective heat, and
indirectly, the lamp operating temperature.

The interlights require 8 parameters, which are similar to those of the
toplights. These are the electrical capacity of the lamps 6t ampmax (W m2);
the surface area of the lamps A amp (M? m2); the conversion rate

from electrical input to PAR and NIR output Wtramppar aNd Ntrampnir
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(J(PAR/NIR) J1(electricity)); the amount of photons per joule within the PAR
output of the lamps CLamppar (umol(PAR) J-1(PAR)); the emissivity of the lamps
EmeLamp (-); the heat capacity of the lamps capIntLamp (] K'* m2); and the heat
exchange coefficient between the lamps and the surrounding air cygciampair
(WK1tm?2).

The efficacy of the lamps, measured in photons of PAR per joule of electric
input, i 7Myemppar * CLamppar  (MMOI(PAR) J(electricity)). The maximal
photosynthetic photon flux density (PPFD) of the lamp, which is the flow of
photons of PAR per m? of greenhouse floor area, is 1 amppar * {Lamppar *
OLampmax (umol(PAR) s m-2).

A diagram describing the energy flows to and from the toplights, as well
the main lamp parameters, is presented in Figure 3.2. A full description of the
lamp model, along with all the modifications made in GreenLight with respect to
the Vanthoor model, is given in Chapter 7.

3.2.2. Model evaluation

Data from an experiment comparing HPS and LED toplights was used for
evaluating the GreenLight model. The experiment was described in detail by
Dueck et al. (2012, 2010). In this experiment, tomato plants (Solanum
lycopersicum cv. Sunstream) were grown in Bleiswijk, the Netherlands, from 16
October 2009 to 1 July 2010 using a high wire cultivation system. Data from 20
October 2009 to 9 February 2010 (112 days), given in 5-minute intervals, was
used. The plants were grown in two neighbouring compartments within an
experimental greenhouse, one equipped with HPS toplights (electric input of 110
W m-2, with an efficacy of 1.8 umol PAR ]1), and one with LED toplights (electric
input of 116 W m2, with an efficacy of 1.6 umol PAR J1, and an active water
cooling system). Both compartments had a pipe-rail and grow-pipe heating
system, thermal and blackout screens. The size of each compartment was 9.6 m
by 15 m, with a total floor area of 144 m?, eave height of 5.7 m and ridge height
of 6.7 m. The roof of each compartment consisted of 2 ridges, with a slope of 23°.
The compartments were part of a larger greenhouse measuring 120 m by 80 m.
Two walls of each compartment faced neighbouring compartments, two walls
faced indoor corridors, and the roof faced the outdoor. A scheme of the
compartments and their location within the experimental greenhouse is given in
Figure 3.3.
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Corridor

Outdoor

Neighbouring
compartment

Neighbouring
compartment

5.7m

Corridor

80 m

9.6m 9.6 m

120 m / N
Figure 3.3. Above: 3-D view of an experimental compartment used for collection of data for
evaluation of the GreenLight model. Two walls of each compartment faced neighboring
compartments, two walls faced an indoor corridor, and the roof faced the outdoor. Below:
location of the compartments with HPS and LED toplights within the experimental
greenhouse. Shaded areas indicate growth compartments, white areas indicate corridors.
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In each compartment, 12 plant rows were sown, with a plant density and
initial stem density of 3.12 plants and stems per m2. The stem density was
increased to 3.9 stems per m2 on December 14, 2009, and to 4.7 stems per m? on
January 27, 2010. In the HPS compartment, HPS lamps were hung above two
paths, 8 lamps of 1000 W above each path. Lamps were installed at a height of
4.7 m and with a distance of 1.85 m between the lamps.

In the LED compartment, lamps were installed above the crop rows. LEDs
from Lemnis Lighting, the Netherlands were used. These lamps were water-
cooled to maintain their efficacy, and heat extracted by the cooling system was
removed from the greenhouse. The LED lighting was composed of 12% blue LEDs
(with a peak at 450 nm) and 88% red LEDs (with a peak at 660 nm). The LEDs
were installed at a height of 4.65 m. In both compartments, the light distribution
from the lamps was measured during the night using a Sunscan Canopy analysis
system (Delta-T Ltd, Cambridge, UK), to ensure a uniform distribution of PAR
light from the lamps.

The PPFD from the lamps above the crop was 170 pmol m2 s in both
compartments. The maximum daylength was 18 hours, and the lamps were
switched off one hour before sundown. The setting for CO2 concentration was
1000 ppm. Irrigation, leaf and flower pruning, and temperature set points were
modified dynamically by observing the state of the crop with a team of experts
with the aim of maximizing production. In the data used for this chapter, lamps
were on for an average of 14 hours a day, and the average CO2 concentration was
1000 ppm in both compartments. In the HPS compartment, the average air
temperature for the light and dark period was 21.5°C and 18.5°C, respectively. In
the LED compartment, the average air temperature for the light and dark period
was 22°C and 19°C, respectively.

Plants in the HPS compartment were slightly taller than those in the LED
compartment throughout the trial. Similarly, the leaf area index (LAI, leaf area
per floor area, m? m2), was consistently higher in the HPS compartment, and to
a lesser extent, the average number of trusses per stem. A summary of plant
growth and development measurements recorded throughout the trial is given
in Figure 3.4.
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Figure 3.4. Crop growth and development in the HPS and LED compartments throughout the
evaluation trial, including average plant length (cm plant?), leaf area index (LAl, m? plant
m~ floor), and average number of trusses (truss stem1).

The following data, recorded during the trial, was used for model
evaluation:

¢ Outdoor conditions: sun radiation /;;,, (W m-2), air temperature T, (°C),
vapour pressure VP, (Pa), wind speed vy, (m s1).

¢ Indoor conditions: air temperature T y;, (°C), relative humidity RHy;, (%),

CO2 concentration €0, (ppm).
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* Greenhouse actuators: pipe-rail temperature Tp;,, (°C), grow-pipe
temperature T, p;pe (°C), window opening Uy, (%), screen closure Uy,

Upgiser (%), lamp status U, g, (0-1), COz injection Upg,co, (0-1).

Outdoor conditions were measured using a Hoogendoorn weather mast
(Hoogendoorn, Vlaardingen, The Netherlands) located on top of the greenhouse
service building. Indoor climate was measured by a ventilated Hoogendoorn
measurement box, which was placed in the middle of the compartment at the
height of the top of the crop. The height of the measurement box was adjusted
throughout the experiment to keep it at the top of the crop. All data was collected
in 5 min intervals by an Economic Hoogendoorn climate controller.

3.2.2.1. Parameter estimation and calibration

The Vanthoor greenhouse model, and the parameters describing a Dutch
greenhouse given in the electronic appendix of Vanthoor, Stanghellini, et al.
(2011), were used as a basis for model evaluation. However, several parameters
describing the greenhouse structure were modified to describe the
compartments used in the current chapter. Some parameters were taken directly
from the greenhouse specifications. These were the mean greenhouse cover
slope ¥ (°); the floor area of the compartment Ag;, (m?2); the height of the main
compartment hy;,. (below the screens, m); the mean height of the greenhouse hg,
(m); maximum roof ventilation area Ag,,; (m?); vertical dimension of a single
ventilation opening hy,,; (m); PAR transmission of the thermal screen T p5crpar
(-) and the blackout screen tg;s.rpar (-); PAR and NIR transmission of the roof
%, TR" (-); capacity of the COz injection ¢gy¢c,, (Mg s?); external and internal
diameter of the pipe-rail heating ¢piper, Ppipe; (M); external and internal
diameter of the grow-pipes heating ¢g,opipe,r» Peroripe; (M); length of the pipe-
rail heating and the grow-pipes heating per floor area lp;pe, lgropipe (M M2).

The parameter A,, (m?2) represents the greenhouse cover area, including
the roof and the sidewalls. This parameter influences the heat exchange between
the greenhouse and the outdoor air; and assumes that the sidewalls all face the
outdoor, which was not the case in this trial. In order to estimate a value for this
parameter which correctly expresses the heat exchange between the
compartment and the outside air, the area of side walls facing adjacent
compartments was neglected, since these compartments had similar
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temperatures, so it was assumed that heat exchange through these side walls was
negligible. The area of the side walls facing the internal greenhouse corridor (a
total of 120 m?) was multiplied by 0.5, representing the reduced heat loss
towards the corridor compared to heat loss to the outside air. The area facing the
outside was 156.6 m?, resulting in Ay, = 120 - 0.5 + 156.6 = 216.6 m2. The
value for cygcin (W m2 K1), which influences the heat exchange between the
greenhouse air and the cover material, was set as 3.5 W m2 K1 in order to take
into account the large area of the sidewalls in the greenhouse compartments.
Six parameters describe the air flows within the greenhouse and between
the greenhouse and the outside: ¢, qqkrop (-) is the fraction of leakage ventilation
that originates above the screen; ¢, qqkqge () influences leakage ventilation, that

is, ventilation that is independent of the roof opening; c5" (-) is the ventilation
discharge coefficient; cS" (-) is the ventilation global wind pressure coefficient,
which influences the effect of wind on ventilation; K750 and Kg;sc (m3 m2 K-0-66
s'1) are the flux coefficients of the thermal and blackout screen, which influence
the effect of screen closure on air flow through the screens.

Since it is difficult to directly measure these parameters, these values were
calibrated, based on the recorded data, by considering the indoor CO:
concentration during the dark periods, thus avoiding the influence of injection
and assimilation.

The parameters were fitted, in a stepwise fashion, with the goal of fitting
the model predictions of COz concentration in the dark period to the measured
values. The value for ¢;¢qx7op Was assumed to be 0.9, expressing the fact that the
majority of leakage ventilation occurred through the roof and not towards the
corridor or neighbouring compartments. Next, data from periods when the roof
was fully closed and screens were fully open was used to fit ¢ egxqge, SinCe in
those periods this is the only parameter which influences ventilation rates.
Periods with no wind and with fully open screens were then used to calibrate c$",
since in those periods only ¢;cqkqge and c$™ influence ventilation rates. Periods
with fully open screens were used to calibrate cS", and finally, the entire dark
period was used to calibrate Ky ., and Kg;scr-

The resulting values for the modified parameters used in the evaluation
trial are given in Table 3.1. Parameters used for the blackout screen are given in
Table 7.5. These parameters remained constant throughout the simulation.
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Table 3.1. Parameters from the Vanthoor model which were modified or added to represent
the compartments used in this chapter. Parameters used for the blackout screen are given
in Table 7.5. Parameters not given here were set at the default value of the Dutch greenhouse
in Vanthoor, Stanghellini, et al. (2011).

Notation Meaning Unit Value
Y Mean greenhouse cover slope ° 23
A, Surface area of the cover including side walls facing m? 216.6
° the outside
A Floor area of the greenhouse m? 144
Flr
h Height of the main compartment in the greenhouse m 5.7
Air
hey Mean height of the greenhouse m 6.2
Maximum roof ventilation area m? 52.2
ARoaf
h Vertical dimension of single ventilation opening m 0.87
Vent
c Leakage coefficient - 0.3-10*
Leakage
Cgh Ventilation discharge coefficient - 0.35
Gh Ventilation global wind pressure coefficient - 0.02
w
c Fraction of leakage ventilation coming from the top - 0.9
LeakTop
compartment
T PAR transmission coefficient of the thermal screen - 0.75
ThScrPAR
- PAR transmission coefficient of the blackout screen - 0.01
BIScrPAR
K Thermal screen flux coefficient m3m=2K0%  5.10%
ThScr 5_1
Ky Blackout screen flux coefficient m3m2K0%  5.10%
cr 1
s
Tﬁ;lR PAR transmission coefficient of the roof - 0.57
TQ;R NIR transmission coefficient of the roof - 0.57
Cupc Convective heat exchange parameter between cover ~ W m2K"’ 35
" and outdoor air
Capacity of the external COz source mg s’ 720
¢ExtC02
External diameter of pipe-rail heating pipes m 51103
¢Pipe,E
nternal diameter of pipe-rail heating pipes m 75107
¢ Int | diameter of pipe-rail heating pip 48.75-10
Pipe,l 3
L, Length of pipe-rail heating pipes per floor area m m= 1.3375
ipe
@ External diameter of grow-pipes m 0.035
GroPipe,E
@ Internal diameter of grow-pipes m 0.0338
GroPipe,l
l Length of grow-pipes heating per floor area m m? 1.655
GroPipe
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3.2.2.2. Estimation of lamp specific parameters

Estimation of the 15 parameters used to describe the toplights (see Section
3.2.1.2 above) was done as follows: the parameters 6, ,mpmar and Apgm, were
based on direct measurement. For estimating T,gmppar, Trampnirs TrampFIRs
PLampPARs PLampnir, It Was assumed that the lamps fully absorb PAR, NIR and FIR
coming from the sun and the objects above, and that reflection is negligible. Since

the majority of radiative output of HPS lamps is directed towards the crop, it was

Top
Lamp

Bottom

assumed that g/, was 0.9 and ¢ was 0.1 for HPS lamps. The emissivity

for LEDs was assumed to be 0.88 for both directions, which is equivalent to the
emissivity of the heating pipes. This was done based on the observation that
LEDs placed within the canopy have a similar heating effect as grow-pipes. The
conversion rate 7, qmpnr Was based on Nelson & Bugbee (2015). The conversion
rate 1,amppar Was also based on Nelson & Bugbee (2015) but with a correction
for the efficacy of the lamps used.

The fraction for cooling of the LEDS 7, qmpcoor Was set at 63%, based on
measurements during the trial. Lastly, cap; g, influences the rate at which the
lamp heats and cools, and cygcigmpair influences the convective heat exchange
between the lamp and the surrounding air. These parameters were chosen in
such a way that the thermal dynamics of the lamps will behave as typically
observed in greenhouses. For HPS lamps, a typical operating temperature of
around 150°C was assumed. It was further assumed that the lamps heat up and
cool down within around 1 hour. For LEDs, it was assumed that without cooling,
the lamps can reach operating temperatures of around 55°C, and that the lamps
take around 30 min to heat up and cool down. With cooling, the lamps are around
1°C warmer than the air when switched on. Simulations were performed with
and without lamp cooling in order to test that the lamps behave as expected.

A summary of the lamp parameters used for the evaluation is given in
Table 3.2.
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Table 3.2. Lamp specific parameters used in the GreenLight model, with the values used for
model evaluation. The PPFD above the crop was 170 umol(PAR) m?Z sl in both
compartments.

Notation Meaning Unit HPS LED
- Electrical energy input to the lamps W m? 110 116
ampMax
A, Surface area of the lamps per area of m? m 0.03 0.5
o greenhouse floor
- Transmissivity of sun’s PAR through the - 097 095
LampPAR .
toplights layer
o Reflection of sun’s PAR through the - 0 0
LampPAR .
toplights layer
- Transmissivity of sun’s NIR through the - 097 095
LampNIR .
toplights layer
p Reflection of sun’s NIR through the - 0 0
LampNIR .
toplights layer
yomFiR Transmissivity of FIR through the toplights - 097 095
o layer
n Fraction of toplights electrical input J(PAR) 036 0.31
LampPAR converted to PAR J(input)
1 Fraction of toplights electrical input J(NIR) 022 0.02
LampNIR converted to NIR J(input)
gfozu Emissivity of the top side of the toplights - 0.1 0.88
amp
fotmm Emissivity of the bottom side of the - 0.9 0.88
“np toplights
1 Fraction of lamp energy input that is - 0 0.63
LampCool . .
removed by active cooling
capLamp Heat capacity of the lamps JK'm? 100 10
c Heat exchange coefficient between the W K m 009 23
HEClampAir . . .
toplights and surrounding air
¢ Photons per joule in PAR emitted by the umol(PAR) 5 5.2
LampPAR lamp, depending on the spectral output of ~ J"/(PAR)
the lamp
1 Efficacy of the lamp in photons of PAR umol(PAR) 18 1.6
LampPAR emitted per joule of electric input J(input)
) {LampPAR
n Photosynthetic photon flux density (PPFD) umol(PAR) 198 187
LampPAR 22 -1
of the lamps m*s
’ (LampPAR
) eLampMax
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3.2.2.3. Evaluation of indoor climate predictions

In order to evaluate how well the model predicts the indoor climate of the

1 mes mes mes mes .,
greenhouse, the recorded outdoor conditions Igjc}, Towe, VPoue » Viping; and the
mes mes mes mes mes mes
recorded greenhouse actuators Tpipe, Teropiper Uroorr UThserr Ugiserr Ulamps

Ugxtco, Were used as inputs to the model. The outdoor CO2 concentration was

assumed to be 400 ppm. Simulations were performed using these values, and the

simulated T5™, RH5™, and COY5"*™ were compared against the measured
values by calculating the mean error (ME), the root mean squared error (RMSE)
and the relative root mean squared error (rRMSE). Using these various measures
of error allows to compare our model’s prediction with that of other models
found in the literature, where various measures appear.

The mean error of the predictions was defined as the average difference

between the simulated and measured values:

ME _lzn (mes_ sim) Eg. 3.3
= a= Y g3

where y/™® is the measured value at time i; y7'™

71" is the simulated value at

time i; and n is the number of measurements. The measured and simulated data
were sampled at 5-minute intervals. The mean error has the same unit as the
measured and simulated values. A positive ME indicates model overestimation,
while a negative ME indicates model underestimation.

The root mean squared error was defined as

1 .
RMSE = \/; Z?zl(y:nes — y?zm)zl Eq. 3.4

The RMSE provides a measure of prediction error, in the same units as the

mes An RMSE close to zero indicates good model

measured variable y
predictions.

The relative root mean squared error was defined as

100 [1 ,
IRMSE = = [= 20, (y7es — ym)2 (%) Eq.3.5
y n

where 5" is the average of the measured values. The rRMSE is a unitless
measure of prediction error, allowing to compare between measurements of
different units. An rRMSE close to 0% indicates good model predictions. Note
that for relative humidity, RMSE is given in percent relative to saturated vapor
pressure (relative humidity of 100%), and rRMSE is given in percent relative to
the mean relative humidity.
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To compare measured and simulated values, the units of the variable VP,;,
(Pa) were converted to relative humidity RHy;, (%). Similarly, CO; 4;,- (mg m-3)

was converted to CO%’;‘ (ppm). These converted units are more commonly used

in greenhouse climate control and are thus easier to interpret.

3.2.2.4. Evaluation of energy use predictions

To evaluate how well the model predicts the amount of energy needed for

heating, the recorded outdoor conditions I7}e}, Tie, VPhy, Vinay; and all the

recorded greenhouse actuators besides the pipe temperatures Uggor, UThsers

Ugiser» Ulagmp» Ugxico, were used as inputs to the model. Furthermore, the

measured indoor temperature T,;;°° was used as a dynamic setpoint for the
simulated heating system. Thus, the simulated greenhouse provided the
calculated amount of energy into the heating system required to achieve the
same temperatures as those recorded in the actual greenhouse. The simulated
heating input required for the entire season, heats™ (M] m2), which was
calculated by integrating the energy input to the pipes Hgf,"{‘lpipe and Hgi,’gmpipe
(W m2), was compared against the measurement of heating input given to the
real greenhouse heat™¢. The relative error in estimation was defined as
heat®™—heat™®

RE heating =100 ———— (%). Eq.3.6

heat™es

Here, an RE value close to 0 indicates good model predictions; a positive value
indicates an overestimation; and a negative value indicates an underestimation
of the greenhouse heating needs.

3.2.3. Source code for model and simulations

The code used to design the GreenLight model and run the simulations in this
chapter is available in MATLAB format (MATLAB R2019b, The MathWorks) in
open source code at https://github.com/davkat1/GreenLight. The model was
constructed using the DyMoMa framework (Katzin, 2020), an open-source
MATLAB framework for dynamic modelling. The specific versions of the code
used for this chapter are available at https://github.com/davkat1/GreenLight/
releases/tag/v1.0.0katzin2020BiosystemsEngineeringPaper and at https://
github.com/davkatl/DyMoMa/releases/tag/v1.0.1.
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3.3. Results

The root mean squared error (RMSE), relative root mean squared error (rRMSE),
and mean error (ME) of the model predictions of indoor climate, as well as the
measured and simulated energy used for heating, are given in Table 3.3. The

simulations of Ty;, and RH,;, give a good fit, while the prediction for CO} %" is

poorer. Most importantly, the estimates for heating requirements are very good,
giving an especially accurate fit in the LED compartment. The error in heating
predictions (7-50 M] m-2) are very small in comparison to the difference between
the heating input between compartments (350 MJ m2).

Table 3.3. Root mean squared error (RMSE), relative root mean squared error (rRMSE) and

mean error (ME) between measured and simulated T ,;,., RH;,, and CO;ZZ:, and measured

and simulated heating inputs in the HPS and LED compartments. Note that for relative
humidity, RMSE is given in percent relative to saturated vapor pressure (relative humidity
of 100%), and rRMSE is given in percent relative to the mean relative humidity.

HPS LED
RMSE T, (°C) 2,04 174
RMSE RH,;, (%) 8.50 5.52
RMSE COZ®™ (ppm) 347 361
[RMSE T, (%) 9.77 8.22
rRMSE RH;, (%) 10.5 6.57
rRMSE COZP™ (%) 34.1 347
MET, (O -0.09 0.05
ME RH,;, (%) 5.84 235
ME COZ*™ (ppm) 36.6 -285
Measured heating (MJ m?) 435 785
Simulated heating (MJ m?) 486 778
RE heating (%) 11.6 -0.92
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Figure 3.5. Timeline of the measured and simulated heating inputs in the HPS and LED
compartments.

Figure 3.5 presents the cumulative simulated and measured heating inputs in the
HPS and LED compartments. The heating requirements in the LED compartment
are predicted very well throughout the tested season. The heating requirement
in the HPS compartment is also predicted well throughout the season, but with a
slight underestimation over the last month.
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Figure 3.6. Sample of the measured and simulated climate trajectories for Ty;., RHyiyr, and
CO;Z?: in the HPS and LED compartments. The fourth row presents incoming energy from
the sun and lamps, to help indicate the day and night time during the simulations.

Figure 3.6 presents a 5-day sample (November 26 to December 1, 2010)
which is representative of the measured and simulated climate values in the two
greenhouse compartments examined in this chapter. The bottom row of Figure
3.6 shows the energy coming from the sun and lamps, to help differentiate
between the light and dark periods during these 5 days. As was also seen in Table
3.3, the indoor temperatures are predicted very well. The relative humidity is
overestimated, especially in the HPS compartment during the light period, while
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the trends of humidity during the night period are estimated well. In both
compartments, the COz concentration is predicted well during the dark period:
the modelled rate of increase in CO2 concentration during the dark period, as a
result of crop respiration and ventilation, is similar to the measured rates.
However, during the light period there is an overestimation of COz in the HPS
compartment and an underestimation in the LED compartment, suggesting there
is a possible error in the measured rate of COz injection.

Table 3.4 shows how the energy input into the lamp was divided into
various outputs in the simulation. The values for PAR, NIR, and cooling were set
by the model parameters as described in Section 3.2.2.2. The table shows how
the rest of the lamp energy outputs, namely the FIR and convective heat output,
have been expressed throughout the simulation.

From Table 3.3 and Table 3.4 we see that the HPS compartment had a total
energy input of 1097 M] m2, where 435 MJ m2 went to heating and 662 M] m2
to lighting. The LED compartment had an energy input of 1461 M] m, with 785
M] m-2 supplied to heating, 676 M]J m-2 to lighting, and 426 M] m extracted by
cooling. The net energy input of the LED compartment was thus 1035 M] m,
which is similar to the energy input of the HPS compartment.

Table 3.4. Separation of the energy output of each lamp in the simulations performed. Values
for PAR, NIR and cooling are a result of the predefined model parameters. Values for FIR and
convective output are a result of the simulated model dynamics.

HPS LED
Total lamp input (MJ m?) 662 676
PAR output (%) 36 31
NIR output (%) 22 2
FIR output (%) 325 2.37
Convective output (%) 9.5 1.63
Cooling (%) 0 63
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Figure 3.7. Timeline of the simulated lamp and air temperatures on the night between 15
and 16 November 2009. Note the varying scales in the y-axes.

Figure 3.7 shows a timeline of the simulated lamp and air temperatures

on the night between 15 and 16 November 2009, which represents a typical day
in the simulated season. The HPS lamps reach close to 150°C within around 30
minutes, and cools down slightly slower, returning to room temperature
approximately one hour after being switched off. The LED lamp, when no cooling
is applied, heats and cools rapidly, with a big jump in temperature when switched
on, followed by a more gradual heating. Without cooling, the LED lamp is around
30°C warmer than the surrounding air. When cooling is applied, the LED when

on is about 1.5°C warmer than the surrounding air, and about 0.3°C colder than
the air when off.
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3.4. Discussion

The purpose of this study was to present the GreenLight model and test whether
it can be used to predict the energy needed for heating in an illuminated
greenhouse. The model closely predicted the heating needs for greenhouse
compartments equipped with LEDs and HPS toplights, as was shown in Figure
3.5. The error in model predictions (up to 50 MJ m2) is considerably smaller than
the measured difference in heating requirements between the two lighting
systems (350 M]J m2), demonstrating that the model captures and expresses the
differences in heating between the HPS and LED compartments. With regards to
the dynamics of the indoor climate predictions, the RMSE of air temperature was
around 2°C, and the RMSE of relative humidity was 5.5-8.5% of saturation. The
corresponding rRMSE’s were below 10%, except for relative humidity in the HPS
compartment which was slightly above 10%. These values are within the range
of most greenhouse models, where an rRMSE of 10% of less is considered a good
fit (Vanthoor, Stanghellini, et al, 2011). Other conventions in agricultural
modelling consider an rRMSE of less than 10% as excellent (Jamieson et al,,
1991).

The predictions of indoor climate could be further improved. In particular
the model predictions regarding indoor CO:z concentration could be tested
further. The air flows in the model were calibrated based on the measurements
of the CO2 during the dark period, which resulted in a good fit of COz during those
times, but the error during the light period was large. A possible cause for the
error in CO2 predictions is a problem with the data regarding the CO: injection
rates, which was only applied during the light period. Unfortunately, the data
available only indicated whether the valve for CO2 injection was open or not; it
was assumed that the injection rate whenever the valve was open ¢gyico, Was
constant and equal to 720 mg s1. However, the actual injection rate was
unfortunately not recorded, and may possibly have varied between
compartments and throughout the experiment.

The model also showed a systematic error in simulated relative humidity.
Since both the HPS and LED compartments showed an overestimation of
humidity, part of this error could be attributed to a misrepresentation of
greenhouse structure attributes, such as the rate of condensation on the cover.
However, the HPS compartment showed a larger overestimation of humidity,
with a mean error of 5.84% in the HPS compartment and 2.35% in the LED
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compartment. While this error is not large, it could indicate that the model does
not yet sufficiently describe the influence of lamp type on crop transpiration. For
instance, GreenLight does not take into account the influence of light spectrum
on stomatal aperture (Ouzounis et al., 2015). The model also does not distinguish
between the various levels inside the crop canopy. Kim et al. (2019) found that
while transpiration is considerably higher under HPS in the upper level of the
canopy, in lower levels the transpiration rates under HPS and LEDs are similar.
Modelling the entire canopy as one single surface could thus result in a small
overestimation of transpiration under HPS lamps.

The outputs of the GreenLight model quantify the convective and radiative
heat emitted by the lamps. The outputs for PAR, NIR and cooling are a result of
predefined model parameters, but the output of FIR and convective heat vary in
time and depend on the simulated dynamics. In the simulation of the HPS lamp,
around 30% of the lamp output was FIR, and around 10% was convective. In the
simulation of LEDs, 2% of the output was FIR, with less than 2% released in
convection to the air, and 63% as convective cooling. In this chapter, parameters
for PAR and NIR output were based on the measurements of Nelson & Bugbee
(2015). The results regarding FIR and convective heat output also agree with
those measurements, which indicates that the model’s predictions regarding
those outputs are also satisfactory.

Nevertheless, the evaluation presented here is based on a single
experiment where many parameters had to be estimated and could not be
directly measured. Data from more greenhouses, with various lamp settings,
could be used to further evaluate and improve the GreenLight model. Regarding
lamp specific parameters, Both et al. (2017) suggested a product label for
horticultural lamps which, if it becomes standard, would facilitate including new
lamps in the GreenLight model, by providing values for many of the parameters
used in the model.

One strength of the GreenLight model is that it is available as free and open
source code, allowing it to be used by researchers worldwide, to evaluate against
their own data and to adapt and further improve the model based on local
practice. GreenLight is based on the Vanthoor model which was created to assist
in greenhouse design and has been validated for various climate conditions and
greenhouse types. In the same way, GreenLight may be used to predict the
influence of different lamp types and lighting strategies in various greenhouse
types and climates. It would also be beneficial to conduct a sensitivity analysis of
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the GreenLight model, to test how uncertainties regarding the model parameters
and inputs influence predictions.

As can be seen in Figure 3.5, during the experiment the heat demand in
the LED compartment was almost double that of the HPS compartment: 785 vs
435 M] m2 The main reason for the high heating demand in the LED
compartment was the active cooling of the LEDs, which extracted 426 M] m2 of
heat from the greenhouse. The net energy input in both compartment was
similar. Thus, if a system were installed where the energy extracted by cooling
could have been brought back to heat the greenhouse, it is quite possible that the
heat demands of the two compartments would have been similar.

At the same time, it should be noted that the experiment considered LEDs
that had a similar efficacy to the HPS lamps. Using more efficient LEDs would
have resulted in lower electric inputs, which would probably require
compensation in the form of higher heating inputs. However, this trade-off
between lighting and heating inputs strongly depends on the specific attributes
of the lamps, as well as the design of the greenhouse, the dynamics of the indoor
climate, the climate control strategy, and the outdoor weather. The GreenLight
model provides an important step in developing tools to analyse the influence of
these features on illuminated greenhouses.
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Highlights

e A novel analysis of the effect of LEDs on the greenhouse energy budget
is presented.
o The total energy system, including heating and lighting demand,
was examined.
e Energy savings in multiple climate scenarios from around the world
were examined.
e Energy for light decreased by 40% and energy for heating increased by 9-49%.
e A transition to LEDs was predicted to save 10-25% of total greenhouse
energy demand.

Abstract

Greenhouses in high latitudes consume vast amounts of energy for heating and
supplemental lighting. Light emitting diodes (LEDs) have been suggested as
having great potential for reducing greenhouse energy use, as they are extremely
efficient at converting electricity to light. However, LEDs emit very little heat,
which must be compensated by the greenhouse heating system. Thus, it is
unclear how much energy can be saved by LEDs when the need for extra heating
is taken into account. This chapter presents a first analysis of the energy
demands for greenhouses transitioning from high-pressure sodium (HPS) to LED
lighting, providing a quantification of the total energy savings achieved by LEDs.
Model simulations using GreenLight, an open source greenhouse model, were
used to examine a wide range of climates, from subtropical China to arctic
Sweden, and multiple settings for indoor temperature, lamp intensity, lighting
duration, and insulation. In most cases, the total energy saving by transition to
LEDs was 10-25%. This value was linearly correlated with the fraction of energy
used for lighting before the transition, which was 40-80%. In all scenarios, LEDs
reduced the energy demand for lighting but increased the demand for heating.
Since energy for lighting and heating is often derived from different origins, the
benefits of a transition to LEDs depend on the environmental and financial costs
of the available energy sources. The framework provided here can be used to
select lighting installations that make optimal use of available energy resources
in the most efficient and sustainable manner.
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4. Introduction

Greenhouse horticulture in high latitudes requires vast amounts of energy input.
In northern latitudes, heated glasshouses consume energy at a rate of 1100-1900
MJ] m-2 year! (Hemming, Bakker, et al.,, 2019). With an estimated 40,000 ha of
vegetable glasshouses worldwide (Rabobank, 2018), and at least that much area
for ornamental production (Stanghellini et al., 2019), greenhouses consume
more than 880 petajoule (P]) of energy every year. In the Netherlands, the
greenhouse industry consumes 113 PJ of energy per year (Moerkerken et al,,
2014), resulting in 5.7 megatons of COz emissions, nearly 25% above the targets
set for the sector by the government (Van der Velden & Smit, 2019b).

Worldwide, greenhouse energy use is increasing, due to wider and more
intense use of heating and supplemental lighting (Hemming, Bakker, etal., 2019).
Heating is used to maintain indoor temperatures that are favorable for the crop
year-round, while supplemental lighting is used either for daylength control, in
order to regulate plant developmental processes such as flowering, or as
assimilation lighting to increase crop growth (Dutta Gupta & Agarwal, 2017).

Assimilation lighting requires substantial electrical input. An illustrative
example comes from the Netherlands, where production of tomatoes is possible
with or without supplemental light (Raaphorst et al,, 2019). It is estimated that a
greenhouse with lamps requires more than double the energy input, and has
more than triple the carbon footprint, compared to a greenhouse without lamps.
At the same time, the illuminated greenhouse is estimated to provide only 27%
higher yields (Raaphorst et al., 2019). Another illustrative example comes from
Ontario, Canada, where illuminated vegetable greenhouses consume 10 times
more electricity than unilluminated greenhouses (Posterity Group, 2019).

These examples illustrate how supplemental lighting enhances
greenhouse production but carries high financial and environmental costs. High-
pressure sodium (HPS) lamps are currently the most prevalent lamp type used
for supplemental lighting in greenhouses, but light emitting diodes (LEDs) are
progressively being adopted as an alternative for, or in addition to, HPS lamps
(Marecelis et al., 2019).

The main advantage of LEDs over traditional lamps is that they are better
at converting electrical power to photosynthetic light (Hemming, Bakker, et al,,
2019). For horticultural lamps, the conversion rate from electrical input to
photosynthetically active radiation (PAR) is termed as the lamp’s photosynthetic
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photon efficacy (PPE), or efficacy in short. This value is expressed in mols of
photons of PAR emitted per energy input, measured in umol ]! (Nelson & Bugbee,
2014). While the efficacy of HPS lamps is between 1.7 (Nelson & Bugbee, 2014)
to 1.85 umol J-1 (Raaphorst et al.,, 2019), commercial LEDs currently provide 3
umol J1 (The DesignLights Consortium, 2019). In other words, LEDs have a 60%
higher efficacy than traditional horticultural lamps, and this value is expected to
rise in the future (Kusuma et al., 2020).

The increase in efficacy of LEDs is promising to bring about meaningful
energy savings in greenhouses (Hemming, Bakker, et al,, 2019). At the same time,
uncertainty regarding the financial consequences of transitioning to LEDs is a
critical factor preventing adoption of this technology by growers (Both et al,,
2017). One factor contributing to this uncertainty is the fact that LEDs provide
less heat than the lamps that are currently used. HPS lamps emit considerable
amounts of radiative heat (Mitchell et al., 2015), which reduces the load on the
greenhouse heating system (Ahamed et al,, 2019). When HPS lamps are replaced
by LEDs, some of the heat that is no longer provided by the lamps must be
provided in other ways, and the total energy saving in the greenhouse could be
less than expected.

Despite this, many studies that examined the energy saving potential of
LEDs in greenhouses focused on the savings of the lighting system only, and did
not quantify the influence of the lighting system on heat demand (Gémez et al,,
2013; Kumar et al., 2016; Kusuma et al., 2020; Nelson & Bugbee, 2014). Only a
few limited studies reported on how LEDs influence the total energy demand of
the greenhouse (Dueck et al., 2012), and these suggest that effects on total energy
saving might be disappointing. For example, a hybrid system combining LEDs
and HPS lamps was compared to a full-LED system. The savings in electricity by
using full LEDs were 37%, but the total energy saving was only 11% (Dieleman
etal,, 2016). Another trial found a 60% saving on lighting by the use of LEDs, but
only a 6.5% saving on total energy use, due to a higher heat demand under LEDs
(Ouzounis et al., 2018). These studies show that the total energy savings achieved
by a transition to LEDs are considerably lower than the savings on lighting alone.
However, it is not clear what the actual savings may be in a commercial
greenhouse, or which factors influence these savings.

A thorough analysis quantifying how much energy can be saved by using
LEDs is currently missing in the literature. Such an analysis should also include
an assessment of the separate lighting and heating demands of the greenhouse,
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since these two uses often originate from different energy sources. Heating
energy can originate from boilers fueled by natural gas or other fuels, geothermal
heat, heat pumps, heat buffers, combined heat and power (CHP) generators, and
others (Stanghellini et al., 2019). Similarly, electricity for lighting can come from
fossil-fueled power plants, photovoltaic cells, wind turbines, CHPs, and more.
Each of these sources and systems carries different financial and environmental
costs. Since a transition from HPS lamps to LEDs generally involves lower lighting
demands but higher heating demands, it is important to quantify these changes,
so that they can be evaluated against the available energy sources for each
respective greenhouse or region. In this way, greenhouse growers at an
individual level, and policymakers at a regional level, can ensure that the lighting
and heating systems in greenhouses are compatible with the available energy
resources, such that energy is being used in an optimal manner.

Experimental trials comparing HPS and LED lamps in greenhouses are
costly and limited in scope. Ideally, such trials should be performed in
neighboring, but not bordering greenhouses, so that the weather influence is
equivalent but border effects are prevented. Even so, such trials can only provide
information for a single greenhouse setting in a single weather scenario, and
cannot shed light on general phenomena.

Process-based mathematical modelling of the greenhouse climate is a
widely recognized discipline used for the evaluation of greenhouse energy
demands. This approach has been used since the 1960’s (Businger, 1963),
developed throughout the following decades (Bot, 1983), and used to analyze
energy-saving scenarios since at least the 1990’s (De Zwart, 1996). Optimal
control techniques have been combined with process-based modelling to create
methods for reducing the applied heating and cooling (Van Beveren et al., 2015a)
and minimizing the energy use (Van Beveren et al, 2015b) of advanced
greenhouses. More recently, models have been proposed for predicting the
heating demands specifically for greenhouses in cold regions (Ahamed et al,,
2018b), and for analyzing energy saving techniques in those greenhouses
(Ahamed et al.,, 2019). Other recent studies incorporated detailed crop models to
more accurately predict both crop yield and energy demand (Golzar et al., 2018).
Nevertheless, process-based models that include both HPS and LED lighting are
rare. Two recent exceptions are a model by Righini et al. (2020), and the
GreenLight model (Chapter 3).
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GreenLight is a novel, open-source model for illuminated greenhouses
with a tomato crop. It has several advantages which make it suitable for the
analysis of energy demands in illuminated greenhouses. First, it has been
evaluated against a dataset of an experimental trial where HPS and LED lighting
was compared. The error in predicting energy use was in the range of 1-12%
(Chapter 3). Second, GreenLight is available as open source MATLAB code at
https://github.com/davkat1/GreenLight. The availability of the source code
makes the model transparent and extendable. Researchers and practitioners
who wish to evaluate, extend, or adjust the model to their own scenarios can
freely do so. The framework provided in this chapter may thus be further applied
to investigate in detail the energy balance and the consequences of transitioning
to LEDs in any local scenario.

The objective of this chapter was to systematically quantify how much
energy can be saved by transitioning from HPS to LED lighting in greenhouses,
under various control and design settings and in a wide range of climates. To the
best of our knowledge, this is the first thorough analysis on the influence of LEDs
on the greenhouse energy budget. In particular, we quantified the changes in the
separate energy demands for heating and lighting. Such an analysis is crucial for
growers and policymakers to choose the best form of lighting technology with
respect to their local climate and energy market, in a way that makes use of the
available energy resources in the most efficient and environmentally sustainable
manner. For this purpose, simulations were performed using the GreenLight
model (Chapter 3), allowing us to closely examine the greenhouse energy system,
and to test how various components of the system influence the energy budget,
providing a comprehensive view which is impossible to attain in isolated
empirical trials. We tested how much energy can be saved by transitioning from
HPS lamps to LEDs in terms of lighting and heating, and which energy fluxes in
the greenhouse system are responsible for these changes. We examined how the
local climate influences the potential energy savings by simulating greenhouses
in various locations around the world, ranging from subtropical China to arctic
Sweden. Several greenhouse settings were considered, including various indoor
temperatures, light intensities, lighting durations, and structure insulations. We
further examined which energy fluxes are most influenced by the change from
HPS to LED lighting, and how these fluxes change throughout the year. Lastly, we
discuss what these results could mean in practice for growers and policy makers,
and how they may be further extended.
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4.2. Methods

4.2.1. Potential energy savings considering only
the lighting system
As a first analysis, the expected energy savings were calculated in cases where a
transition to LEDs does not influence the greenhouse heating requirement. This
means that the energy savings are a direct result of the higher efficacy of LEDs.
The efficacy of current HPS lamps was assumed to be 1.8 umol ]J-* (Nelson &
Bugbee, 2014, including comments to the online article). For LEDs, two efficacies
were considered: an efficacy of 3.0 umol J-1, which is the highest efficacy found in
independent tests, and an efficacy of 4.1 umol ]-1, representing the limit of current
technology (Kusuma et al,, 2020). LEDs with these efficacies would require 40%
and 56% less energy per photon, respectively, than an HPS lamp.

The resulting energy saving by a transition to LEDs was expressed as a
fraction of the energy requirement of the HPS greenhouse. For this, we denote

Qriehe (M] m2 year) as the amount of purchased energy used for lighting in the

HPS greenhouse. Similarly, QZ25, (M] m'2 year!) is the amount of purchased

energy used for heating the HPS greenhouse. The total energy use of the HPS
greenhouse is thus:

EPS = Qfighe + Qicae- (M] m? year1) Eq. 4.1
Assuming the heating requirements remain equal, the energy requirements of a
greenhouse with LEDs is:

EYP = 2 Qg + Qfica: (M) m2 year) Eq. 4.2
where ELED (M] m-2 year?) is the total energy input of the LED greenhouse;
€yps=1.8 umol J-1 is the efficacy of the HPS lamp and €,z = 3 umol ] or 4.1 umol
J 1 is the efficacy of the LED lamp. Compared to the original energy input, this
results in a total relative energy saving of:

(1 ?I—PSQLight"'QHeat) Eq 4.3

LED
QLight*QHeat

LED
E  —100-

gHPS

Savings = 100 -

€HPS
100~(1 )Q i
— e pp) <Light

QLight+QHeat

=100+ (1= 22%) Fy g (%)

where Fjgn = Cright (-) is the fraction of energy input used for lighting in

QLight“’QHeat
the HPS greenhouse.
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In addition, we calculated the energy savings that can be achieved if a
hypothetical infinitely efficient lamp was used, i.e., if the energy input for lighting
the greenhouse could be reduced to zero. Following a similar calculation to the
one above, in this case the savings are equal to Fy;gp,.

4.2.2. Model simulations using various climate
locations

In order to evaluate the influence of local climate on the energy use of HPS and
LED greenhouses, 15 locations around the world were selected and weather data
from these locations was used as input to the model. The locations were chosen
such that a varied set of climates would be represented, with a focus on locations
where illuminated greenhouses are present. Climate data was retrieved from the
EnergyPlus website (EnergyPlus, 2020), which compiles standard weather data
from various sources. The chosen locations, as well as their latitude, longitude,
elevation, and the originating dataset, are presented in Table 4.1.

For each of the climate datasets listed in Table 4.1, the following variables,
given in 1-hour intervals, were used: global solar radiation I;;,, (W m2); air
temperature Ty, (°C); relative humidity RHy,,; (%); wind speed vy inq (m s1);
horizontal infrared radiation from the sky Ig, (W m2). These values were
interpolated to 5-minute intervals by using a piecewise cubic Hermite
interpolating polynomial. Soil temperatures Tg,o,: (°C) were given in monthly
average values; these were interpolated to 5-minute intervals by fitting the
values to a sine function. Outdoor COz concentration value was set at 410 ppm.

Figure 4.1 and Figure 4.2 present an overview of the weather patterns in
the locations used in this chapter. Figure 4.1 provides the monthly means of solar
radiation and outdoor temperatures, and their progression throughout the year.
Figure 4.2 presents the yearly means of solar radiation and outdoor temperature.
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Table 4.1. The 15 locations selected for the simulations used in this chapter and the
originating datasets. The various datasets were retrieved from the EnergyPlus website

(EnergyPlus, 2020).
Abbreviation Location Latitude Longitude Altitude Dataset
CN) ©) (m)
AMS Amsterdam, 52.30 477 -2 ASHRAE (2001)
The
Netherlands
ANC Anchorage, 61.22 -149.85 42 Wilcox & Marion
Alaska, USA (2008)
ARK Arkhangelsk, 64.53 4047 13 ASHRAE (2001)
Russia
BEI Beijing, China  39.80 116.47 31 China
Meteorlogical
Bureau & Tsinghua
University (2005)
CAL Calgary, 51.12 -114.02 1084 Numerical Logics
Canada (1999)
CHE Chengdu, 30.67 104.02 506 China
China Meteorlogical
Bureau & Tsinghua
University (2005)
KIR Kiruna, 67.82 20.33 452 ASHRAE (2001)
Sweden
MOS Moscow, 55.75 37.63 156 ASHRAE (2001)
Russia
SAM Samara, 53.25 50.45 44 ASHRAE (2001)
Russia
SHA Shanghai, 31.40 121.45 6 China
China Meteorlogical
Bureau & Tsinghua
University (2005)
STP St Petersburg,  59.97 30.30 4 ASHRAE (2001)
Russia
TOK Tokyo, Japan 36.18 140.42 35 ASHRAE (2001)
URU Urumgi, China  43.78 87.65 935 China
Meteorlogical
Bureau & Tsinghua
University (2005)
VEN Venice, Italy 45.50 12.33 6 ASHRAE (2001)
WIN Windsor, 42.27 -82.97 190 Numerical Logics
Canada (1999)
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Figure 4.1. Yearly cycle of global solar radiation vs outdoor air temperature in the 15
locations considered. Circles indicate average monthly values; numbers indicate the month

of the year.
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Figure 4.2. Yearly means of solar radiation and outdoor air temperature in the 15 locations
considered.

4.2.3. Model simulations of HPS and LED
greenhouses

The GreenLight model (Chapter 3) was used for all simulations performed in this
chapter. This model simulates an advanced, Venlo type greenhouse with a tomato
crop, equipped with various types of supplemental lights. GreenLight was
evaluated against measurements in greenhouse compartments with either HPS
or LED toplighting throughout an entire winter season and was found to estimate
the greenhouse’s heat demand by an error of 1-12%. When taking into account
the entire energy demand of the greenhouse, including lighting, the prediction
error was 0.5-5% (Chapter 3). In this study, the case of either HPS or LED
toplights was considered. The simulated season was 350 days long, from
September 27 until September 11 the next year.
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4.2.3.1. Reference greenhouse settings

A 4-hectare Venlo type glasshouse was considered for this study, measuring 200
m in width and 200 m in length. The gutter height of the greenhouse was 6.5 m,
and the ridge height was 7.3 m. The slope of the roof was 22°. The roof was
composed of glass panels measuring 2.16 m by 1.67 m. A ventilation window was
installed in 1 out of every 6 panels, measuring 1.40 m by 1.67 m. The maximal
opening angle for the window was 60°. Thermal screens were installed at a
height of 6.3 m. Path width was 1.6 m, and a pipe-rail system was installed in the
paths, with a total pipe length of 1.25 m m2 and a pipe diameter of 51 mm. The
maximal rate of the CO:z injection system was 185 kg ha'! h-1. The parameters
used for simulating the greenhouses with the reference settings are given in
Table 4.2. Parameters not included in the table were taken from the Dutch
greenhouse setting described in the electronic appendix of Vanthoor,
Stanghellini, et al. (2011).

For the lamp settings, the photon content of PAR emitted by the lamp
CLamppar Was set at 4.9 pmol (PAR) J1 (PAR) for the HPS lamp (Nelson & Bugbee,
2015). For the LEDs, the modelled lamp consisted of 6% blue LEDs and 94% red
LEDs, a combination that was found to be optimal for tomatoes (Kaiser et al.,
2019). Assuming the blue LEDs emit at a wavelength of 450 nm, the red LEDs at
660 nm (Kusuma et al., 2020) and using Planck’s equation (Kusuma et al., 2020),
the resulting PAR photon content is 5.4 pmol (PAR) J-1 (PAR). The fraction of input
energy converted to PAR 7, 4mppar Was set at 0.37 for HPS lamps and 0.55 for
LEDs in order to achieve an efficacy of the lamps (7,amppar * {Lamprar) Of 1.8
umol (PAR) J1 (input) for the HPS lamps (Nelson & Bugbee, 2014, including
comments to the online article) and 3 pmol (PAR) ]! (input) for the LEDs
(Kusuma et al., 2020). The lamp energy input 8, 4mpmax Was setat 111 W m2 for
the HPS lamps and 66.7 W m2 for the LEDs in order to achieve an equivalent
photosynthetic photon flux density (PPFD, N amppar * {Lamppar * OLampmax) Of
200 pmol m2 st in both greenhouses. The parameters used for the lamps in the
HPS and LED greenhouses are given in Table 4.3. A description of the lamp model
and its parameters is given in Chapter 3 and Chapter 7.
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Table 4.2. Greenhouse design parameters used for the simulated greenhouses with reference
settings. Parameters not included were taken from the Dutch greenhouse setting described
in the electronic appendix of Vanthoor, Stanghellini, et al. (2011).

Notation Meaning Unit Value
Y Mean greenhouse cover slope ° 22
Acov Surface area of the cover including side walls facing m? 40,000
the outside
Apir Surface area of the greenhouse m?2 48,400
hgg Thickness of the glass in the cover mm 4
hair Height of the main compartment (below the screen) m 6.3
in the greenhouse
hen Mean height of the greenhouse m 6.9
Agoor Maximum roof ventilation area m? 4,676
hyent Vertical dimension of single ventilation opening m 13
CLeakage Leakage coefficient - 0.0001
lpipe Length of the heating pipes per square meter m m? 1.25
greenhouse
Psoit/Arir Capacity of the heating system W m™ 300
@execo,/Anr  Capacity of the external CO, source mgm32s?' 514
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Table 4.3. Parameters used for the HPS and LED lamps in the reference simulations. See
Chapter 3 and Chapter 7 for a description of the lamp model and its parameters.

Notation Meaning Unit HPS LED

NiampPAR Photosynthetic photon efficacy (PPE) umol (PAR) 1.8 3.0

* CLamppar ) (input)

NLampPAR Photosynthetic photon flux density umol (PAR) 200 200

* {Lamppar (PPFD) m?2s’!

) gLampMax

OLampmax Electrical energy input to the lamps W m 111 66.7

Apamp Surface area of the lamps per area of m? m 0.02 0.02
greenhouse floor

TLampPAR Transmission of sun’s PAR through the - 098 098
lamp layer

PLamppar Reflection of sun’s PAR through the lamp - 0 0
layer

TLampNIR Transmission of sun’s NIR through the - 098 098
lamp layer

PLampNIR Reflection of sun’s NIR through the lamp - 0 0
layer

TLampFIR Transmission of FIR through the lamp - 098 0.98
layer

NLampPAR Fraction of lamp electrical input - 0.37 055
converted to PAR

"LampNIR Fraction of lamp electrical input - 022 002
converted to NIR

Eams Emissivity of the top side of the lamp - 0.10 0.88

Lamp Emissivity of the bottom side of the lamp - 090 0.88

NLampcool Fraction of lamp energy input that is - 0 0
removed by active cooling

capLamp Heat capacity of the lamp JK'm? 100 10

CHEClampAir Heat exchange coefficient between the W K" m 009 23
lamp and surrounding air

CLamppar Photons per joule in PAR emitted by the umol (PAR) 4.9 54
lamp, depending on the spectral output JT(PAR)
of the lamp

PheatadjLamp Adjustment to the greenhouse’s heating °C 0 0

set point when the lamps are on (see
Section 4.2.3.3)
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4.2.3.2. Reference control settings

In order to make a valid comparison between various locations and lamp

settings, a general climate control regime was devised. In the following,

“daytime” refers to the period from sunrise to sunset and “nighttime” from sunset

to sunrise; “light period” refers to the daytime as well as the nighttime when the

lamps are on; “dark period” is the part of the nighttime when the lamps are off.

1.

Lamps: lamps were on every day between midnight and 18:00 with the

following exceptions:

o  The lamps were switched off whenever global solar radiation outside
the greenhouse was above 400 W m-2.

o  The lamps were off if the predicted global solar radiation sum outside
the greenhouse during that day was above 10 M] m-2day-.

CO: injection: COz was injected during the light period, whenever the indoor

CO2 concentration was below the target setpoint of 1000 ppm.

Heating: Heating was applied whenever the indoor temperature was below

the target setpoint, which was 19.5°C during the light period and 18.5°C

during the dark period.

Roof ventilation: ventilation was applied in any of the following cases:

o Ventilation due to excess heat: the roof openings were opened
whenever the indoor temperature was 5°C above the target setpoint for
heating.

o  Ventilation due to excess humidity: the roof openings were opened
whenever the indoor relative humidity was above 87%.

o  However, the ventilation was forced to close if the indoor temperatures
were 1°C below the heating setpoint.

Thermal screens: thermal screens were closed during the day if the outdoor

temperature was below 5°C, and during the night if the outdoor temperature

was below 10°C. However, the screens were opened whenever ventilation
was needed:

o Screen opening due to excess heat: the screens were opened
whenever the indoor temperature was 4°C above the target setpoint for
heating.

o  Screen opening due to excess humidity: the screens were opened
whenever the indoor relative humidity was above 85%.

The reference control settings are summarized in Figure 4.3.
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Figure 4.3. Control of heating, ventilation and thermal screen in the reference setting. Tsp is
the temperature setpoint for heating. COz was injected during the light period if the indoor
COz concentration was below 1000 ppm. Lamps were on from midnight to 18:00 unless
momentary solar radiation was above 400 W m-2 or daily solar radiation was above 10 M]
m~2day-1. Figure adapted from Vanthoor, Van Henten, et al, (2011).

The heating, ventilation, thermal screens and CO: injection were
controlled using a smoothed proportional controller, which was defined using a
sigmoid function:

1

Action = (0-1) Eq. 4.4

—-21n100
pBand

1+exp( (x—setPoint—O.SpBand))

where x is the controlled variable (e.g., the indoor temperature), setPoint is the
desired setpoint for the controlled variable (e.g., 18.5°C during the dark period),
pBand is a band defining the width of the proportional control, and Action
defines the controller action. At Action = 1, the controller is at full capacity (e.g.,
heating is at full power), at Action = 0 the controller is off. As can be seen from
Eq. 4.4 and Figure 4.4, the controller is close to full action at x = setPoint +
pBand, and close to no action at x = setPoint. Note that pBand may also be
negative, in which case Figure 4.4 would be flipped horizontally.
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Figure 4.4. Response of a smoothed proportional controller to a process variable x according
to a sigmoid function (Eq. 4.4). The controller is close to full action when the process variable
x is equal to setPoint+pBand. The controller is close to no action at x=setPoint. If pBand is
negative, the curve is flipped horizontally.

The pBand values for the proportional controllers were: -1°C for heating;
-100 ppm for COz2 injection; -1°C for thermal screen closure due to cold outdoor
temperatures; 1°C for thermal screen opening due to excess indoor heat; 10%
relative humidity for thermal screen opening due to excess humidity; 4°C for
ventilation opening due to excess heat; -1°C for ventilation closure due to low
indoor temperature; 50% relative humidity for ventilation opening due to excess
humidity (De Zwart, 1996).

4.2 .3.3. Adjustment of heating setpoint under LEDs

Studies have shown that crops under LED lights are colder than those under HPS
lamps (Nelson & Bugbee, 2015). In practice, a greenhouse with LEDs may need
to increase the air temperature setting in order to achieve the same crop
performance as a greenhouse with HPS lamps (Dueck et al., 2010). To take this
into account, a new parameter, Prearadjramp (°C) was introduced to the
GreenLight model. This parameter influenced the greenhouse control settings
such that whenever the lamps were on, the heating setpoint for the greenhouse
air T, was increased by the value of prearadjramp- The value for prearadjramp Was
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0°C for the HPS greenhouse in all settings. The value for ppeqtaqjLamp Was 0°C for

the LED greenhouse in the reference setting, but was modified to 1°C in one of

the additional scenario simulations, see Section 4.2.3.4.

4.2 .3.4. Additional scenario simulations

In addition to the reference settings, several other scenarios were examined to

test the model predictions under a wider range of greenhouse structure designs

and climate control settings. These additional simulations were (adjustment to

the reference settings are in bold):

1.

122

Temperature adjustment: air temperatures of the LED greenhouses were
increased by 1°C whenever the lamps were on, i.e., Preatadgjramp Was set at
1°C for the LED greenhouse.

Extended lamp hours: The lamps were switched off whenever global solar
radiation was above 600 W m2, or if the predicted radiation sum from the
sun during that day was above 14 MJ m2day-1.

Lower indoor temperature: heating setpoints were set 2°C lower, i.e.,
16.5°C and 17.5°C during the dark and light period, respectively.

Higher indoor temperature: heating setpoints were set 2°C higher, i.e.,
20.5°C and 21.5°C during the dark and light period, respectively.

Low insulation: a greenhouse with lower insulation was considered,
namely, with a leakage coefficient ¢;.4xqg. 0f 0.0002, and a glass width
hgs of 2 mm.

High insulation: a greenhouse with higher insulation was considered,
namely, with a leakage coefficient c¢;.4xqq4. 0f 0.00005, and a glass width
hgs of 8 mm.

Low lamp intensity: the PPFD for the lamps was halved to a PPFD of 100
pmol m2 s-1. This was done through halving the electrical input of the
lamps 6, 4mpmax to 55 W m2for the HPS lamps and 33 W m-2 for the LEDs.
Accordingly, the lamp area A4,y the heat capacity capLamp, and the heat
exchange coefficient cygciampair Were halved. The transmissivities of the
lamp layer T, 4mppars Trampnirs TLamprir Were set at 0.99.

High lamp intensity: the PPFD for the lamps was doubled to a PPFD of
400 pmol m2 s, This was done through doubling the electrical input of
the lamps 6, ympmax to 222 W m-2 for the HPS lamps and 134 W m2 for the
LEDs. Accordingly, the lamp area Ay 4., the heat capacity capLamp, and
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the heat exchange coefficient cygcigmpair were doubled. The
transmissivities of the lamp layer 7, smppars TLampnirs TLamprir WeTe set at
0.96.

Simulations with heat adjustment (scenario 1 above) were performed for
all 15 locations considered in this chapter. The other scenarios (2-8) were tested
for 3 locations: Amsterdam (AMS), Calgary (CAL), and Chengdu (CHE),
representing three different climates: low radiation and high temperatures in
Chengdu, high radiation and low temperatures in Calgary, and mild temperatures
and radiation in Amsterdam (Figure 4.2).

4.2.3.5. Analysis of energy fluxes

In order to better understand which factors influence the greenhouse energy
demands, further analysis of the simulation results was performed for the
greenhouse in Amsterdam. This location was chosen since it has a relatively mild
climate in terms of yearly temperature and radiation, located close to the average
of the climates tested in this chapter, and those that are typical for regions with
illuminated greenhouses (Figure 4.2). The insights gained from analyzing the
greenhouse in Amsterdam can expose general phenomena that apply to
greenhouses all over the world.

Once the simulations were performed, the yearly sum of the energy inputs
and outputs out of the greenhouse system were calculated, to quantify and
explain the differences in energy requirements between greenhouses with HPS
lamps or LEDs. These inputs and outputs (all in M] m2 year!) are given below,
together with their notation in the studies where they were first described
(Chapter 7; Vanthoor, Stanghellini, et al., 2011; see also Glossary of terms):

e Energy absorbed from the sun by the greenhouse structure, the canopy,
and the floor:
Reiob_sunair + Rpar suncan + Rnir_suncan + Rpar_sunrir

+ Rir_sunrir + Riob_suncov,e

e Energy input to the heating pipes: Hgojipipe

e Energy input to the lamps: Qpampin

e Energy output to the soil: Hsys500ut

e Thermal radiation output emitted towards the sky: from the
greenhouse cover, screens, lamps, canopy, pipes, and floor

RCov,eSky + RThSchky + RLampSky + RCanSky + RPipeSky + RFlrSky
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e Energy output to the outdoor by convection through the cover:
HCov,eOut

e Energy output through ventilation: Hy-0ute + Hropout

e Latent heat output, representing the net loss of sensible heat by
conversion to latent heat. This value is composed of loss of sensible
heat due to transpiration minus gain of latent heat due to condensation
on the screens and cover: Legnair — Lairrnser — Lropcov,in

4.2.3.6. Model code and execution

The model simulations were executed in MATLAB (MATLAB R2019b, The
MathWorks). Code used for running the simulations, as well as the resulting data,
is available at https://github.com/davkat1/GreenLight. The specific versions of
the code used for generating the data in this chapter are available at
https://github.com/davkatl/GreenLight/releases/tag/KatzinEtAl12021AppEnD
ata and https://github.com/davkatl/DyMoMa/releases/tag/KatzinEtA12021
AppEnData. The version used for generating the figures in this chapter is
available at https://github.com/davkatl/GreenLight/releases/tag/KatzinEtAl
2021AppEnFigures and  https://github.com/davkatl/DyMoMa/releases/
tag/KatzinEtAl2021AppEnFigures.
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4 3. Results

4.3.1. Potential energy savings considering only
the lighting system

100
LED 3 pmol J”'
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Figure 4.5. Potential fraction of energy saved by transitioning from HPS lamps with an

efficacy of 1.8 umol J-1 to a more efficient lamp, assuming that the heat requirements remain
equal

In cases where a transition from HPS lamps to LEDs does not alter the heating
demand, the expected energy savings realized by transitioning to a more efficient
lamp were influenced by two factors: the efficacy of the new lamp and the
fraction that lighting takes up out of the total greenhouse energy demands
(Figure 4.5). Naturally, a greenhouse with very little assimilation lighting
(fraction for lighting close to 0%) gained very little energy savings by changing
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the lighting system. On the other extreme, in a greenhouse where the energy
input was only used for lighting (fraction for lighting is 100%), the energy savings
of the lighting system was equivalent to the total energy savings. Even with an
infinitely efficient lamp, the total energy savings percentage was limited by the
fraction of the energy input going to lighting.

4.3.2. Energy balance considering both the
lighting and heating system

The energy demands as simulated by the GreenLight model varied greatly in the
different world locations under the reference settings. In the HPS greenhouses,
the total energy demands varied from less than 1400 M] m2 year! in Shanghai
(SHA) to nearly 3400 MJ m-2 year-! in Kiruna (KIR) (Figure 4.6). As expected, in
all locations the change from HPS to LEDs resulted in a 40% reduction in lighting
demand, which ranged from a saving of 315 M] m-2 year-! in Beijing (BEI) to 662
MJ m2 year?! in Kiruna (KIR). At the same time, in all locations the LED
greenhouse required more heating than the HPS greenhouse. The extra heating
needed ranged from 79 M] m year!in Beijing (BEI) to 224 M] m2 year! in
Anchorage (ANC). In relative terms, the increase in heating demands ranged from
9% in Calgary (CAL) to 49% in Chengdu (CHE). The resulting total energy savings
ranged from 13% in Calgary (CAL) to 27% in Chengdu (CHE).

In the simulations performed with the reference settings, the fraction of
energy that goes to lighting in the HPS greenhouses ranged from 45% in Calgary
(CAL) to 85% in Chengdu (CHE). Increasing the temperature setpoint by 1°C
under LEDs, in line with common practice (see Section 4.2.3.3), reduced the
predicted energy savings by around 1.5% (Figure 4.7). There is a positive linear
correlation between the predicted relative energy savings when transitioning to
LEDs and the fraction of energy inputs that goes to lighting in the HPS
greenhouse. A linear regression based on the model outputs predicts that the
relative energy savings are 0.37x-5.41 percent, where x is the percent of energy
that goes to lighting in the HPS greenhouse. This linear model provides an
accurate prediction of the relative energy savings, with a coefficient of
determination (R%) of 0.90, and a root mean squared error (RMSE) of 1.90%.

126



Energy savings in greenhouses by transition from high-pressure sodium to LED lighting

3500 — , ,

[N Heating
32501~ I 1 ighting | |

3000

2750

N
a
=)
=)
I

22501

year

2000

MJ m

<1750

input

1500—

Energy

1250 —

1000

750

500

250

< < < < < < < < < < < < < < <
B9 R R R B BY RN R R B B RN R RN A%
AMS  ANC  ARK BEI CAL  CHE KIR MOS SAM  SHA  STP  TOK  URU  VEN WIN

Figure 4.6. Heating and lighting demand of HPS and LED greenhouses in different locations, under the reference settings.
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Figure 4.7. Simulated savings in total energy input by transitioning from HPS to LEDs in
relation to the energy input used for lighting in the HPS greenhouse. 15 locations throughout
the world (Section 4.2.2) and 9 control and design scenarios (Section 4.2.3) are given. The
efficacy of the HPS and LED lights was 1.8 and 3 umol J-1, respectively. Potential energy
saving represents energy saving if a transition to LEDs does not increase heating needs.
Achieved energy saving is a linear regression based on the given data points.

4.3.3. Yearly incoming and outgoing
energy fluxes

The energy savings achieved by a transition to LEDs are further elucidated by
looking at the ingoing and outgoing yearly energy fluxes in the HPS and LED
greenhouses, using Amsterdam as a representative case (Figure 4.8). Since the
greenhouse energy system was on average in steady state, for each greenhouse
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the sum of its incoming fluxes is almost equal to the sum of its outgoing fluxes.
Thus, the savings in energy inputs correspond to a reduction in energy outputs.
The biggest change in outgoing energy fluxes when transitioning to LEDs was a
reduced loss to latent heat resulting from less crop transpiration. Smaller
decreases are seen in the losses due to ventilation and convection through the
cover. The LED greenhouse with temperature adjustment, i.e.,, where the air
temperature setpoint was increased by 1°C whenever the lamps were on,
consumed 61 MJ m2 year-! more in heating compared to the LED greenhouse in
the reference setting. This increase was mainly due to more convection through

the cover.
T T T T T
HPS incoming _ Solar- radiation |
[N Heating
o [ Lighting
LED incoming _ Convection to soil 7
Radiation to sky
LED TA incoming _ Convection through cover |
|:| Ventilation
HPS outgoing 1662 - - [ L atent heat .
LED outgoing 1613 - 686 - -
LED TA outgoing 1629 - - b
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Energy flux (MJ m2 year'1)

Figure 4.8. Yearly incoming and outgoing energy fluxes for the HPS, LED, and LED with
temperature adjustment (LED TA) greenhouses in Amsterdam. Air temperature setpoints
where identical in the HPS and LED greenhouses. In the LED TA greenhouse, air temperature
setpoint was raised by 1°C whenever the lamps were on.

4.3.4. Seasonal variation in energy savings

A clear variation in energy inputs can be seen throughout the year. In winter (22-
153 days after planting, corresponding to October 19 to February 27), the lamps
were on for their maximal duration every day, resulting in a constant input of
lighting energy, and a constant daily saving in lighting input of 2.9 M] m-2day! by
using LEDs (Figure 4.9). At the same time, throughout winter the LED
greenhouse in Amsterdam required on average 1 MJ m-2 day! more heating than
the HPS greenhouse. From day 154 lamps were only occasionally used. When the
lamps were off, the energy requirements of both greenhouses were similar. When
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the lamps were on (e.g., days 191-194), more heating was often needed in the
LED greenhouse.
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Figure 4.9. Time course during the year for (A) daily energy inputs (heating and lighting) in
the HPS and LED greenhouses in Amsterdam with the reference setting and (B) daily outdoor
temperature and outdoor global radiation throughout the simulated season. The planting

date was September 27.

An examination of the greenhouses’ energy fluxes on a typical winter and

summer day when lighting was used provides further detail. As seen earlier

(Figure 4.9), on days when lamps were on for their maximum duration of 18
hours, the HPS lamps consumed 7.2 M] m2 day! and the LEDs consumed 4.3 M]
m-2 day! saving 2.9 M] m2 day!in lighting (Figure 4.10). On a typical winter day,
this reduced energy input was counteracted by an added 1.3 M] m2 day! for
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heating, resulting in a total saving of 1.6 M] m2 day-! (Figure 4.10). On a typical
summer day, the LED greenhouse used only 0.1 MJ] m-2 day! more heating,
resulting in a total saving of 2.8 M] m-2 day-l. Considering the outgoing energy
fluxes, in winter the main difference when using LEDs is less convection through
the cover (0.8 M] m2 day1), followed by lower losses to latent heat (0.4 M] m-
day!) and less ventilation (0.3 M]J m'2 day!). In summer, the main difference is
reduced latent heat (1.2 M] m2 day!), followed by less ventilation (0.8 M]J m2
day1) and convection (0.3 M] m2 day1).

A. Daily energy fluxes in HPS and LED greenhouses in winter (AMS)
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B. Daily energy fluxes in HPS and LED greenhouses in summer (AMS)
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Figure 4.10. Incoming and outgoing energy fluxes in the HPS and LED greenhouses in
Amsterdam with the reference setting on a representative winter (January 21, A) and
summer (July 15, B) day.

The difference in effects of transitioning to LEDs between winter and
summer is further detailed by looking at the trajectories of the energy fluxes
throughout a representative day. In winter, heating was similar between the
greenhouses when the lamps were off (18:00-24:00), but higher in the LED
greenhouse when the lamps were on. Ventilation in both greenhouses was very
small, with slightly more ventilation in the HPS greenhouse (Figure 4.11A). In
summer, some heating was applied when the lamps were off (18:00-24:00) in
both greenhouses, and ventilation was considerably higher in the HPS
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greenhouse compared to the LED greenhouse (Figure 4.11B). Ventilation was
applied either when indoor humidity or indoor temperature were too high. In
winter, the higher ventilation in the HPS greenhouse was due to excess humidity,
as the greenhouse air temperature in both greenhouses was far below the
ventilation setpoint due to excess heating (Figure 4.11E). Higher humidity in the
HPS greenhouse was due to higher transpiration, which resulted in more losses
to latent heat (Figure 4.10).

The COz concentration and injection were influenced accordingly: in
winter, both greenhouses reached the desired setpoint of 1000 ppm during the
light period (0:00-18:00), with slightly more COz2 injected in the HPS greenhouse
(Figure 4.11C). In summer, considerably more injection was needed in the HPS
greenhouse, to the extent that in the middle of the day the desired setpoint could
notbe reached (Figure 4.11D). In summer, ventilation was also needed to remove
excess heat (Figure 4.11F).
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Figure 4.11. Time course of a representative winter (January 21) and summer (July 15) day
in the HPS and LED greenhouses in Amsterdam with the reference setting. (4, B): lighting,
heating, and ventilation controls. (C, D): Indoor COz concentration and CO: injection. (E, F):

indoor air temperature and setpoints for heating and ventilation, outdoor temperature and
solar radiation.
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4 4. Discussion

4.4.1. Energy savings in the greenhouse by
transitioning fo LEDs

This chapter showed that only a comprehensive approach to the greenhouse
energy system, where the various components of the greenhouse energy balance
are considered, can provide an insightful quantification of the energy saving by a
transition to LEDs in greenhouse horticulture. While using more efficient lamps
resulted in direct savings on energy inputs for lighting (Figure 4.5), a transition
from HPS lamps to LEDs was associated with an increase in the greenhouse’s
heating demands, resulting in lower total energy savings (Figure 4.7). Using a
mechanistic and dynamic model such as GreenLight allowed us to quantify these
demands, and understand how they depend on the greenhouse settings and the
evolving outdoor climate. Especially during cold weather, the heat emitted by the
HPS lamp contributed to heating the greenhouse, and this loss of heat had to be
compensated by the heating system when LEDs replaced HPS lamps.

The simulations performed in this chapter, using several greenhouse
design and control settings and various climates around the world, predicted that
in most cases transitioning to LEDs will save 40% on electricity input for lighting,
but will increase the heating demand by 9-49%. The result is a saving of 10-25%
of the total energy inputs in nearly all cases (Figure 4.7). The relative energy
savings correspond to the inputs of the HPS greenhouse: denoting x as the
percent of energy inputs that is used for lighting in the HPS greenhouse, the
percent of energy savings predicted by a transition to LEDs is estimated as
0.37x — 5.41 (Figure 4.7). These savings are lower than 0.4x, which is the
predicted saving when only lighting was considered (Figure 4.5).

4.4.2. Changes in balance between energy
sources and uses

A switch to LEDs influenced not only the total energy inputs to the greenhouse,
but also the ratio between the heating and lighting needs (Figure 4.6, Figure 4.8).
In general, converting to LEDs resulted in a lower energy input for lighting and a
higher input for heating. A decision on whether this transition is favorable or not,
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for instance in terms of costs for the grower or environmental footprint, depends
on the energy sources used. For example, consider a greenhouse where heating
is supplied by a boiler burning natural gas, and lighting is supplied by wind or
solar power. In this case, a switch to LEDs will reduce the use of clean energy and
increase the use of fossil fuels. On the other hand, if a cheap and environmentally
clean source of heating such as geothermal heat is available, the benefits of lower
electrical inputs for the lamps might outweigh the costs of extra heating in the
LED greenhouse. The model simulations presented in this chapter quantify the
benefits of a transition to LEDs to support practitioners in choosing the best
lighting system for their local situation.

Furthermore, many greenhouses use a combined heat and power (CHP)
generator to produce both electricity, heating, and COz by burning natural gas
(Hemming, Bakker, et al., 2019). The CHP in the greenhouse may produce
electricity in a cleaner manner than the public power plant, since the CHP also
makes use of the heat and CO: that is generated when burning gas. This
electricity, if not used in the greenhouse itself, may be sold back to the public grid,
resulting in a reduction of emissions on a national level (Van der Velden & Smit,
2019b) which can be counted as a negative carbon footprint for the greenhouse,
as well as provide an extra source of income for the grower (Raaphorst et al,,
2019). In a greenhouse where both a boiler and a CHP are available, choosing
which of the two to use at what time is a complicated problem (Van Beveren et
al, 2019). If a grower wishes to use the CHP for electricity, the heat that is
generated must be used simultaneously in the greenhouse or stored in a buffer.
If the heat buffer is full and the greenhouse does not require heating, the CHP
cannot be used without wasting heat, for instance by simultaneously heating the
greenhouse and cooling it through ventilation.

A typical CHP generates around 1.25 M] of heat for every 1 M] of electricity
(Van Beveren et al., 2019). This ratio is very close to the energy demands found
for a Dutch LED greenhouse in winter (Figure 4.10) and over a full year (Figure
4.8). In contrast, the heat to light ratio in an HPS greenhouse is 0.5-0.6. This
means that in principle, an LED greenhouse can supply all its lighting needs using
a CHP without wasting heat. In contrast, an HPS greenhouse that would use a
CHP for even half its lighting demand would still need to waste some of the
generated heat. It follows that a greenhouse with a CHP will likely see larger
energy savings when transitioning to LEDs, compared to those found in the

135



Chapter 4

current chapter. This potential for energy savings by combining LEDs and a CHP
should be further explored in future studies.

4.4 3. Daily and seasonal patterns of transition
to LEDs

The main influence of a transition to LEDs on the greenhouse energy demand
was seen in winter, when light from the sun was limited and lamps were used
extensively (Figure 4.9). Later in the year the lamps were used less frequently
and thus the choice of lamp had little influence on the energy demand. In winter,
HPS lamps provided heat which was used in the greenhouse. Replacing HPS
lamps with LEDs resulted in a higher heat demand when the lamps were on
(Figure 4.10), but not when the lamps were off (Figure 4.11). In contrast, in
summer when the lamps were on there was a need to ventilate the extra heat,
and the demands from the heating system were minimal under both lamp types.
Since the greenhouses consumed considerably more energy in winter compared
to summer, the energy savings in winter had a meaningful impact on the total
yearly energy demand.

As noted previously (Nelson & Bugbee, 2015), transpiration is higher
under HPS lamps compared to LEDs. This effect was seen both in winter and
summer (Figure 4.10) and resulted in a higher ventilation rate in the HPS
greenhouse, which increased the heating demand in winter. In summer, the main
driver for ventilation when the lamps were on was excess heat, but during those
times the choice of lamp did not influence the heating demand of the greenhouse,
which was minimal for both HPS and LED lighting. However, there is an
advantage for LEDs during warm days when supplementary lighting is needed,
as these lamps reduce the problem of over-heating the greenhouse.

4.4 4. Influence of model assumptions
and settings

The focus of this study was the energy balance of the greenhouse, while the
influence on crop growth and yield were not studied in detail. A main assumption
during simulations was that the crop behaves similarly under HPS and LED lights.
In practice, the different spectral outputs of HPS and LEDs could have an
influence on crop behavior (see Section 4.4.5). Furthermore, the HPS

136



Energy savings in greenhouses by transition from high-pressure sodium to LED lighting

greenhouses required more ventilation, which resulted at times in lower indoor
CO2 concentration (Figure 4.11), which could lead to reduced growth under HPS
lamps.

While this chapter focused on energy use alone, further studies may
consider the influence of the lamps on crop growth and development. As
described in Section 4.2.3.3, crops under LEDs may require different temperature
settings to achieve growth and development comparable to crops under HPS
lamps. Here, we considered the effect of increasing the air temperature by 1°C
whenever the LEDs were on and examined the influence on energy demands.
Including this temperature adjustment reduced the expected relative energy
savings by around 1.5% (Figure 4.7, Figure 4.8), indicating that it has a relatively
small influence on total energy savings.

Weather inputs used in this chapter describe standard meteorological
years in each of the considered locations. These datasets were compiled between
the years 1999 and 2008 and may not take into account recent changes in climate
such as rising temperatures. Nevertheless, our findings regarding the energy
savings when transitioning to LEDs were consistent throughout all weather
scenarios considered (Figure 4.7), and thus provide a reliable initial assessment.
When using the framework offered here, users may provide their own weather
scenarios as input, which may be more recent standard meteorological years,
measured data, or predicted scenarios of a future climate.

The chapter was based on model simulations performed using the
GreenLight model, which has been tested against greenhouse data and found to
estimate the greenhouse’s heating needs by an error of 1-12% (Chapter 3). To
the best of our knowledge, this is the only process-based model which includes
both HPS and LED lighting and has been evaluated against energy use
measurements. As such, it provides the best currently available predictions
regarding the energy use of illuminated greenhouses. GreenLight is offered in an
open-source format and can therefore be used by more researchers to evaluate
against measurements. Further studies should continue to evaluate the model in
various climates and greenhouse settings, and validate our findings using data
from commercial greenhouses.

4.4.5. Further opportunities

The current chapter focused on the energy savings that can be achieved by
switching from HPS lamps to LEDs, while maintaining all other factors (light
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intensity, light duration, air temperature) equivalent. However, LEDs offer a vast
range of new opportunities in the greenhouse. One of the reasons direct
comparisons between HPS lamps and LEDs are rare is that in fact, LEDs offer the
ability to increase the supplemental light intensity or duration in the greenhouse,
in a way that is impossible with HPS lamps alone. Using HPS lamps in warm
weather (Vanlommel et al,, 2018), or with a very high lamp intensity (Vanlommel,
2019), could result in too high temperatures inside the greenhouse, especially if
a blackout screen is used, which in some regions is required in order to prevent
light pollution to the environment. Growers often use LEDs in addition to HPS
lamps in order to increase supplemental lighting (Van Baar, 2019). The trend is
thus towards a higher use of supplemental lighting in greenhouses (Van der
Velden & Smit, 2019b). Further studies should examine how energy efficiency
can be maintained, or even improved, while supplying increasingly more light.

LEDs offer new possibilities on greenhouse and crop manipulation that
are impossible with HPS lamps. It has been suggested that dynamic control of the
intensity of LEDs may reduce the energy consumption for lighting while
achieving similar yields (Weaver et al., 2019) and increasing profits (Wang et al,,
2018). The ability to control the spectrum of light emitted by LEDs can offer
greater control of the crop, realizing more efficient production. In particular, far-
red light (701-750 nm) has been shown to have the potential to increase growth
through a higher photosynthesis rate (Zhen & Bugbee, 2020), promote light
capture due to higher leaf area (Kalaitzoglou et al., 2019), and increase the
partitioning of assimilates to fruits (Kim et al., 2019), although at a possible cost
of reduced resistance to disease (Ji et al., 2019).

Transpiration played an important role in the greenhouse energy balance
by converting sensible heat to latent heat (Figure 4.8, Figure 4.10) and by driving
ventilation needed for dehumidification (Figure 4.11). Further studies on the
influence of lamp type and light spectrum on crop transpiration will increase the
accuracy of the GreenLight model and its applicability to a wider range of
scenarios.

Furthermore, the greenhouses considered in this chapter used passive
ventilation through the windows to control humidity, which is the traditional
dehumidification method in northern latitudes (Hemming, Bakker, et al., 2019).
While our analysis considered energy inputs to the heating and lighting systems,
in effect some of the energy demand of the heating system was used for
dehumidification, when both heating and ventilation were used simultaneously
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to reduce the indoor relative humidity. It is estimated that 10-20% of the energy
demands of the greenhouse are due to humidity control (Montero et al., 2019).
Future studies may further analyze how the lighting system influences the energy
demand for dehumidification, for instance by comparing various methods for
humidity control under different lamps.

The advantage of using a model such as GreenLight for assessment of the
greenhouse behavior is that it offers a systematic approach, which considers the
various greenhouse balances and components. Since GreenLight is a process
based, open source model, it can be used to examine scenarios that were not
included in the current chapter, such as any particular greenhouse attribute or
local climate. Furthermore, new model components can be integrated into the
model to include crop physiological mechanisms, as well as novel control
strategies or other developments in greenhouse technology.

4.5, Conclusion

Simulations using a process-based greenhouse model were performed in order
to evaluate how much energy can be saved in greenhouses by transitioning from
high-pressure sodium (HPS) to light-emitting diode (LED) lighting, and how
these savings were affected by greenhouse control, design, and outdoor climate.
The key findings of the chapter were as follows:

1. Atransition from HPS lamps with an efficacy of 1.8 pmol J-! to LEDs with
an efficacy of 3 pmol J* resulted in a 40% saving on the greenhouse’s
lighting demand. However, in all cases, the LED greenhouse required
more heating than the HPS greenhouse. Since heating and lighting are
often derived from different energy sources, a detailed analysis
considering the local conditions is required in order to assess the
desirability of transitioning to LEDs.

2. Alinear correlation (R% = 0.90, RMSE = 1.90) was found between the total
relative energy savings by transitioning to LEDs and the fraction that
lighting takes up out of the total energy demand in the HPS greenhouse:
0.37x — 5.41 percent of the energy was saved by transitioning to LEDs,
where x is the fraction (%) that lighting makes up out of the total energy
needs before transitioning.
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4.6.

For HPS greenhouses, the fraction of energy input that was used for
lighting varied considerably between the different climates, ranging
between 45% and 85%.

The energy savings that were predicted by a transition to LEDs were in
the range of 10-25% of the total energy use; the outdoor climate was the
most important factor determining how much energy could be saved.
Crop transpiration was found to be higher under HPS lamps, resulting in
greater energy losses to latent heat, and an increased need for
dehumidification through ventilation.

The higher heat demands in the LED greenhouses occurred mostly in
winter, when the excess heat from the lamps in the HPS greenhouses
reduced the load on the heating system. In summer, the heating needs
were low for both HPS and LED greenhouses, and the HPS greenhouses
required more ventilation.

Data availability

The data used in this chapter and simulation outputs generated by the model are
available at the 4TU database, https://doi.org/10.4121/13096403 (Katzin,
Marcelis, et al., 2020).
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Highlights

e A novel approach for greenhouse heating is proposed, using only lamps and
no boiler.

e  Model simulations uncover the attributes required to make such systems
feasible.

e  Heating by light can increase yields and does not depend on fossil-fuels.

e Higher lamp intensity, without other changes to the system, increases yields
but reduces energy efficiency.

e Avenues for improving the energy efficiency of heating by light are proposed.

Abstract

High-tech greenhouses are characterized by high crop yields and a high energy
consumption. Current trends towards an expanded use of supplemental lighting
further increase the intensity of crop production and energy consumption. It is
expected that the growing availability of light-emitting diodes (LEDs) will further
accelerate this trend. At the same time, an increase in greenhouse lighting inputs
reduces the need for heating. This chapter examines the possibility for heating a
greenhouse entirely by light, with heating coming only from the sun and lamps,
and without the use of a boiler. Such a system has the potential to be highly
efficient, as light is simultaneously used for crop growth and for heating.
Moreover, this system has the advantage of not depending on fossil-fuels, as is
currently the case with most greenhouse boilers. By using model simulations for
a use case in the Netherlands, it was found that such a greenhouse system can be
realized by using a heat-harvesting system (a semi-closed greenhouse) with a
heat storage capacity of 2 M] m2 and LEDs with a power capacity of 150 W m2
and a photosynthetic photon flux density (PPFD) of 450 umol m? s1. The
greenhouse heated by light was predicted to have 44% higher yields and 60%
higher energy inputs than a reference greenhouse, equipped with a boiler and
LEDs with a PPFD of 200 pmol m2 s'L. This result was part of a general tradeoff
that was found between yield and energy efficiency. At the same time, the
exploration helped identify avenues for further improvement of the energy
efficiency of greenhouses heated by lamps, highlighting their promise as a
potential new direction in greenhouse intensification.
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5.1. Introduction

High-tech greenhouses are some of the most productive agricultural systems in
the world. Yields in such greenhouses have greatly increased in the last few
decades, due to a combination of a high level of control, advanced cultivation
techniques, improved cultivars, and new technologies (Marcelis et al., 2019).
Such systems also consume a considerable amount of energy, primarily for
heating and lighting. While greenhouses’ energy efficiency has increased in
recent years, their total energy use remains high, and efforts are being made to
reduce greenhouses’ energy use and further increase their efficiency (Hemming,
Bakker, et al., 2019).

The current trend in greenhouse horticulture is towards more intensive
production. Worldwide, there is a growing trend towards large high-tech
greenhouses characterized by high yields (Hadley, 2017). In the Netherlands,
supplemental lighting in greenhouses is expected to increase both in the total
land area where it is used and in its intensity (Van der Velden et al., 2018). In the
United States, the total area of illuminated greenhouses is expected to grow by
15%-25% each year (Stober et al., 2017).

Since greenhouse intensification involves considerable investment, it
serves as an opportunity to design systems that are not only more intensive but
are also more efficient, i.e., that require a lower energy use and environmental
impact per kg produce. One potential component in this efficient intensification
is LED lighting (Mitchell et al., 2015). LEDs have a high photosynthetic photon
efficacy (PPE, or efficacy in short), defined as the conversion rate from input
electricity to photons of photosynthetically active radiation (PAR). Compared to
the traditional high-pressure sodium (HPS) lamps used in horticulture lighting,
LEDs have a nearly 70% higher PPE, and this value is expected to rise in the
future (Kusuma et al., 2020).

Light is not only used for crop growth through photosynthesis, it is also a
source of heat. Less than 5% of the solar energy absorbed by the plant is used for
photosynthesis (Taiz et al., 2015, p. 178), and when considering the crop’s energy
balance, this quantity is often neglected (Gutschick, 2016). Besides this quantity,
all the light reaching the crop is released as heat. This means that essentially, all
the energy consumed by lamps contributes heat to the greenhouse. One
consequence of this was shown in Chapter 4: greenhouses with HPS lamps
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consumed more energy for lighting and consequently required less energy for
heating than greenhouses with LEDs.

As LEDs continue to become more efficient and lower in costs (Kusuma et
al, 2020), longer and more intense use of lamps in the greenhouse becomes
economically feasible. It has been suggested that the higher efficacy of LEDs may
stimulate growers to increase their lamp intensity and power consumption (K.
Lee etal,, 2020, pg. 18). This can be done by either replacing HPS lamps by LEDs,
or by using a hybrid system of both HPS lamps and LEDs, for instance by
installing HPS lamps above the crop (toplights), and LEDs within the crop
(interlights) (Dueck et al.,, 2012; Moerkens et al., 2016). Potentially, these high
lamp intensities could be applied in such a way that reduces the energy demand
from the heating systems, or even completely eliminates it.

The advantage of heating a greenhouse with light from lamps is that light
provides a double benefit of both contributing to crop growth and heating the
greenhouse air. Such a greenhouse can thus be both intensive and efficient in
production. If such a greenhouse does not require a heating system, it can also
reduce its investment costs, as well as simplify its climate control system and
energy management. Many greenhouses burn fossil fuels such as natural gas for
their heating system and use electricity from the public grid for their lighting
system (Stanghellini et al., 2019). If only lighting is used, fossil fuels do not need
to be burned in the greenhouse, and if the electricity grid is based on renewable
sources, the greenhouse can become completely carbon neutral.

The aim of this study was to explore the possibilities of heating a
greenhouse exclusively by lamps. We tested if such a system is feasible, identified
the steps required to reach it, and determined whether it is beneficial in terms of
crop production, energy use, and energy efficiency. This exploration provided
insights on a novel approach for greenhouse design and control, and on a possible
future direction for the greenhouse industry as efficient, high intensity LEDs are
becoming available for greenhouse lighting.

5.2. Methods

5.2.1. Approach and demarcation

In order to achieve the study’s purposes, a scenario-based modelling approach
was employed using the GreenLight model (Chapter 3). GreenLight is a process-
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based model of the greenhouse climate and crop, which describes greenhouses
with supplemental lighting of various types. Greenhouse climate models are an
effective tool for analyzing greenhouse systems, and have been used for several
decades for the advancement of greenhouse systems (Chapter 2), and in
particular for reducing energy use (De Zwart, 1996; Dieleman & Hemming, 2011;
Elings et al.,, 2005; Koérner, 2019). This approach allows to test and derive insights
from a broad range of scenarios in a way that is impossible in real-world trials.

A greenhouse system that is heated by lamps requires several attributes
which were considered in this study (Figure 5.1). First, the greenhouse must be
equipped with high intensity lighting from either HPS or LED lamps, or a
combination of the two. Second, since the lamps cannot be continuously on
without damaging the crop (Velez-Ramirez et al,, 2011), a system must be in
place for harvesting excess heat, storing it, and using it when the lamps are off.
Such a system, also known as a semi-closed greenhouse (De Zwart, 2012)
includes mechanical cooling and dehumidifying of the air, a heat pump, and
energy storage buffers. These systems are available for greenhouses, although
they are not yet common (Van Beveren et al.,, 2020). In this chapter, we assumed
that energy is stored in above-ground water tanks as in Righini et al. (2020), and
not in underground aquifers as in, e.g., De Zwart (2012).

Lastly, several properties of the greenhouse system as described in
Chapter 4 were also considered in this chapter. These included the possibility of
using a boiler for heating, thermal screens, blackout screens, cooling and
dehumidification through window ventilation, and CO2 enrichment. It was
assumed that CO2 was available in a liquid tank or from a network such as the
OCAP (OCAP, 2019). In any case, CO2 supply was assumed to be independent of
the use of the boiler.
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Figure 5.1. Outline of the greenhouse system considered in this chapter. Arrows indicate the
direction of energy or mass transfer. Heating may originate from a boiler or from the lamps.
The boiler transfers heat to the heating pipes, which in turn heat the greenhouse air. Lamps
heat the greenhouse air by convection and radiation on greenhouse objects. Heat from the
greenhouse air (sensible and latent) is harvested by mechanical cooling and
dehumidification (MCD), and transferred to the cold buffer. A heat pump transfers energy
from the cold to the hot buffer, which in turn heats the heating pipes. Toplight lamps are
either high-pressure sodium (HPS) lamps or LEDs, interlights are always LEDs. The
mechanical cooling and dehumidification, buffers and heat pump are collectively termed the
heat harvesting system. Cooling and dehumidification may also be done by window
ventilation. COz is supplied by a tank or a network, independent of the heating system.
Thermal screens are used to reduce heat losses to the outside, and blackout screens are used
to prevent light pollution at night when the lamps are on.

A stepwise approach was used in this study. At each step, greenhouse
systems were simulated, and the simulation results were analyzed to determine
the next step required to advance the system towards a greenhouse that is
exclusively heated by lamps. The guiding principle here was that the simulations
represented realistic greenhouse scenarios, ones that are currently practiced or
can be achieved. The benefit of this stepwise approach is that insights are gained
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regarding each of the scenarios examined along the way, and not only on the final
target.

The study in this chapter was based on weather data and common
growing practices from the Netherlands. The Netherlands provides a useful use
case as it is a country with a high density of high-tech greenhouses (Rabobank,
2018) and a climate characterized by relatively dark and mild winters (Figure
4.1), making heating by lamps especially relevant there. Nevertheless, the
approach employed and the insights derived from this chapter are relevant for
high-tech greenhouses everywhere. As a point of departure, a greenhouse
without supplemental lighting was considered, using the model described in
Chapter 3, with parameters describing a modern high-tech greenhouse as in
Chapter 4. Then, a heat harvesting system was added, based on the model of
Righini et al. (2020), followed by increasing the lamps’ intensity as was done in
Chapter 4 (Section 4.2.3.4), and adding a new model component to describe
interlighting. A full description of these model components is given in Chapter 7.

The resulting model was used to derive insights in an approach termed
“consolidative modelling” (Bankes, 1993): the model represented what we
currently know about a particular system, and its predictions were understood
in that context. This exercise was useful for two reasons: first, it helped derive
insights regarding the system as we understand it and potential knowledge gaps;
second, it identified the most promising scenarios out of the wide range
examined, which can then be tested in practice. This study was thus focused on
what we can learn from the model predictions; the context of these predictions,
the range of their validity and how they can be applied in practice, are addressed
in the discussion as points for further research.

5.2.2. Greenhouse model and weather
input data

The GreenLight model (Chapter 3), extended by adding a module for heat
harvesting system and modifying the interlighting module, was used for all
simulations in this chapter. GreenLight is based on the model of Vanthoor, De
Visser, etal. (2011) and Vanthoor, Stanghellini, et al. (2011), which was expanded
to include lamps and blackout screens (Chapter 3). Details of the model are
available in the electronic appendices of Vanthoor, De Visser, et al. (2011),
Vanthoor, Stanghellini, et al. (2011) and in Chapter 3. The model extensions
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included in this chapter are described in Section 5.2.3 and in Chapter 7. The
source code for the model and simulations used in this chapter is available online
at https://github.com/davkat1/GreenLight. The specific versions of the code
used for generating the data in this chapter are available at
https://github.com/davkat1/GreenLight/releases/tag/katzin-phd-thesis and
https://github.com/davkatl/DyMoMa/releases/tag/katzin-phd-chapter5.

Model parameters were chosen to represent a high-tech 4 hectare
greenhouse as in Table 4.2. Weather data was based on a typical meteorological
year of Amsterdam, the Netherlands (ASHRAE, 2001), retrieved from the
EnergyPlus website (EnergyPlus, 2020). The typical meteorological year
combines several years of weather records to create one year of data that is
representative of the weather pattern in a given location (ASHRAE Technical
Committee 4.2, 2021). The growing seasons length was 350 days. Following
practice in the Netherlands (Raaphorst et al., 2019), in scenarios without lamps
the season started on December 16 and ended on November 30 the next year. In
scenarios with lamps, the season started on September 27 and ended on
September 11 the next year. The following variables from the ASHRAE dataset
were used as weather input: global solar radiation I;;,;, (W m2), air temperature
T out (°C), relative humidity RHy,,; (%), wind speed vy, (m s1), and horizontal
infrared radiation from the sky Ig, (W m2), given in 1-hour intervals and
interpolated to 5-minute intervals by using a piecewise cubic Hermite
interpolating polynomial. Soil temperature Ty,p,; (°C) was given in monthly
average values and interpolated to 5-minute intervals by fitting the values to a
sine function. Outdoor CO2z concentration value was set at 410 ppm.

5.2.3. Modifications to the GreenLight model

In order to explore the possibilities for a greenhouse heated by lamps, the model
described in Chapter 3 was extended by adding a heat harvesting system and by
modifying the interlighting component of the model. Lamps were not on
continuously, since typical tomato cultivars are damaged when grown under
continuous light (Velez-Ramirez et al., 2011). Thus, heat harvesting was used to
extract excess heat from the greenhouse air during the light hours, and return it
into the greenhouse when lamps were off. The interlighting component of the
model was modified to describe a greenhouse with interlighting starting from a
small crop stage, and the crop model component was adjusted to avoid crop sink
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limitations. In this section, we give a short overview of the model modifications,
and an overview of the crop growth and yield components of the GreenLight
model. The full details are given in Chapter 7.

5.2.3.1. Heat harvesting
The heat harvesting sub-model was based on Righini et al. (2020) and Vanthoor,
Stanghellini, et al. (2011). This system had four components: a mechanical
cooling and dehumidification (MCD) unit, a cold water buffer, a heat pump, and a
hot water buffer (Figure 5.1).

Under the initial greenhouse settings, the buffers were composed of a cold

buffer size cgzlﬁsl-ze of 0.42 MJ m2 and a hot water buffer size cgﬂ}sl-ze of 0.84 M]

m-2 (Righini et al.,, 2020). The maximum rate of energy extraction by the MCD unit
was set at 200 W m2 (Vanthoor et al,, 2012), comprised of an electrical input
Pprecr 0f 50 W m2 and a coefficient of performance CO Py, of 4. The coefficient
of performance (COP) indicates the ratio between electrical input to the MCD unit
and its cooling capacity; thus, a COP of 4 and an electrical input of 50 W m-2
resulted in a cooling rate of 200 W m2. The maximum rate of energy transfer by
the heat pump was set at 62.5 W m2 (Van Beveren et al., 2020), comprised of an
electrical input Ppeqepymp 0f 11.36 W m2 and a coefficient of performance
COPyeatpump Of 5.5 (Van Beveren et al, 2020). The maximum rate of energy
delivery from the hot buffer to the pipes Pg, ¢y, was set at 150 W m2 (Van
Beveren et al., 2020).

5.2.3.2. Interlighting

Interlighting was simulated to examine a hybrid HPS and LED system, with HPS
lamps with a photosynthetic photon flux density (PPFD) of 200 pmol m2 s
above the crop (toplights), and LEDs with varying intensities placed within the
crop canopy (interlights). The interlighting model component described in
Chapter 3 was designed under the assumption that the greenhouse has a mature
crop with a full canopy. As such, it was assumed that the canopy absorbs all
radiation coming from the interlights. In contrast, in the current study a full crop
season was considered, starting when the crop is small and the canopy absorbs
little radiation. Therefore, the model was modified so that radiation exchanges
between the interlights and canopy depended on the canopy size, determined by
the leaf area index (LAI). Radiative exchanges between the interlights and other
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greenhouse objects (cover, screens, toplights, pipes, floor) were also included.
The full details of these modifications are presented in Chapter 7.

5.2.3.3. Crop yield and dry matter content

The model component predicting yield in the GreenLight model was based on the
crop model of Vanthoor, De Visser, et al. (2011). This model has been shown to
predict yields very well, particularly in high-tech greenhouses under Dutch
weather conditions (Vanthoor, De Visser, et al., 2011). More recently, the model
has been shown to predict yields of a tomato crop under HPS and LED lights with
a total relative error of less than 5% (Righini et al., 2020). However, it should be
noted that the model predicts yield in dry weight (i.e., excluding water in the
fruit). In order to convert dry weight yield predictions to fresh weight yield
predictions, an estimate of the dry matter content (DMC) of the fruit is required.
The DMC of tomatoes ranges from 4 to 7.5% (Heuvelink et al., 2018). In this study,
a constant DMC of 6%, based on what was found by Righini et al. (2020), was
assumed.

In the crop model of Vanthoor, De Visser, et al. (2011), constant
parameters are used to describe the potential growth rates of the crop’s fruit,
leaves, and stem. These parameters represent the organs’ sink-strength,
describing the maximum ability of the organs to attract assimilates that are
synthesized during photosynthesis. If the rate of photosynthesis is higher than
the combined crop’s sink strength, the crop is said to be sink-limited: increasing
the light intensity will not increase crop growth (T. Li et al., 2015). Advanced
growers regulate the crop sink strength by fruit pruning and by adjusting the
crop’s stem density (Kubota et al., 2018). To avoid a sink-limited crop, the
potential growth rate of the fruit, leaves, and stem were doubled in this chapter,
compared to their original values in Vanthoor, De Visser, et al. (2011). The values
for the potential growth rate of the fruit, leaf, and stem were thus set at 0.656,
0.19, and 0.148 mg m2 s1, respectively.
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5.2.3.4. Greenhouse energy use

Greenhouse energy use included the following components of purchased energy:
electricity consumed by the lamps; heating generated by the boiler; electricity
used by the DMC unit; electricity used by the heat pump; and electricity used for
the water pumps in the heat harvesting system. This was calculated as

E=10"¢f (Hpoiupipe + QLampin + Cuntrampin + MmechUnmecn Puecn Eq.5.1
+Uneatpump Preatpump)dt (M] m2)
where Hgipipe (W m2) is the energy used for heating from the boiler; QLampln
(W m2) is the electric consumption of the toplights; Q IntLampln (W m2) is the
electric consumption of the interlights; UpyecnPyecn (W m-2) is the electric
capacity of the MCD; n,, . is the relative electricity costs of pumping water
through the MCD system; and UpyeqpumpPreatpump (W m2) is the electricity
consumption of the heat pump. The operator [ ( )dt denotes integration over

the full season and 10~® denotes the conversion from ] to MJ. The value for Ntech
was 0.25.

5.2.3.5. Nominal model parameters

The parameters used as a starting point for heat harvesting, lamps, yield and
energy calculations are given in Table 5.1. Some of these parameters were
modified according to the scenarios tested, as described in Section 5.2.5 and
Table 5.2. Other model parameters are given in Table 7.6.
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Table 5.1. Nominal parameters used for heat harvesting, lamps, yield, and energy
calculations. Modification of these parameters were made for the various scenarios studied
as described in Section 5.2.5 and Table 5.2. Other model parameters are given in Table 7.6.

Parameter Meaning Initial value
ctold Size of the cold buffer (MJ m) 0.4184 (Righini et al.,
BufSize
2020)
cHot Size of the hot buffer (MJ m) 0.8368 (Righini et al.,
BufSize
2020)
Py Arir Maximum heating rate from the boiler 150 (Dieleman &
(W m?) Kempkes, 2006)
Pr1echCOP yocn Maximal rate of energy extraction by 200 (Vanthoor et al.,
the MCD system (W m™) 2012)
COPyecn Coefficient of performance of the MCD 4
system (-)
Pujecn Electric consumption of the MCD 50

system (W m?)

P eatpump Maximal rate of energy transfer by the 62.5 (Van Beveren et al.,

- COPyeatpump heat pump (W m?) 2020)

COPyeatpump Coefficient of performance of the heat 5.5 (Van Beveren et al.,
pump (-) 2020)

P eatpump Maximal electric consumption of the 11.36 (Van Beveren et
heat pump (W m?) al., 2020)

Ppusior Maximal energy flow rate from hot 150 (Van Beveren et al.,
buffer to pipes (W m™) 2020)

DMC Dry matter content of the fruit 0.06 (Section 5.2.3.3)

T GFruit Potential fruit growth rate coefficient at  0.656 (Section 5.2.3.3)
20°C (mg{CH.0 m2s})

T9Leaf Potential leaf growth rate coefficientat ~ 0.19 (Section 5.2.3.3)
20°C (mg{CH20 m2s™})

T9stem Potential stem growth rate coefficient 0.148 (Section 5.2.3.3)
at 20°C (mg{CH.0 m2 s}

Mrecn Electricity required to run the water 0.25
pump, relative to the electric
consumption of the MCD system

N LamppAR Photosynthetic photon efficacy (PPE) of 3 for LEDs, 1.8 for HPS

* CLamppaRr the toplights (umol {PAR} J" {input}) (Table 4.3)

N Lamppar Photosynthetic photon flux density 200 (Table 4.3)

“ CLampPaRr (PPFD) of the toplights

- OLampmax (umol {PAR} m?s™)

0 LampMax Electrical energy input to the toplights 67 (Table 4.3)
(W m?)

Ninttamppar " Simeramppar  PhOtOsynthetic photon efficacy (PPE) of 3 (Table 4.3)
the interlights (umol {PAR} J {input})

MintLampPAR * (lntLampPAR PPFD of the interlights 0 (no interlights)

: elntLampMax (p.mol {PAR} rTT2 5_1)

O intLampMax Electrical energy input to the interlights 0 (no interlights)
(W m?)
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5.2.4. Greenhouse climate control

The standard rules for controlling the greenhouse climate were based on

common practice of tomato growers in the Netherlands (Raaphorst et al.,, 2019;

Vermeulen, 2016) and are summarized below. Here, “daytime” is the period from

sunrise to sunset; “nighttime” is from sunset to sunrise; “light period” is daytime,

or nighttime when lamps are on; and “dark period” is the part of the nighttime

when lamps are off.

1.

Lamps: Lamps were off every day between 18:00 and 24:00. This was done

since typical tomato cultivars require dark intervals in order to avoid injury

(Velez-Ramirez et al,, 2011). Between midnight and 18:00 the lamps were

on, with the following exceptions:

o  The lamps were switched off whenever global solar radiation outside
the greenhouse was above 400 W m-2,

o The lamps were switched off if the indoor temperature was above
26.5°C.

o  Thelamps were switched off at night if the blackout screens were forced
to open.

Blackout screens: blackout screens, used to avoid light pollution towards

the outside, were closed at night when the lamps were on, in accordance with

Dutch regulations (Activiteitenbesluit milieubeheer, 2017). The following

exception were made:

o The blackout screens were forced to open if the indoor relative
humidity was above 90%, unless the indoor temperature was 1°C less
than the heating setpoint or colder. The reasoning behind this was that
ifitis cold and humid indoors, it is better to lower the relative humidity
by heating and raising the indoor temperature, rather than ventilate.

o  Theblackout screens were forced to open if the indoor temperature was
26.5°C or more.

Lamp cool-down: for the HPS lamps, a cool-down period was set: if the

lamps were switched off, they were not allowed to switch back on for the

following 1 hour. No cool down period was set for LEDs.

Thermal screens: in order to maintain heat inside the greenhouse as much

as possible, a control strategy with extensive use of thermal screens was

employed, based on Dieleman & Kempkes (2006). Thermal screens were
closed when the outdoor solar radiation was less than 50 W m2 and the
outdoor temperature was less than 18°C, or when the outdoor solar
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radiation was more than 50 W m2 and the outdoor temperature was less

than 5°C. Thermal screens were forced to open under the following

circumstances:

o  Thethermal screens were forced to open if the indoor temperature was
more than 4°C higher than the heating setpoint.

o  Thethermal screens were forced to open if the indoor relative humidity
was above 85%, unless the indoor temperature was colder than 1°C less
than the heating setpoint.

CO: injection: CO2 was injected during the light period, whenever the indoor
CO2 concentration was below the target setpoint of 1000 ppm.
Heating: the desired minimum indoor temperature was 18.5°C during the
light period and 17.5°C during the dark period (Vermeulen, 2016 pg. V59).
However, as a consequence of using a proportional controller, there was an
offset between the setpoint for heating and the realized indoor temperature
(Bequette, 2003). Trial simulations showed that the offset was on average
1°C. Therefore, the setpoint for heating was set at 19.5°C during the light
period and 18.5°C during the dark period. The hot buffer of the heat
harvesting system had priority over the boiler, meaning that heating from
the boiler was only supplied if the heat harvesting system could not supply
heat (the hot buffer was empty), or it was heating at full capacity and the
indoor temperature reached 2°C below the setpoint.

Mechanical cooling and dehumidification: The MCD system

simultaneously cooled and dehumidified the greenhouse. The system was

available whenever the indoor temperature and dew point were above the
temperature Ty, of the cold surface of the MCD (set at 10°C), and the cold
buffer was not full. The system was used for cooling whenever it was
available and the greenhouse air temperature was 2°C above the setpoint for
heating. The system was used for dehumidification if it was available, the
greenhouse relative humidity was above the setpoint for dehumidification,
and the air temperature was warmer than 1°C less than the heating setpoint.

Cooling by ventilation: cooling by roof window ventilation occurred when

the indoor temperature was 5°C above the setpoint for heating.

Dehumidification: dehumidification occurred whenever the indoor relative

humidity was above 87%, unless the indoor temperature was colder than

1°C less than the heating setpoint. The MCD system had priority over
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window ventilation: if the MCD was available and working, the setpoint for
dehumidifying by ventilation was raised to a relative humidity of 89%.

10. Heat pump: the heat pump of the heat harvesting system transferred energy
from the cold buffer to the hot buffer whenever the cold buffer was not
empty and the hot buffer was not full.

Naturally, for simulations that did not include any of the systems described
above (lamps, MCD, heat pump, lamp cooling), the control decisions for that
system were excluded. The nominal control settings are summarized in Figure
5.2.

Tsp'1 °C Tsp Tsp+2oc Tsp+4°C TSP+5°C TSP+7°C
| | | | |
| | | | |
| Dehumidification starts when indoor relative humidity
|
|
|

is above 87% Blackout screens

Thermal screens open

|
|
| |
| |
N open, lamps off
T | 2 1P P
| | | | N
< No dehumi- I | Mechanical ¢ oling | |
dification | | | | |
: : : : Cooling by ventilation
|
& + { | | |
I Heating on | | } +
| | |

Thermal screens closed if indoor relative humidity is
below 85% and one of the following holds:
- Solar radiation is above 50 W mand outdoor
temperature is below 5°C
- Solar radiation is below 50 W m?and outdoor
temperature is below 18°C
| I |
| ] |

Indoor temperature

I
I
o]
|
I
|
|
f
I
|
I
I
I
I
I
|
|

Figure 5.2. Control of heating, ventilation and thermal screens in the standard setting. Tsp is
the temperature setpoint for heating. Dehumidification was done by the MCD system or by
roof ventilation, with priority for the MCD. COz was injected during the light period if the
indoor COz concentration was below 1000 ppm. Lamps were on from midnight to 18:00
unless instantaneous solar radiation was above 400 W m-2, indoor temperature was more
than 7°C above the setpoint, or blackout screens were forced to open. Blackout screens were
deployed at night when the lamps were on, but were forced to open if the indoor relative
humidity was above 90%.

Actuators were controlled using a smoothed proportional controller, as in
Chapter 4 (Section 4.2.3.2). The p-band values for the proportional controllers
were: -1°C for heating; -100 ppm for CO: injection; -1°C for thermal screens
closure due to cold outdoor temperatures; 1°C for thermal screens opening due
to excess indoor heat; 10% relative humidity for thermal screens opening due to

excess humidity; 4°C for ventilation opening due to excess heat; -1°C for
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ventilation closure due to low indoor temperature; 50% relative humidity for
ventilation opening due to excess humidity; 1°C for cooling by the MCD; 2%
relative humidity for dehumidification by the MCD; 0.5°C for blackout screens
opening due to excess indoor heat; 0.5% relative humidity for blackout screens
opening due to excess humidity.

5.2.5. Scenarios studied

The scenarios were performed in three steps: first, a greenhouse without lamps
and without heat harvesting was simulated. This simulation was used to find
nominal settings for the heat harvesting system that would be sufficient for a
greenhouse heated by lamps. In particular, the heat demand of the greenhouse in
the hours between 18:00 and 24:00 was examined. This was done because in the
nominal setting of greenhouses heated by lamps, lamps were switched off from
18:00 to 24:00 to avoid injury to the crop due to continuous light (see Section
5.2.4). Therefore, the heat harvesting system had to be chosen in such a way that
it was able to supply enough heat to the greenhouse in those hours.

Second, a greenhouse without lamps and with a heat harvesting system
was simulated, where the settings for the heat harvesting system were based on
results from the first step. The results from this step helped establish the nominal
settings for the lamps in the greenhouses heated by lamps. Besides determining
the intensity of the lamps, this scenario was also used to establish a daily control
strategy for the lamps: in common practice, lamps are not used on days when
there is sufficient light from the sun. One way to determine which days have
sufficient sunlight is to set a threshold for daily solar radiation sum, such that the
lamps are not used on days with that amount of sunlight or more (as in Chapter
4, Section 4.2.3.2). Another approach is to switch off the lamps starting from a
certain date in spring or summer (Vanlommel et al.,, 2018). The simulation of the
greenhouse without lamps and with heat harvesting was used to find a lamp
strategy that fulfilled the heating needs but avoided using the lamps on days
when this was not needed.

Third, to identify and analyze the potential benefits of heating a
greenhouse with lamps, scenarios with lamps and with heat harvesting were
simulated, with settings based on results from the previous two steps. In
addition, as part of this step a greenhouse with heat harvesting and with lamps
at an intensity that is currently common in practice was simulated, to serve as a
point of comparison to the other scenarios.
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Following common practice in the Netherlands (Raaphorst et al., 2019), in
the first two steps (scenarios without lamps) the season started on December 16
and ended on November 30 the next year. In the third step (scenarios with
lamps), the season started on September 27 and ended on September 11 the next
year.

In the following subsections (Sections 5.2.5.1-5.2.5.2), results of the first
two steps are described, as those formed the basis for the following scenarios.
Results regarding the primary objectives of this research, including yearly energy
use, yield, and the dynamics of the greenhouse climate and control are presented
in Section 5.3.

5.2.5.1. Greenhouse without lamps or heat harvesting
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Figure 5.3. Cumulative frequency curve of the heating demand of a greenhouse without
lamps or heat harvesting, measured by total heating per day (left), and average heating per
hour (right). Left: daily heat demand for the entire day and for the period between 18:00
and 24:00, when lamps were switched off in a nominal greenhouse heated by lamps. Right:
hourly average of heat demand for all hours and for the hours between 18:00 and 24:00. The
figure should be read as follows: a point on the curve at (x,y) indicates that the greenhouse
required heating at a rate of y or more for x hours. For example (left, red), there were 150
days where the greenhouse heat demand between 18:00 and 24:00 was 1 M] m-2 or more.

The season duration for scenarios without lamps followed a typical start and end
date for a tomato crop in an unilluminated greenhouse (Raaphorst et al., 2019),
with the season starting on 16 December and ending 350 days later, on 30
November the next year. The first scenario was of a greenhouse with heating from
a boiler and without heat harvesting. It was found that the maximum daily
heating demand in this scenario was 7.2 M] m?2 d-1; the maximum heating
demand for the period between 18:00 and 24:00 was 1.8 MJ m2; the maximum
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heating rate was 150 W m2; and the maximum heating rate between 18:00 and
24:00 was 110 W m2 (Figure 5.3).

Since the maximum heating demand for 18:00-24:00 was nearly 2 MJ m2,
a heat storage capacity of that size was needed in order to keep the greenhouse
warm when the lamps were off. Furthermore, a heating rate of up to 150 W m-2
was needed. Considering the standard settings for the heat harvesting system
(Table 5.1), the only required change for the scenario without lamps and with

heat harvesting was to increase the buffer capacity to a cold buffer size cgzlﬁsl-ze of
0.67 M] m-2 and a hot buffer size cgg}sl-ze of 1.33 M] m2, with a total of 2 M] m-2

capacity in the two buffers.

5.2.5.2. Greenhouse without lamps, with heat harvesting
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Figure 5.4. Cumulative frequency curve of the heating demand of a greenhouse with heat
harvesting and without lamps, measured by total heating per day (left), and average heating
per hour (right). See Figure 5.3 for instructions on reading the graph. Left: daily heat
demand for the entire day and for the period between 18:00 and 24:00, when lamps are
switched off in a greenhouse heated by lamps. Right: hourly average of heat demand for all
hours and for the hours between 18:00 and 24:00.

Settings for the scenario without lamps and with heat harvesting were identical
to the scenario without lamps and without heat harvesting, except that heat
harvesting was used. While the number of days and hours where heating from
the boiler was greatly reduced by heat harvesting, the maximum heating
demands hardly changed: 7.2 M] m-2 for a full day; 1.8 M] m-2 for the period 18:00-
24:00; a heating rate of 150 W m2 for all hours; and a heating rate of 90 W m-2
between 18:00 and 24:00 (Figure 5.4).
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Since the maximum heating rate in the greenhouse with a heat buffer
remained 150 W m?2, the nominal power consumption of lamps in the
greenhouses heated by lamps was set at this rate. Since the photosynthetic
photon efficacy (PPE) was 3 umol ] for LEDs and 1.8 umol J-1 for HPS lamps, this
meant using only LEDs ata PPFD of 450 pmol m2 s-1, or a hybrid system with HPS
toplights at a PPFD of 200 pmol m2 s-1 (110 W m2) and LED interlights at a PPFD
of 120 pmol m2 st (40 W m-2), with a total of 320 umol m-2 s1.

As mentioned in Section 5.2.5, the scenario without lamps and with heat
harvesting was also used to decide on a daily strategy for control of the lamps. As
it turned out, there was no threshold of daily solar radiation such that all days
above that threshold required heating, and all days below that threshold did not
require heating (Figure 5.5). For example, 10 April had a daily solar radiation of
19 M] m2 and required 2 M] m2 of heating, while 18 August had a daily solar
radiation of 5 MJ] m2 and did not require heating. This is because heating
demands do not depend solely on the daily solar radiation sum; the fluctuations
in radiation, as well as the outdoor temperature, also play a role. Switching off
the lamps on days with a solar radiation of more than 5 M] m2 would have
resulted in insufficient heating in April; switching off the lamps on days with
solar radiation of more than 19 M] m-2 would have prevented cold temperatures
in April but would have resulted in many days of high lamp use in summer.

Thus, a control strategy based on the day of year was chosen, namely,
setting the lamps off from 24 May to 11 September, when the season for
illuminated greenhouses ended. During those days, practically no heating from
the boiler was used in a greenhouse with heat harvesting (Figure 5.5).
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Figure 5.5. Daily solar radiation sum and heating demand in the scenario without lamps and
with heat harvesting. No threshold of daily solar radiation exists, such that all days below
the threshold require heating and all days above the threshold do not require heating. As an
example, the dashed horizontal line shows that heating is needed on days with either more
or less than 10 M] m-2 d-1 of solar radiation (e.g., 04/02, 26/03). Nevertheless, as indicated
by the dashed vertical lines, practically no heating is needed between 24 May and 11
September, when the season for illuminated greenhouses ends.

5.2.5.3. Greenhouses heated by lamps
Based on the findings of the previous two steps, a range of scenarios was devised
to assess the benefits of heating greenhouses with lamps. The following nominal
settings were used for the scenarios of greenhouses without lamps: a total heat
buffer size of 2 M] m%; a lamp power consumption of 150 W m, set as all LED
toplights; lamps off from 24 May. The nominal settings were modified in various
ways in order to examine a wide range of scenarios for greenhouses heated by
lamps (Table 5.2), including various settings for lamp type, lamp control strategy,
heat buffer size, and the use of a blackout screen.

A scenario with LEDs at 200 umol m2 s'1, with heat harvesting and a boiler
(L 200 in Table 5.2), was used as a point of comparison, representing a lamp
intensity that is currently common in illuminated tomato greenhouses
(Raaphorst et al., 2019). Other scenarios were used to test the influence of
various design and control choices on the performance of the greenhouse heated
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by lamps. These scenarios included: using a combination of toplights and
interlights instead of all toplights (L/L 450); not using the blackout screens (L
450 NBO); a bigger or smaller heat buffer size (L 450 BB, L450 SB); lower or
higher lamp intensity (L 400, L 500); hybrid HPS and LED lighting, at the same
power consumption of the nominal setting or higher, with and without a blackout
screens (H/L 320, H/L 320 NBO, H/L 370, H/L 370 NBO).

The hybrid scenarios were chosen since currently, a common setting for
an illuminated tomato greenhouse is HPS toplights at 200 pumol m=2 s
(Raaphorst et al., 2019). Advancing such a greenhouse to being fully heated by
lamps by adding interlight LEDs would thus be a relatively easy adjustment. At
the same time, it was expected that extensive use of HPS lamps, especially with
blackout screens, would cause excessive heat and humidity inside the
greenhouse and would limit the ability to use the lamps as intended. We tested
whether a hybrid system with the same power consumption as the nominal
setting (150 W m'2) would be sufficient for heating the greenhouse by lamps, or
whether a higher lamp power consumption (167 W m2) was needed. We also
tested the influence of blackout screens in these scenarios.

Two scenarios with an adjusted lamp control strategy were also tested.
The first was a lamp control strategy with a maximum lamp use of 20 hours per
day (L 450 20H). Here, lamps were on every day from 22:00 to 18:00 the next
day, with the same exceptions as described in Section 5.2.4 and Section 5.2.5.2.
The second was a control strategy with a gradual response to outdoor solar
radiation (L 450 GL): in this setting, lamps were on at full intensity (450 umol m-
2 51y if the solar radiation was below 200 W m-2, and lamps were on at half
intensity (225 pmol m2 s1) if the solar radiation was between 200 W m2 and
400 W m2 As in all other scenarios, lamps were off if the solar radiation was
above 400 W m2 (Section 5.2.4).
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Table 5.2. Summary of scenarios tested in this study. N: no lamps and no heat harvesting; N
HH: no lamps and heat harvesting. L: LED toplighting; L/L: LED toplighting and LED
interlighting; NBO: no blackout screens. GL: gradual lamp control based on solar radiation;
20H: 20 hour maximum daily lamp period; BB: big heat buffers; SB: small heat buffers; H/L:
HPS toplighting and LED interlighting. The cold and hot energy buffer sizes were 1/3 and
2/3, respectively, of the total heat buffer size. The growing season was December 16-
November 30 for scenarios without lamps and September 27-September 11 for scenarios
with lamps. The scenarios N and N HH were used to establish the requirements for a
greenhouse without lamps (Sections 5.2.5.1-5.2.5.2). The scenario L 200 was used a point of
comparison to current practice. The scenario L 450 represented the nominal setting for a
greenhouse heated by lamps. Other scenarios examined the influence of control and design
modifications from the nominal setting.
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L 450 LED 450 150 v X v 18 on/off 2
L/L 450 LED/LED 225+225 75+75 V X v 18 on/off 2
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L 450 LED 450 150 X X v 18 on/off 2
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L450 GL LED 450 150 v X v 18 on/half/off 2
L 450 LED 450 150 v X v 20 on/off 2
20H
L450 BB LED 450 150 v X v 18 on/off 3
L450SB LED 450 150 v X v 18 on/off 1.26
L 400 LED 400 133 v X v 18 on/off 2
L 500 LED 500 167 v X v 18 on/off 2
H/L320 HPS/LED 200+ 120 110+40 V X v 18 on/off 2
=320 =150
H/L320 HPS/LED 200+ 120 110+40 X X v 18 on/off 2
NBO =320 =150
H/L370 HPS/LED 200+ 170 110+57 V X v 18 on/off 2
=370 =167
H/L370 HPS/LED 200+ 170 110+57 X X v 18 on/off 2
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Additionally, greenhouses with lamps with a power consumption of 167
W m-2 were also tested. This meant using only LEDs with a PPFD of 500 umol m-
251, or a hybrid system with HPS toplights at a PPFD of 200 umol m2 st (110 W
m-2) and LED interlights at a PPFD of 170 pmol m2 s'1 (57 W m2), with a total of
370 umol m2 s-1. The nominal buffer size was set at 2 M] m2 (1.33 M] m2 for the
hot buffer and 0.67 M] m2 for the cold buffer). The effects of a bigger buffer, sized
3 M] m? (2 M] m? for the hot buffer and 1 MJ m-2 for the cold buffer), and a
smaller buffer, sized 1.26 M] m2 (0.84 M] m2 for the hot buffer and 0.42 M] m2
for the cold buffer, as in Righini et al. (2020)), were also tested.

5.2.6. Assessment of scenarios

5.2.6.1. Maintenance of indoor temperatures

In order to evaluate whether a greenhouse was able to maintain the required
indoor temperatures, the minimum realized indoor temperature and the total
number of cold hours were recorded. An hour was considered cold if the average
indoor temperature during that hour was colder than the desired setpoint, which
was defined as 1°C less than the heating set point (see Section 5.2.4). Even for
greenhouses with heating from a boiler, it is possible for cold hours to occur, for
example, due to a temporary drop in temperature when thermal screens open
(Dieleman & Kempkes, 2006). As another example, in the Netherlands heating
costs are influenced by the total capacity, i.e., the maximum supply rate of the
heating system (Dieleman & Kempkes, 2006). Growers may thus choose for a
maximum heating capacity that does not cover all the greenhouse’s heating
needs, with the assumption that a limited number of cold hours does not
meaningfully limit crop growth.

5.2.6.2. Energy use, light, and yield

The greenhouses’ purchased energy input (M] m2 year!) was calculated as
described in Section 5.2.3.4, divided into lamp energy input, heating from the
boiler, and energy input to the heating harvesting system. Yearly dry weight fruit
yield (kg m2 year!) was an output of the model, and was converted to fresh
weight by assuming a fruit dry matter content of 6% (Section 5.2.3.3). In order
to understand the influence of lighting system on yield, the total yearly sum of
photosynthetically active radiation (PAR) light (mol m2 year-!) in the greenhouse
(outside the crop canopy) was calculated, divided into PAR from the sun and PAR
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from the lamps. The energy efficiency of each scenario was defined as the amount
of purchased energy input (M] m-2 year1) divided by total fresh weight harvest
(kg m2year1), measured in M] kg-1. Note that with this definition, a low energy
use per product indicates high energy efficiency.

5.2.6.3. Analysis of energy fluxes
In order to understand how heating by lamps influences the greenhouse’s energy
balance, the yearly sums of incoming and outgoing energy flows of the
greenhouse system were calculated. These inputs and outputs (all in MJ m2
year1) are given below, together with their notation in the studies where they
were first described (Chapter 7; Righini et al., 2020; Vanthoor, Stanghellini, et al,,
2011; see also Glossary of terms):
e Energy absorbed from the sun: by the greenhouse structure, the canopy,
and the floor
Reiob_sunair + RpaR suncan + RNIR suncan + RpaR sunFir
+RNIR_SunFlr + RGlob_SunCov,e
e Energy input from the boiler to the heating pipes: Hgoupipe
e Energy input to the lamps: QLampin + Qunezampm

e Energy input from the heat harvesting system to the heating pipes:
HpufHotpipe

e Energy output to the soil: Hg,5500ut

e Thermal radiation output emitted towards the sky: from the
greenhouse cover, screens, lamps, canopy, pipes, and floor
Reovesky + Rrnsersiy + Rpisersky + Riampsky + Reansiy

+RPipeSky + RIntLampSky + RFlrSky

e Energy output to the outdoor by convection through the cover: H¢oy eout

e Energy output through ventilation: H 4;r0u: + Hropout

e Latent heat output: representing the net loss of sensible heat by
conversion to latent heat. This value is composed of loss of sensible
heat due to transpiration minus gain of latent heat due to condensation
on the screens and cover: Legnair — Lairthser — Lropcov,in

¢ Sensible heat harvested by the heat harvesting system: H 5;,p0cp,

e Latent heat harvested by the heat harvesting system: L ;. pecn

The heat harvested by the heat harvesting system (sensible and latent
heat) was transferred to the hot water energy buffer with a heat pump that had
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a coefficient of performance (COP) of 5.5. This meant that the total sum of energy
available for heating from the hot buffer Hg,¢jopipe Was a factor of E =1.22

larger than the sum of energy harvested by the heat harvesting system

(Qairmech = Hairmecn + Lairmecn, see also Chapter 7).

5.3. Results

5.3.1. Maintenance of indoor temperature

The greenhouses heated with a boiler - without lamps or heat harvesting,
without lamps and with heat harvesting, with heat harvesting and with LEDs at
a PPFD of 200 umol m2 s'1 - experienced 45, 72, and 41 hours that were colder
than the desired setpoint, respectively (Figure 5.6). The minimum realized
indoor temperature in these greenhouses were 15.7°C, 16.8°C, and 17.8°C,
respectively. Since these scenarios represented common practice, it was
concluded that this amount and intensity of cold periods is low enough to be
acceptable by growers and to avoid meaningful losses.

The majority of scenarios of greenhouses heated exclusively by lamps
were more successful in maintaining indoor temperatures than the greenhouses
that used a boiler, with a lower number of cold hours and a higher minimum
indoor temperature. The exceptions were the greenhouse with small energy
storage buffers, the greenhouse with LEDs at a PPFD of 400 pmol m2 s'1, and the
greenhouses with a hybrid lighting system (HPS and LED) at a PPFD of 320 pmol
m-2s1 Overheating of the greenhouse due to the lamps was avoided by switching
the lamps off when the indoor temperatures were above 26.5°C (Section 5.2.4).



Chapter 5

250 T T T T T T T T T T T T T T ™20
| _ Number of cold hours ‘ Minimum indoor temperature |
119
17.8 200

200+ ‘ 17.5 17.5 118

16.8 169 17.0 17.0 169 ' 16.9 ‘ 17
o 6000% \ 4t

15.7
—~150

K,
126 124

Cold hours (h
Minimum indoor temperature (°C)

N P 0
AN \,“6 Q\@ N

© P N N N Q0 O
qp\’\mg% SN \’60\{\ CRN\ oy \\,'5'\ ®
v

m‘DQ W
>

Figure 5.6. Number of cold hours (colder than the desired setpoint) and lowest indoor
temperature (°C) realized in the tested greenhouse scenarios. See Table 5.2 for description
of scenarios.

5.3.2. Energy use, light, and yield

The scenario without lamps or heat harvesting required 1,115 M] m2 year! of
energy inputs, in the form of heating from the boiler. Heat harvesting reduced the
energy demand to 818 M] m2 year! (Figure 5.7A). The energy demand of an
illuminated greenhouse with a lamp intensity of 200 pmol m-2 s was 1,388 M]
m-2 yearl. The greenhouses heated by lamps had an energy demand between
2,000 and 2,500 M] m2 year-1. The intensity of the lamps and the number of hours
they were used was the main factor influencing the energy demand: the scenarios
that used more than 2,400 M]J m2 year-! were the scenario with a 20 hour daily
lamp period, the scenario with a lamp intensity of 500 pmol m2 s, and the
hybrid scenario with a lamp intensity of 370 umol m2 s1. The scenarios which
used less than 2,200 M] m2 year! were the scenario with a lamp intensity of 400
umol m2 s, the scenario with a gradual control of the lamps based on the sun’s
intensity, and the scenario with hybrid lighting at 320 umol m2 s! and blackout
screens. Although this hybrid lighting system had the same power consumption
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(150 W m2) as the scenario with all-LEDs at 450 pmol m-2 s, in this scenario
lamps were used less often due to high humidity levels forcing the blackout
screens to open (see Section 5.3.3). When blackout screens were not used, the
lighting hours increased, and the energy demand grew to 2,279 M] m2 year-1.

All scenarios received roughly the same amount of PAR from the sun, close
to 6,000 mol m?, on a total yearly basis (Figure 5.7B). Differences in PAR from
the sun are due to the control of the thermal screens during the day: the screens
were opened if the indoor air was too hot or too humid. The scenario with LED
toplights at 450 umol m-2 s-1 had nearly 6,500 mol m-2 of PAR from the lamps.
This was raised by more than 10% to 7,200 mol m-2 in the scenario with 20 hour
daily lamp use and with LEDs of 500 umol m-2 s-1. However, the yield increases
associated with these modifications were only 2-5% (Figure 5.7C), rising from
143 kg m2 with LED toplights at 450 umol m-2 s-! to 146 kg m-2 with 20 hour daily
lamp period and 150 kg m-2 with lamps of 500 pmol m-2 s-1.

In the scenarios without lamps, the use of heat harvesting greatly
influenced the energy efficiency of the greenhouse, by reducing the energy input
and hardly influencing yield (Figure 5.7D). In these scenarios, heat harvesting
reduced the energy use per product from 18.8 M] kg'! to 13.7 M] kg-L. Increasing
the lamp intensity resulted in higher yields but also in a higher energy use per
product. For example, increasing the intensity of LED toplights from 200 to 400,
450, and 500 pmol m2 s'1 increased the yield from 99 to 135, 143, and 150
kg m2 and the energy use per product from 14 to 15, 15.8, and 16.6 M] kg1,
respectively. Replacing HPS lamps with LEDs of an equivalent power
consumption resulted in higher yields and lower energy use per product. For
example, the hybrid HPS/LED system at 320 pumol m?2 st had a yield of 116
kg m-2 and energy use per product of 18.3 M] kgL. The yield was thus 19% lower
and the energy use per product 14% higher than the LED toplight system with
the same power consumption of 150 W m2, and a light intensity of 450
umol m2 s,
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Figure 5.7. Results of the scenarios studied (Table 5.2). A: Energy input from the lamps, boiler, and electricity used for heat harvesting (M] m2
year-1). B: Total PAR above the canopy from the sun and the lamps (mol m2 year-). C: Total fresh weight yield (kg m- year-1). D: Total energy
efficiency (M] of input energy per kg of fresh weight harvest). Labels in C and D also correspond to A and B.
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5.3.3. Factors influencing cold indoor
temperatures

In this subsection, the mechanisms behind the results presented in Figure 5.6 are
elucidated by focusing on a selected group of scenarios during specific times of
the growing period. These scenarios and periods are representative of general
phenomena that were behind the ability to maintain the desired indoor
temperature setpoints in each of the studied scenarios.

In the scenarios without lamps, cold periods are often caused by a
temperature drop when the thermal screens are opened (Figure 5.8). For
example, on 09/03 and 11/03, the thermal screens were opened when the
outdoor temperature exceeded 5°C, causing the indoor temperature to briefly
drop below the desired setpoint. This phenomena has also been observed in
other studies (Dieleman & Kempkes, 2006). The indoor temperatures were often
lower with heat harvesting, due to cooling. This caused the temperature drops to
be more severe in the scenario with heat harvesting: the temperature drop on
08/03, which was due to cold outdoor temperature, resulted in an indoor
temperature below the desired setpoint in the case with heat harvesting, but not
in the case without heat harvesting.

With lamps at an intensity of 400 pmol m2 st (133 W m2), the heating
coming directly from the lamps was often insufficient to maintain the desired
setpoints (Figure 5.9, top). In this scenario, heating was often drawn from the
heat buffer while the lamps were on (Figure 5.9, middle). This resulted in the
buffers being depleted quickly after the lamps went off (Figure 5.9, bottom),
resulting in very cold temperatures during the dark period. In the scenario with
small heat buffers, the indoor temperature was equivalent to the scenario with
the nominal buffer size for most of the day (Figure 5.9, top), but at some point
during the dark period the buffer was depleted (Figure 5.9, bottom), no more
heating could be supplied (Figure 5.9, middle), and temperatures dropped below
the setpoint.
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Figure 5.8. Hourly average indoor temperature (top), thermal screens use and cooling
(middle), and outdoor weather (bottom) in the scenarios without lamps during 4 days in
March. Date marks indicate midnight of each day. N: scenario without lamps, with boiler,
without heat harvesting. N HH: scenario without lamps, with boiler, and with heat
harvesting. Desired setpoint: minimum temperature desired for the indoor temperature.
Thermal screens were used when the solar radiation was below 50 W m-2 and the outdoor
temperature was below 5°C, or when the solar radiation was above 50 W m-2 and the
outdoor temperature was below 18°C.
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Figure 5.9. Hourly average indoor temperature (top), energy inputs (middle), and heat
buffers content (bottom) in the scenario with LED toplights at 450 umol m-2 s'1 (L 450), LED
toplights at 400 umol m2 s1 (L 400), and LED toplights at 450 umol m-2 s-1 with smaller heat
buffers (L 450 SB) during 4 days in December. Date marks indicate midnight of each day.
Heat buffers content is the sum of the content of the hot and cold buffers. The total buffer
size was 2 MJ m-2 in the nominal scenarios and 1.26 M] m-2 in the small buffer scenario.
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Scenarios with a hybrid HPS/LED lamp configuration with a total lamp
intensity of 320 umol m-2 s-1 resulted in many cold hours, despite the fact that the
power consumption of the lamps, 150 W m-2, was equivalent to the scenario with
only LEDs at 450 pmol m? s1. The reason for these cold hours was excess
humidity (Figure 5.10). Indeed, several theoretical studies have found that crops
transpire more under HPS lamps than under LEDs (Chapter 4; Nelson & Bugbee,
2015).

Recall that blackout screens were forced to open, and consequently the
lamps were switched off, during the night time when the indoor temperature was
above 26.5°C or the indoor relative humidity was above 90% (Section 5.2.4).
Comparing the all-LED scenario to the hybrid HPS/LED scenarios, it can be seen
that lamps often switched off in the hybrid scenarios with blackout screens
(Figure 5.10, middle). This was not due to temperatures above 26.5°C (Figure
5.10, top), but due to relative humidity above 90%, caused by excess
transpiration. This transpiration, which converted sensible heat to latent heat, as
well as increased relative humidity and therefore required ventilation, resulted
in lower temperatures and lower heat buffer contents in the hybrid scenario
(compare L 450, H/L 320, and H/L 320 NBO - all with lamps at 150 W m2 - in
Figure 5.10, top and bottom). When the lamp intensity was increased to 167 W
m-2, as in scenarios H/L 370 and H/L 370 NBO, there was sufficient energy
supplied to the greenhouse to maintain the desired temperatures (Figure 5.10,
top) and energy contents of the buffers (Figure 5.10, bottom). Nevertheless,
when the blackout screens opened and the lamps shut off due to high humidity,
the indoor temperature dropped momentarily (scenario H/L 370 in Figure 5.10,
top and middle).
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Figure 5.10. Hourly averages of indoor temperature (top), lamp input (middle), and energy
buffer contents (bottom) in the scenarios with LED toplights at 450 umol m-2 s1 (L 450),
hybrid HPS/LED at 320 umol m2 s-1 (H/L 320), hybrid HPS/LED at 320 umol m-2 s-1 without
blackout screens (H/L 320 NBO), hybrid HPS/LED at 370 umol m-2 s'1 (H/L 370), and hybrid
HPS/LED at 370 umol m2 s'1 without blackout screens (H/L 370 NBO), during 4 days in
January. Date marks indicate midnight of each day. Lamps were forced to switch off due to
the blackout screens opening, which happened if the relative humidity exceeded 90% during
the night. Once the lamps were switched off, HPS lamps cooled down for 1 hour before
switching back on. LEDs could switch back on immediately.
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5.3.4. Daily and yearly energy use

The greenhouses heated by lamps supplied a lot more energy to the greenhouse
than what was needed to maintain the indoor temperatures (Figure 5.11).
Although the season start and end times, and therefore the crop size, are different
in the greenhouse without lamps, its daily heating input provides a useful
reference to how much heating is needed in the greenhouse. Comparing the
greenhouse with lamps of 200 pmol m-2 s to the greenhouse with no lamps, it
can be seen that in the first weeks of the season (27/09-26/10), the lamps
provided more heat than needed on a daily basis, so no heating was used
(‘Lighting L 200’ is equal to ‘Heating+lighting L 200"). Later in October (e.g.
26/10, 31/10), the heating need was higher than what the lamps provided, so
this was compensated by adding heating, with a total daily energy input
(‘Heating+lighting L. 200’) equivalent to the greenhouse without lamps (‘Heating
N HH"). From December onwards, the daily heating needs with lamps of 200 pmol
m-2 s1 were higher than the needs in the greenhouse without lamps, the lighting
was not sufficient to cover these needs, and additional heating was provided.
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Figure 5.11. Daily heating and lighting input of the scenarios with no lamps with heat
harvesting (N HH), LEDs of 200 umol m=2 s'1 (L 200), and LEDs of 450 umol m-2 s-1, without
a boiler (L 450). The season for the N HH scenarios started on 16/12 and ended on 30/11, so
no values are given for 01/12-15/12. ‘Heating N HH’ provides an estimate of the heating
needs of the greenhouse for each day. ‘Heating+lighting L 200’ is the combined energy input
(heating from the boiler and lighting) in the scenario L 200. Since no heating from the boiler
was provided in the scenario L 450, ‘Lighting L 450’ is the combined energy input in the
scenario L 450.

The total energy inputs of the greenhouse with lamps of 200 pmol m2 s1
provide an estimate of the heating needs of an illuminated greenhouse. It is clear
that with 450 umol m2 s-1 the lamps provided considerably more heat than what
was needed. This is expected when recalling Figure 5.4: the maximum daily heat
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demand of the greenhouse without lamps was 7.2 M] m2 day-1, and it was often
a lot lower. With lamps at 450 pmol m-2 s (150 W m2) on for 18 hours a day, the
heat provided was up to 9.72 M] m-2 day-?, resulting in an excess of heat.

The excess energy provided to the greenhouse in the scenarios with lamps
was removed by radiation, convection, ventilation, and transpiration (Figure
5.12). As with PAR from the sun (Figure 5.7B), the total yearly radiation from the
sun was roughly equivalent, around 2,500 M] m, in the scenario without lamps
(N HH), with LEDs of 200 umol m2 s (L 200), and LEDs of 450 pmol m2 st
(L 450). Differences in absorbed solar radiation are due to the control of the
thermal screens. The scenario N HH added another 1,268 M] m2 of energy input
from the boiler and the energy buffers. The scenario L 200 added another 2,003
M] m2 of energy from the boiler, lighting, and energy buffers, and the scenario
L 450 added another 2,654 M] m2 of energy from the lighting and energy buffers.
As was seen with the daily heating demands (Figure 5.11), the scenario L 450
provided considerably more energy inputs than what was needed for heating.
The excess energy inputs were removed from the greenhouse through several
factors: higher radiation to the sky and convection through the cover due to
higher indoor temperatures, higher transpiration due to higher radiation on the
crop, and higher ventilation in order to remove excess heat and humidity.
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Figure 5.12. Incoming and outgoing energy flows in the scenario without lamps and with
heat harvesting (N HH), the scenario with LEDs at 200 umol m2 s-1 (L 200), and the scenario
with LEDs at 450 umol m2 s (L 450). The harvested heat (sensible and latent) is returned
to the greenhouse by using a heat pump with a coefficient of performance (COP) of 5.5. Thus
the total energy available for heating from the buffer is equal to 5.5/4.5 = 1.22 times the
harvested heat.
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5.4. Discussion

The scenarios examined in this chapter show that it is possible to implement a
greenhouse system that is exclusively heated by lamps and does not require
heating from a boiler. For the case examined of a greenhouse in the Netherlands,
the minimal requirements that were found to make such a system possible in an
all LED greenhouse were: lamps with a power consumption of 150 W m2 and a
heat storage buffer of 2 M] m2 (Figure 5.6). For a hybrid HPS/LED greenhouse
system, a lighting system with a power consumption of 167 W m2 was needed to
maintain sufficient temperatures.

Increasing the lamp use - either in intensity or duration of operation -
contributed to higher yields but also to a higher energy use, resulting in a lower
energy efficiency of the system (compare e.g.,, N HH, L. 200, L. 400, L. 450, L. 500 in
Figure 5.7). An exception to this rule was the case where LEDs replaced HPS
lamps with an equivalent power consumption: this transition resulted in an
increase in energy use but a larger relative increase in yield, and thus in a higher
energy efficiency.

5.4.1. Comparison of model predictions with
previous findings

The model prediction that higher light intensities will increase yield but reduce
efficiency is in line with the fact that photosynthetic response to light is a
saturating function with “diminishing returns” (Hikosaka, Noguchi, et al., 2016).
This is also in line with the observation that more intensive production often
results in lower efficiency: in standard practice, greenhouses with HPS lamps
were found to require 60% more energy per kg tomato produced than
greenhouses without lamps (Raaphorst et al,, 2019 pp. G33-G34). When optimal
control was applied, greenhouses with lighting (HPS or LED) were predicted to
require 30%-45% more energy per kg than unilluminated greenhouses (Kuijpers
et al, 2021). One exception to this trend was found in the case of lettuce
production in the arctic circle (Graamans et al., 2018). In this case, the increased
yield due to supplemental HPS lighting was higher than the increased energy use,
resulting in a roughly 15% higher energy efficiency compared to an
unilluminated greenhouse.
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Going back to tomato production in the Netherlands, the finding that the
energy need for heating diminishes as the lighting input increases, is in line with
Chapter 4, which compared greenhouses with either HPS or LED lamps with
equivalent PPFD but with different lamp power consumption. The prediction of
the heating requirement for the greenhouse without lamps or heat harvesting -
1,115 M] m2 year, is in line with Raaphorst et al. (2019, pg. G36), who reported
an energy use of 1,089 M] m2 year-! for a greenhouse with heating from a boiler.

Using a heat harvesting system was predicted to save 297 M] m2 year-l,
which is in line with the findings of Kempkes et al. (2017), who estimated that
250 M] m2 year-! can be saved by heat harvesting in a Dutch tomato greenhouse,
and Ntinas et al. (2020), who found a reduction of 290 M]J mZ with heat
harvesting for a tomato crop in Germany. The greenhouse with LEDs of 200 umol
m-2 s1 required an energy input 1,388 M] m-2, which is 527 M] m less than a
comparable greenhouse in Chapter 4 (the LED greenhouse without temperature
adjustment in Figure 4.8). Although specific simulations are required to explain
the causes for this energy use reduction, around 300 M] m2 of it can be attributed
to the use of heat harvesting (Ntinas et al., 2020), around 30 M] m? to the
extended use of thermal screens (Dieleman & Kempkes, 2006), and around 100
M] m-2 to the use of blackout screens (De Gelder, Poot, et al., 2012).

The yield predictions for the greenhouse with lamps at an intensity of 200
umol m2 s, found to be 99 kg m-2, are in line with Raaphorst et al. (2019, pg.
G33), who reported a yield of 93 kg m-2 for a tomato greenhouse illuminated with
198 umol m2 s-1. The yield prediction for greenhouses without lamps - 59-60 kg
m-2, is lower than the 73.4 kg m 2 that was reported by Raaphorst et al. (2019, pg.
G34) for a similar greenhouse. Thus, while Raaphorst et al. (2019) report a yield
increase of 27% by adding lamps to a greenhouse, in this chapter a yield increase
of 65%-68% was predicted.

It is possible that the use of a constant dry matter content (DMC) to
convert dry weight yield to fresh weight yield is the cause for this discrepancy. In
particular, a DMC of 6% chosen in this chapter was based on a trial in an
illuminated greenhouse (Righini et al,, 2020). However, in practice the DMC
depends on the specific cultivar and the crop environment. The mechanisms that
influence fruit DMC in tomato are unclear. It is known that high electrical
conductivity in the root zone increases DMC (Fanasca et al., 2007), and that crops
typically show a higher DMC in summer and a lower DMC in winter (Klaring &
Krumbein, 2013). This seasonal effect is arguably not due to radiation (Klaring &
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Krumbein, 2013), but rather due to temperature (Klaring et al., 2015). Thus, it
may very well be that the average DMC is higher in illuminated greenhouses than
unilluminated ones: first, because illuminated greenhouses are warmer, due to
heating from lamps as well as longer periods under a “day” temperature setpoint
(Section 5.2.4). Second, illuminated crops transpire more (Figure 5.12), which
may lead to faster drying, and thus a higher electrical conductivity of the root
zone. Using alower DMC for the unilluminated greenhouse would result in higher
yield predictions for unilluminated greenhouses and lower yield increases due
to lamps, which may be closer to what is found in practice. Such a modification
would result in a lower energy input per product in the unilluminated
greenhouses (N, N HH in Figure 5.7), strengthening the conclusion that adding
lamps reduces the energy efficiency of a greenhouse.

Another factor that influences yield is the organ sink strength (Section
5.2.3.3). It has been shown that light quality, such as the proportion of far-red
radiation, increases the fruit sink strength in tomato (Ji et al., 2020). Further
exploration of the influence of sink strength and calibration of model parameters
for potential growth rate of the organs would help improve the model’s yield
predictions over a broad range of scenarios and lighting configurations.

Lastly, the maximum yield predicted - 150 kg m-2 with lamps of 500 pmol
m-2 sl - is comparable to an estimate that greenhouse tomato production can
reach yields of up to 200 kg m-2 (Heuvelink & Kierkels, 2013). In that study,a DMC
of the fruit of 5.5% and a greenhouse roof transmissivity of 90% was assumed.
Here, the DMC was 6% and the effective roof transmissivity was on average 72%.
Taking these difference into account, and assuming that each 1% of light results
in 1% more production (Marcelis et al., 2006), the yield prediction of 150 kg m2
would become 205 kg m2, which is in line with (Heuvelink & Kierkels, 2013).

5.4.2. Energy use, energy efficiency,
and future opportunities

The results of this chapter show that while lamps at an intensity of 150 W m-2
were necessary to maintain sufficient indoor temperatures (Figure 5.6), using
this intensity throughout the year typically resulted in an excess of heat supplied
to the greenhouse (Figure 5.11), which consequently had to be removed (Figure
5.12). This large input of excess heat was the result of a lamp strategy that
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typically illuminated for 18 hours per day at a constant rate of 150 W m2, arriving
at a total of 9.72 MJ d-! (Figure 5.11).

In that respect, the scenario L 450 was not substantially different from a
typical HPS greenhouse, which illuminates up to 18 hours a day (Moerkens et al,,
2016) at an intensity of 110 W m-2 (Raaphorst et al., 2019). Indeed, the total
purchased energy for the scenario L 450, which was 2,255 M] m2 year-!, was
almost equivalent to what was found in Chapter 4 for an HPS greenhouse with
lamps at 200 pmol m2 s1 (110 W m-2): 2,290 M] m2 year-! (Figure 4.8). In that
study yield was not considered, but it was assumed that HPS and LED lamps had
an equivalent influence on the crop. Thus, an estimated yield of 99 kg m2, as was
found in the current chapter for the scenario L 200, is a good assumption. The
resultis an energy use per product of 23 M] kg1 in the case of an HPS greenhouse.
In that respect, the greenhouse heated by lamps scenario L 450, with an energy
use per product of 15.8 M] kg, is considerably more efficient.

The results also show that some simple adjustments to the system could
be used to help make a greenhouse heated by lamps considerably more energy
efficient: first, the maximum heating demand could be reduced, consequently
reducing the required lamp intensity. This can be done by increasing the
greenhouse’s insulation, or by an extended use of thermal screens. For example,
two thermal screens can be used instead of one: one with a high insulating value
and another with high light transmittance and an anti-condensation film (De
Gelder, Poot, et al., 2012). Alternatively, a more sophisticated lighting strategy can
be used. The scenario with a gradual lamp control, where lamp intensity was
reduced by half depending on solar radiation, consumed less energy and was
more efficient than the scenario with an on/off control strategy (Figure 5.7).
Further refining this control strategy would reduce the use of lamps when there
is sufficient heating and lighting in the greenhouse, and could greatly improve
the energy efficiency of the greenhouses heated by lamps. Such a refinement
could include deciding on an hourly basis whether lamps should be used (Serale
et al, 2021), or dynamically controlling the intensity of LEDs by dimming or
pulse-width modulation (Van lersel & Gianino, 2017; Wang et al, 2018).
Similarly, the greenhouse’s transmissivity and insulation could also be controlled
dynamically, by employing an adaptive greenhouse shell (C. Lee, 2017).

A more refined control strategy for the lamps could prevent excess energy
supplied to the greenhouse. Consider for example the scenario L 450 in Figure
5.11. Adjusting the lamp control strategy could ensure that the daily energy input
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is equal to the heating needs of the greenhouse, resulting in an equivalent or
lower input than the sum of heating and lighting in the greenhouse with a boiler
and lamps of 200 pmol m2 s'1 (“Heating+lighting L. 200" in Figure 5.11). At the
same time, the total yield would be higher, due to all of the energy coming from
lamps rather than some of it supplied by the boiler. Such a scenario would thus
reverse the trend seen in Figure 5.7D, where higher intensities result in lower
energy efficiency. On the contrary, this could expose a new avenue for greenhouse
intensification, where higher yields are achieved without increasing the total
energy inputs. Further explorations in this direction could be extremely valuable.

5.4.3. Limitations of the current study and
consequences for practice

While the model used in this chapter and the subcomponents within it have been
found to provide reliable predictions under several conditions (Chapter 3;
Righini et al., 2020; Vanthoor, De Visser, et al,, 2011; Vanthoor, Stanghellini, et al.,
2011), the scenarios investigated here are exploratory in nature and therefore
have not been validated. The predictions provided here should thus be viewed as
indicating potential directions, and not as a promise for a particular value for
yearly yield or energy use.

One limitation of the model used in this chapter is that it considers the
greenhouse air below the screens as homogenous and neglects horizonal or
vertical temperature gradients in the greenhouse air. Since convective heat rises
up vertically, it may be difficult to heat the air and crop when LEDs are used as
toplights. In order to overcome this in practice, using LEDs as both interlights and
toplights may be preferred, and the results of this chapter do not predict
meaningful changes in terms of energy use or yield (Figure 5.7, compare L 450
and L/L 450). Alternatively, fans may be employed to ensure air flow from the
lamps towards the crop. In this case, the total greenhouse energy use might be
slightly higher than predicted in this chapter.

Another challenge for a greenhouse heated by lamps is the installation of
the MCD unit of the heat harvesting system. In a previous trial, the MCD unit was
installed above the crop, in a way that obstructed 11% of the sunlight coming
into the greenhouse (Dannehl et al, 2013). In the current chapter however,
shading by the MCD was assumed to be negligible. Ideally, the MCD could be
installed in such a way that shading is minimal, but the sunlight reaching the crop
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may be lower than what was found here. If that is the case, the achieved yield may
be lower than what is predicted here.

For hybrid greenhouses with interlights, shading on the crop by the
interlights was also neglected (Section 7.4.5). This too may cause a slight
overestimation of the light reaching the crop. However when it comes to
interlighting, a possibly bigger limitation of the current model is the use of a “big
leaf” approach. For the model used in this study, crop photosynthesis and
transpiration is estimated by considering the total amount of PAR absorbed by
the canopy, regardless of light gradients (Vanthoor, De Visser, et al, 2011).
However, since leaf photosynthesis has a saturating response to light, it is
expected that a crop receiving a uniform light distribution due to interlighting
would be more productive than a crop under toplighting with equivalent
intensity (Trouwborst et al, 2011). In practice, other physiological effects
interact with this potential benefit of interlighting, and the theoretical
advantages of interlighting have not yet been achieved (Gomez & Mitchell, 2016;
Trouwborst et al., 2010). Thus, it can be argued that the “big leaf” approach to
interlighting is sufficient to describe what is currently seen in greenhouses.
Nevertheless, a more refined crop model can help examine the potential
advantages of interlighting, elucidate how these potentials can be reached, and
more accurately reflect practice once they are realized. Possible approaches are
the use of Gaussian integration of photosynthesis across the canopy (Goudriaan,
2016), or 3D models of the crop and greenhouse (De Visser et al., 2014).

Another model assumption that should be reconsidered is the assumption
that energy used for assimilation during photosynthesis is negligible. This can be
done by including the energy used for fixation of carbon (Gutschick, 2016).
Including carbon fixation in the greenhouse energy balance means that less
energy will be heating the greenhouse, especially in the case of high intensity
lighting. Presumably, this would result in slightly higher heating needs or more
cold hours. However, a careful consideration, including the entire greenhouse
energy dynamics, is required before any conclusions can be made.

Another assumption in the scenarios considered in this chapter is that
supplemental COz was available from an externally supplied tank or from a
network supplying industrial CO2. In practice, the lack of available COz may limit
the implementation of greenhouses heated by lamps. Currently, advanced
greenhouses extract COz from flue gasses that are emitted when fossil fuels are
burned to heat the greenhouse (Stanghellini et al., 2019, p. 228). Reducing the
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burning of fossil fuels in greenhouses is expected to create a shortage of
supplemental COz (Van der Velden & Smit, 2019a). Thus, no matter how
greenhouses will develop in the future, the issue of CO2 is one that will need to
be addressed. One possible solution to this problem is transporting CO2 that is
emitted by factories for use in greenhouses, but this requires appropriate
infrastructure (OCAP, 2019). One advantage of the systems proposed in this
chapter is that ventilation to the outdoors is minimized due to mechanical
cooling and dehumidification. This allows to conserve much of the CO: in the
greenhouse air and increases the system’s CO: efficiency. Incidentally, it also
increases the greenhouse’s water use efficiency (Katsoulas et al,, 2015).

The scenarios examined in this chapter focused on the Netherlands as a
particular use case, using one standard meteorological year of weather data.
Nevertheless, the methodology used in this chapter can be employed for other
locations or for other weather patterns by using a different set of inputs. The
details of the results will change, but some important factors will remain the
same. First, a certain value will be found representing the maximum heating rate
required for the greenhouse. This value will serve as a basis for the choice of the
lamp intensity. If the heat is properly maintained in the greenhouse (by the use
of screens and heat harvesting), this will result in more heat being provided to
the greenhouse than what is needed, since by definition, the lamp’s energy input
will be higher than the heating requirement for most of the year. However, the
steps described in Section 5.4.2 - reducing the maximum heat demand and
employing a more dynamic lighting strategy - will help reduce the greenhouse’s
energy use and increase its efficiency.

Similarly, the scenarios in this chapter were based on a specific set of
climate control decisions. In practice, these controls vary greatly between
growers and throughout the year. Modifications of the control strategy can
substantially improve a greenhouse’s performance and reduce its energy use
(Van Beveren et al., 2015b). In particular, the optimal control strategy for current
practice is likely not the optimal strategy for a greenhouse heated by lamps. At
the same time, as is the case for different locations, the principle behind the study
in this chapter remains even if the control strategy is modified: first, the
maximum heating rate is found. An improved control strategy may significantly
reduce this value. Next, lamps at this rate are installed. Lastly, a control strategy
is devised such that the maximum benefit can be derived from the lamps, ideally
with minimal energy losses due to lamp use that exceeds the greenhouse’s
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heating demands. Here as well, the opportunities described in Section 5.4.2 could
prove useful. As mentioned there, a lamp control strategy that is adjusted
according to the greenhouse’s heating demands could greatly improve the energy
efficiency of greenhouses heated by lamps. Optimal control methods (Van Straten
et al,, 2010) could take this another step forward, by not only responding to the
current heating demands, but also predicting them and adjusting the control
strategy accordingly.

In any case, while the limitations described above may hinder the
implementation of a greenhouse heated by lamps in practice, they do not change
the overall conclusions, and the expectation that as lamp use intensifies in
greenhouses, yields and total energy use will increase, while heating demands
and energy efficiency will decrease. The limit to this trend will likely be
determined by economic issues, such as what is profitable to growers and what
resources are available. Currently, it seems that intensifying lamp use is
economically beneficial, despite it resulting in higher energy use and lower
energy efficiency. Predicting where this trend will saturate is outside the scope
of this chapter. What is clear, however, is that the scenarios described in this study
open up a new avenue for the future development of the greenhouse sector,
including the possibility to do away with fossil-fuel burning boilers.

5.5. Conclusion

The purpose of this chapter was to evaluate whether a greenhouse system that is
heated exclusively by lamps is feasible, and to examine the yield, energy use, and
energy efficiency of such a system. By using a step-wise approach, insights were
gained not only on this novel greenhouse system, but also on current greenhouse
practice. To summarize, the following conclusions can be drawn from the
chapter:

1. A greenhouse system that is entirely heated by lamps is possible, as long
as the lamps and the heat storage system installed have a capacity that
can sufficiently cover all of the greenhouse’s heating needs. For the use
case examined in the Netherlands, this required installing LEDs at an
intensity of 150 W m-2 (450 pmol m2 s1), and a diurnal heat storage
system with a total buffer size of 2 M] m-2,

2. Assuming equivalent lamp types, and control strategies that followed an
identical set of rules, there was a tradeoff between increasing yield and
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5.6.

energy efficiency. Going from no lamps to LEDs at a PPFD of 200, 400,
450, and 500 pmol m-2 s-1, the predicted yields gradually increased, but
the predicted energy use increased even more, resulting in a decrease in
energy efficiency.

An exception to the tradeoff between increasing yield and energy
efficiency was found when LEDs replaced HPS lamps in a hybrid system.
An all-LED system of 450 pmol m2 s'1 had a higher yield and a higher
energy efficiency than hybrid HPS/LED systems of 320 or 370
pumol m2 s,

While the greenhouses heated by lamps had a low energy efficiency,
potential avenues for improving this efficiency were identified. These
included reducing the maximum heating demand by increasing
insulation and using more screens, and employing a dynamic control of
the lamps such that an excess supply of heat to the greenhouse is
prevented. Under these circumstances, greenhouses heated by lamps
have the potential to increase yields while maintaining or reducing total
energy use, thus breaking the yield vs efficiency tradeoff.

The feasibility of heating a greenhouse exclusively by lamps opens up
new directions for greenhouse design and control. In particular, it shows
that a new type of all-electric greenhouse is possible. Assuming an
electricity grid and CO2 supply based on renewable energy, this concept
demonstrates the possibility for a high-intensity, carbon-neutral,
greenhouse system.

Data availability

The data used in this chapter and simulation outputs generated by the model are
available at the 4TU database, https://doi.org/10.4121/14575965 (Katzin,
Marecelis, Van Henten, et al,, 2021).
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6.1. Summary

In recent years, LEDs have become a symbol for cutting edge, sustainable,
futuristic agriculture. Multiple media articles highlight these lamps as an
extremely efficient and tailored source of light that will revolutionize the way we
grow food (Carr, 2016; Doucleff, 2013; Emory, 2019; Higgins, 2018; Kateman,
2020). Despite this, adoption of LEDs in horticulture has been extremely slow,
with distrust from growers towards unsubstantiated claims cited as one of the
reasons (Stober et al.,, 2017). This is unfortunate, since LEDs do have the potential
to contribute, at least partially, to a reduction in greenhouse energy use. In view
of the urgent need to minimize the environmental impacts of human activity
(Klein, 2014), a critical analysis of current and future trends in greenhouse
energy use is essential, including a better understanding of the influence of LEDs
on these trends.

A sober approach towards the potential benefits of LEDs helps adjust
expectations for the general public as well as for growers and policymakers that
face crucial decisions regarding the short and long term developments in
horticulture. For growers, the questions revolve around how to continuously
evolve in an increasingly competitive market with low profit margins (Raaphorst
etal., 2019). For policymakers, decisions need to be made regarding how to steer
the industry, which initiatives to support, and how to help businesses flourish
while reducing their environmental footprint.

This thesis showed that LEDs can play a meaningful role in the reduction
of energy use of illuminated greenhouses, but that there are also limits to these
capabilities. LEDs can currently save up to 40% of lighting energy, due to their
high photosynthetic photon efficacy (PPE, or efficacy in short), and this value is
expected to rise in the future. However, replacing high-pressure sodium (HPS)
lamps with LEDs will not reduce the heating demands of a greenhouse. In fact, it
will typically increase them.

LEDs offer new opportunities for greenhouse design and climate control.
Due to their high efficacy, and the fact that besides photosynthetically active
radiation (PAR) they emit mostly convective rather than radiative heat, LEDs can
be used at increasingly high intensities. This attribute of LEDs allows to reach a
point where all heating for a greenhouse could originate from lamps. Potentially,
this development could contribute to minimizing the carbon emissions of
greenhouse production, but this also depends on broader structural changes.
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6.2. Conclusions and key findings
by chapter

The approach employed in this work, using process-based greenhouse modelling
and exploratory scenario studies, allowed to analyze the potentials of LEDs in a
systematic and transparent way. As was shown in Chapter 2, greenhouse climate
modelling is a long standing discipline that has dealt with various issues relating
to greenhouse design, control, analysis, and development. The chapter proposed
that one of the reasons for the proliferation of models is a lack of transparency,
and suggested that sharing source code and data will help push the field forward.
Similar observations have been made in the field of crop modelling (Antle et al,,
2017; Holzworth et al,, 2015; Janssen et al., 2017; Jones et al., 2017; Midingoyi et
al,, 2020; Soltani & Sinclair, 2015). The chapter also identified a lack of common
standards with respect to validation of greenhouse models, and suggested that
establishing common benchmarks for model evaluation will help compare
models and assess if models fulfill their intended purposes.

It is within this context that Chapter 3 presented and evaluated a new
model for illuminated greenhouses. GreenLight was developed in a scientific
environment where transparency is low, sharing is rare, standards are lacking,
and data is scarce. Offering the model in a freely available open source format is
a small contribution towards openness and transparency in greenhouse
modelling. Fortunately, a few other newly developed greenhouse models are now
available in open source format. These include the Greenhouses Modelica Library
(Altes-Buch et al,, 2019) and Virtual Greenhouse (previously named Hortisim)
(Korner & Holst, 2017), which is part of the Universal Simulator (Holst, 2013,
2019). However, these two models have not yet been published in scientific
journals indexed by Web of Science, and were therefore not included in the
review of Chapter 2. Besides being one of the few open source greenhouse
models, GreenLight is also one of the first greenhouse models to describe LEDs,
and possibly the first model with LEDs that presented a documented evaluation
of its energy use predictions. The indoor climate prediction errors (RMSEs) were
in the range of 1.7-2°C for temperature and 5-8% of saturation for relative
humidity, representing rRMSEs of 6%-11%. The relative errors for CO:
concentration were larger, with a rRMSE of 34-35% and a RMSE of 340-370 ppm.
The heating use prediction errors were in the range of 1%-12%, which
represented 0.5%-5% of the total energy use.
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By using GreenLight’s model predictions, Chapter 4 set out to evaluate
how much energy can be saved in greenhouses by transitioning from HPS lamps
to LEDs. The chapter showed that this transition could save 40% of the energy
used for lighting, but that it would also result in an increase of the energy needed
for heating. The total energy savings achieved by transitioning from HPS lamps
to LEDs were predicted to be in the range of 10%-25% in the majority of cases
examined. In an attempt to uncover the factors that influence how much energy
can be saved by a transition to LED, a wide range of scenarios was examined,
including various greenhouse locations, designs, and control strategies. It turned
out that the best predictor for how much energy can be saved by LEDs was the
proportion that lighting took up out of the total heating and lighting demands,
before transitioning to LEDs.

After comparing greenhouses illuminated with HPS and LED lighting of
equivalent intensities, Chapter 5 considered an entirely different scenario: a
greenhouse that is exclusively heated by lamps. This is a novel type of
greenhouse, and the chapter showed that such greenhouses are theoretically
feasible, as long as they are equipped with heat harvesting at a sufficient capacity
and lighting at a sufficient intensity. In the scenarios considered in this chapter,
higher lamp intensities resulted in higher yield but also in lower energy
efficiency, i.e.,, in a higher energy input per output product. Nevertheless, the
results of this chapter can serve as a basis for devising control strategies that
enhance crop production without increasing energy use, achieving both high
yields as well as improved energy efficiency.

6.3. Integration of chapter results
6.3.1. Integration of Chapters 2 and 3

A critical inspection of the model evaluation presented in Chapter 3, based on the
insights gained in the literature review of Chapter 2, reveals some of the
strengths and weaknesses of the evaluation. Compared to other greenhouse
validation studies, the dataset used in Chapter 3 was relatively long, lasting 112
days in a 5 minute frequency (Table 2.4). On the one hand this is far from optimal,
since ideally at least one full year of data should be used for validation. On the
other hand, Chapter 2 reveals that greenhouse model validations often use
considerably smaller datasets. Another weakness of the study is that the data
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originated from small research compartments, and no evidence was provided
that demonstrates the model’s predictive capability in commercial greenhouses.
This too turned out to be a common issue in greenhouse modelling. Moreover,
the dataset used for validation was also used for calibration of some of the
parameters (Section 3.2.2.1). On the one hand, this is a practice that ideally
should have been avoided, and may have led to overly favorable results of the
model evaluation (Wallach et al., 2019). On the other hand, a solid reasoning and
a clear description of the calibration steps were given.

Thus, the greatest weakness of the model evaluation described in Chapter
3, and by extension of the model as a whole, is the narrowness of the data it was
based on. With this respect, however, the model is not significantly weaker than
others in the field, as was shown in Chapter 2. The greatest strength of the model
is its transparency: both in the description of the steps involved in validation and
in the public availability of its source code. Moreover, the model is based on older
components that have been separately validated and widely accepted. Compared
to other models available, one can argue that GreenLight is among the best of
what we currently we have. Its strengths and weaknesses are those of the entire
greenhouse modelling discipline, and its predictions represent the cutting edge
of our knowledge regarding the greenhouse climate and energy balance.

6.3.2. Integration of Chapters 4 and 5

A comparison of the results of Chapter 4 and Chapter 5 reveals some important
implications for heat harvesting and the extensive use of thermal and blackout
screens. The reference scenario in Chapter 4 showed a 16% reduction in energy
use by transitioning to LEDs: from 2,290 to 1,915 M] m2 year-!, a saving of 375
M] m-2year! (Figure 4.6). In Chapter 5, the scenario with the same lamp intensity,
but with heat harvesting and more frequent use of screens, resulted in a further
reduction of more than 500 M] m2 year! (Figure 5.7A), with around 300 M] m2
year! attributed to heat harvesting and the rest to the use of screens (Section
5.4.1).

This comparison has some important implications: first, it suggests that
installing a heat harvesting system is almost as effective as transitioning to LEDs,
in terms of the gains in energy savings. However, the concept of heat harvesting,
resulting in the so-called closed or semi-closed greenhouse, has been around for
nearly two decades (De Zwart, 2012), and has still not been widely adopted (Van
Beveren et al,, 2020). Investment and maintenance costs have been cited as a
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main barrier for adoption of heat harvesting systems (De Zwart, 2012). In a
certain sense, the case for LED adoption is similar, with investment costs posing
a main concern (Abbenhuis, 2020a; Stober et al,, 2017). Thus, it may prove
worthwhile to direct some of the efforts dedicated to the dissemination of LEDs
towards promoting heat harvesting systems, or find ways to combine both
approaches.

Second, considering that screens can reduce the heating needs by nearly
10%, an HPS illuminated greenhouse with extensive use of screens would have a
larger fraction of its energy input devoted to light. While further investigation is
needed, it can be said that the scenarios presented in Figure 4.7 would, on
average, be shifted to the right, and the energy savings by LEDs in the reference
scenario would grow from 16% to around 20%.

Another conclusion that can be drawn from considering Chapter 4 and
Chapter 5 together concerns the tradeoff between heating and lighting, and the
importance of timing. In Chapter 4, it was seen how in a summer day when no
heating was needed, all the energy inputs came from the lamps (Figure 4.10B,
Figure 4.11B), and the switch to LEDs resulted in its maximum potential, a 40%
energy saving (Figure 4.5). In contrast, when heating needs were at their peak
values (Figure 4.11A), transitioning to LEDs reduced the total inputs by only 13
W m-2, or 6.5% of the energy used. A similar effect is shown in Chapter 5 (Figure
5.11): adding lamps and heat harvesting increased the daily energy consumption
on days where the heating needs were below 4 M] m-2 day-1, but not on days
where the heating needs were high. The significance of timing in this context is
that ideally, extra lighting should be used precisely in those moments where they
could also contribute for heating.

6.4. Limitations of the study

The results described in this thesis were based on the predictions of the
GreenLight model and as such are limited by the predictive ability of the model
and the assumptions underlying it, as well as the assumptions of each of the
tested scenarios. In this section, the consequences of some of the model
assumptions are discussed. The next section (Section 6.5) provides some
recommendations on improving the model and its predictions, as well as our
understanding of the model sensitivity and uncertainty.
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6.4.1. The “perfectly stirred tank” approach

A central assumption of the model was that the indoor air below the screen is a
“perfectly stirred tank”, and vertical and horizontal gradients within the
greenhouse were neglected. This assumption contributed to the fact that energy
inputs, either from the lamps or the heating system, immediately translated to
changes in indoor temperature, and consequently there was almost a direct
tradeoff between energy inputs from the lamps and the heating pipes: increasing
the energy inputs of one results in a simultaneous decrease in the energy demand
of the other.

In practice, things are more complicated, and processes have a dynamic
response through space and time. For example, radiative heating from the lamps
heats the floor and crop, which in turn heat the air around them, which eventually
heats the air in a climate control measurement box, which triggers a control
response. Therefore, it is unreasonable to expect that the model will closely
predict the average indoor climate or the energy use on a fast frequency basis.
Nevertheless, predictions over a longer timescale like a day or a full year can be
more reliable, and indeed, yearly predictions of energy use were in line with what
is found in practice (e.g., Section 5.4.1). In this respect, it can be said that the
“perfectly stirred tank” approach does not greatly influence the conclusions of
the study, which mostly considered energy use over a full year.

However, the “perfectly stirred tank” approach also means that GreenLight
does not take into account the fact that convective heating of the air has an
upwards direction. Considering the differences between HPS and LED lamps,
LEDs have a high convective heat output, while HPS lamps have a mostly radiative
heat output!. While GreenLight does differentiate between these two types of
heat exchanges, it overlooks the fact that the convection from LEDs mostly heats
the air above the lamps, and not below. In the case of LED toplights, this would
mean that the air around the crop would be colder than predicted by the model.
In a greenhouse where fans are used to mix the air (especially if they are used in
a vertical direction), this may not cause a big error, since the air is then relatively
close to a perfect mix. The issue is also not a significant problem in the case of
LED interlighting, where the lamps heat the air that is close to the crop, acting as

1 See for instance Table 3.4, and note that active cooling is a form of convective heat dissipation.
Modern LEDs will have a higher PAR output - around 55% (Table 4.3), which will mostly come at the
expense of convection to the air or to an active cooling system.
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aso-called “grow-pipe” (heating pipes at the canopy level). However, it is possible
that GreenLight slightly underestimates the heating needs of greenhouses where
LED are installed as toplights.

6.4.2. Weather data and control rules

Another possible limitation of the study is the use of only one year of weather
data as input. The data used for the scenario studies in Chapter 4 and Chapter 5
came from typical meteorological years, which combine several years of weather
records to create one year of data that is representative of the weather pattern in
a given location (ASHRAE Technical Committee 4.2, 2021). The use of such
datasets is common for estimating the energy use of commercial buildings,
including greenhouses (Breuer & Van De Braak, 1989), as they are considered
more representative than the weather of any single year (Crawley, 1998).
Nevertheless, it would be useful to test how the model predictions are influenced
by the choice of this particular dataset. One possible influence is the fact that all
datasets used in this study were compiled more than 10 years ago (Table 4.1). As
such, they do not take into account the average rise in temperature and ambient
CO2 concentration that has been occurring in recent decades. Using more recent
datasets will likely result in a lower predicted heating demand, lower
supplemental CO: inputs, and possibly slightly higher yields. A sensitivity
analysis (Section 6.5) would help determine the influence of the input data on
any particular result or conclusion.

Furthermore, the simulations performed in Chapter 4 and Chapter 5 used
a fixed set of rules for greenhouse climate control. These sets of control rules
(Section 4.2.3.2 and Section 5.2.4) aimed to represent common greenhouse
practice, but they are a simplification. In practice, growers routinely adjust their
climate control decisions, both on low levels (e.g., degree of window opening)
and high levels (e.g., indoor temperature setpoint) of control. These adjustments
are based on responses to the weather - its current state, as well as short and
long term predictions; market status and forecasts; the current and predicted
state of the crop; labor availability; experience and gut feeling; and a range of
other possible considerations. It is therefore impossible to devise a set of control
rules that represent any single greenhouse. Moreover, studies on greenhouse
optimal control (e.g., Kuijpers et al., 2021; Van Beveren et al., 2015b; Van Henten
et al, 1997) showed that the choice of the climate control strategy greatly
influences model outcomes. Nevertheless, the model predictions of this thesis
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were found to be in agreement with what is reported as general practice in the
Netherlands as described in Raaphorst et al. (2019) (e.g., Section 5.4.1).
Therefore, the model and the control rules included in it can be considered to be
a good representation of standard practice. At the same time, it would be helpful
to perform further evaluations of the model’s predictions, including comparisons
to data from commercial greenhouses and a sensitivity analysis to test the
influence of climate control settings on the final results and conclusions (see also
Section 6.5).

6.4.3. Influence of spectrum on crop

Another limitation of the current work is the assumption that PAR light from HPS
lamps and LEDs has an equal influence on the crop in terms of growth,
development, and transpiration. However, the specific spectrum (i.e., emitted
color) of the lamp has an influence on the crop (Lazzarin et al., 2021; Ouzounis
etal., 2015, 2016). Most results regarding these influences were found in growth
chambers, and the effect of lamp spectrum in greenhouses, where sunlight is also
present, is arguably smaller. Nevertheless, since LEDs can be designed to emit a
wide range of possible spectrums (Kusuma et al., 2020), it is possible that a
greenhouse with LEDs will have a better performance than predicted in this
thesis. Ideally, the LEDs’ spectrum could be chosen in such a way that enhances
growth and development and minimizes transpiration. In this case, yields will be
higher, and energy use will be lower, than predicted in the current work.
However, the mechanisms behind the influence of light spectrum on crop
processes are not yet fully understood (Lazzarin et al, 2021). Once a better
understanding of these mechanisms is achieved, it could hopefully be
incorporated into models such as GreenLight to help find the ideal light
combination for energy efficient greenhouse crop production.

6.4.4. Cooling and dehumidification

The scenarios comparing HPS lamps and LEDs focused on heating and lighting
only, and assumed that cooling and dehumidification were done passively by
window ventilation. While this is indeed the case in most greenhouses in the
Netherlands, this choice overlooks the fact that energy savings by transitioning
to LEDs could be considerably higher in cases where energy is also used for
cooling and dehumidification. This is because LEDs contribute less heat to the
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greenhouse than HPS lamps with the same PPFD, and also contribute less to
transpiration (Nelson & Bugbee, 2015). One indication that LEDs will have more
benefits when cooling and dehumidification is applied can be derived by
comparing the scenario “H/L 370” and “L 400” in Chapter 5. These scenarios
represented a hybrid HPS/LED system of 370 pmol m2 s-1 and a full LED system
of 400 pmol m2 s1, both with active cooling and dehumidification. Here, the full
LED system had 17% lower energy inputs than the hybrid system (Figure 5.7A).
This is slightly higher than the 16% savings predicted in Chapter 4 by
transitioning from HPS to LEDs with passive cooling and dehumidification
(Figure 4.8). The savings would arguably be even higher if the transition was
from full HPS to full LED with equivalent PPFD. Further work on the influence of
transitioning to LEDs in greenhouses with active cooling and dehumidification
may reveal energy saving potentials of LEDs that were not considered in this
work. Fortunately, the GreenLight model can be readily used for such
explorations.

6.4.5. Energy use, financial costs, and carbon
footprint

Another limitation of the study is the focus on energy inputs measured in MJ,
setting aside the issue of energy sources. While this focus helped make the study
more generic, it also obscures some meaningful consequences for practical
implementation. For example, consider the reference greenhouse, located in the
Netherlands, from Chapter 4. Assume for the sake of simplicity that this
greenhouse does not have a combined heat and power (CHP) generator, that
heating originates from natural gas burned in a boiler, and that lighting originates
in electricity from the grid. Under these conditions, energy for lighting is 4 times
more expensive, and has a 2.5 times higher carbon footprint, than energy for
heating (Table 6.1). Thus, while the energy savings by transition to LEDs are 16%
when measured in MJ, the savings of the energy running costs are actually 32%,
and the carbon footprint reduction is 28%.
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Table 6.1. Energy, costs, and carbon footprint savings by transition from HPS lamps to LEDs
in the current energy system of the Netherlands. Energy inputs are based on Chapter 4. Costs
and carbon footprint are based on Raaphorst et al. (2019), and assume that heating comes
from natural gas burned in a boiler with 100% efficiency, and lighting comes from electricity
bought from the national grid. Boiler efficiency in practice is around 94% (Van Beveren et
al, 2020).

HPS LED Relative difference

Heating input (MJ m™ year™") 831 1040 +25%
Lighting input (MJ m™ year™) 1459 875 -40%
Heating cost per MJ (€ MJ™) 0.006
Lighting cost per MJ (€ MJ™) 0.024
Heating carbon footprint per MJ (kg MJ™") 0.07
Lighting carbon footprint per MJ (kg MJ™) 0.18
Total heating cost (€ m™ year™) 5.0 6.2 +25%
Total lighting cost (€ m™ year™) 35.0 21 -40%
Total heating carbon footprint (kg m= year™) 58.2 72.8 +25%
Total lighting carbon footprint (kg m? year™) 2626 1575 -40%
Total energy input (MJ m2 year™) 2,290 1,915 -16%
Total energy cost (€ m?2 year) 40.0 27.2 -32%
Total carbon footprint (kg m2 year™) 320.8 2303 -28%

This example demonstrates that considering the benefits of LEDs strictly
from an energy perspective does not tell the full story. However, it should be
noted that this example is a simplification: in practice, most illuminated
greenhouses in the Netherlands use CHPs, which means that heating originates
from natural gas, while lighting comes both from natural gas burned by the CHP
and from the electricity grid. A study comparing HPS and LED greenhouses,
taking CHPs into account, and using an optimal control strategy designed to
maximize profit, found a 7% decrease in energy use, a 9% increase in net profit,
and a 30% reduction in carbon footprint by transitioning from HPS lamps to
LEDs (Kuijpers et al., 2021). As in the case of Table 6.1, the study showed that
there is more to LEDs than only energy savings.
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The approach used in this thesis, measuring energy inputs in MJ only, has
the advantage that it does not make any assumptions regarding the financial or
environmental costs of each energy source, which depend on specific
circumstances. In the case of the Netherlands, the intention of the government is
to diminish the use of natural gas and move towards a stronger reliance on
electricity (Netherlands Ministry of Economic Affairs, 2019). In an all-electric
greenhouse, the cost and carbon footprint per M] input would be equal for
heating and lighting. Considering the scenario from Chapter 4 for this case, the
energy input, energy cost, and carbon footprint savings would all be equal 16%
(Table 6.2). Incidentally, a comparison between the results of Table 6.1 and Table
6.2 reveals some important drawbacks to the implementation of all-electric
greenhouses in the Netherlands in the current energy system. More importantly,
these examples show that practical conclusions based on the results of this thesis
should take into account the specific financial and environmental costs relevant
to any local circumstance.

Two other factors that should be taken into account when considering the
financial and environmental consequences of using LEDs are the investment
costs of buying the lamps and the carbon footprint associated with producing
them. An economic study considering a 5 year period, including lamp investment
costs but neglecting the differences in heating costs, concluded that the cost per
photon is doubled when LEDs replace HPS lamps (Nelson & Bugbee, 2014).
However, this conclusion was based on contemporary costs and efficacies, which
are rapidly changing. Regarding environmental footprint, a life cycle assessment
of the environmental impacts of HPS lamps and LEDs concluded that the main
source of environmental impacts for both types of lighting is their energy
demand (H. Zhang et al., 2017). In that study, the reduction in environmental
impacts by using LEDs was in the range of 38%-47%, which was compatible with
the 35% reduction in energy use achieved due to the higher LED efficacy. Again,
on the one hand these estimated reductions did not consider the need to increase
heating under LEDs. On the other hand, the reduction in impact due to energy
use of the lamps is expected to increase further, together with rising LED
efficacies.
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Table 6.2. Energy, costs, and carbon footprint savings by transition from HPS lamps to LEDs
in an all-electric greenhouse, assuming the current electricity system of the Netherlands.
Energy inputs are based on Chapter 4. Costs and carbon footprint are based on Raaphorst et
al. (2019), and assume that both heating and lighting come from electricity bought from the
national grid without efficiency losses.

HPS LED Relative difference

Heating input (MJ m™ year™") 831 1040 +25%
Lighting input (MJ m™ year™) 1459 875 -40%
Heating cost per MJ (€ MJ™) 0.024
Lighting cost per MJ (€ MJ™) 0.024
Heating carbon footprint per MJ (kg MJ™") 0.18
Lighting carbon footprint per MJ (kg MJ™) 0.18
Total heating cost (€ m™ year™) 19.9 25.0 +25%
Total lighting cost (€ m™ year™) 35.0 21.0 -40%
Total heating carbon footprint (kg m= year™) 1496 1872 +25%
Total lighting carbon footprint (kg m™ year™) 262.6 1575  -40%
Total energy input (MJ m2 year™) 2,290 1,915 -16%
Total energy cost (€ m?2 year) 54.9 46.0 -16%
Total carbon footprint (kg m2 year™) 412.2 3447 -16%

6.4.6. Lamp photosynthetic photon efficacy

One important choice that was made throughout the current work is the
assumption that LEDs save 40% of the energy for lighting, by setting the
photosynthetic photon efficacy (PPE) of HPS lamps at 1.8 pmol J-! and that of
LEDs at 3 pmol J1. These choices have meaningful consequences for the
conclusions of this research, in particular Chapter 4.

For HPS lamps, the highest PPE values found in independent tests were in
the range of 1.6 (Wallace & Both, 2016) and 1.77 (Nelson & Bugbee, 2014; see
online comments) pmol J1, although values as high as 2.1 pmol ]! have been
reported (Ouzounis et al., 2018; Stober et al., 2017). Thus, a value of 1.8 umol ]
is areasonable approximation of what has been found in independent tests, with
a slight rounding up representing that higher values are achievable.
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The PPE value for LEDs is more likely to be contested. The race for high
efficacies is central in the competition between LED manufacturers, and claims
of increasingly higher PPEs are being advertised. It is for this reason that a
“qualified products list” (QPL) has been compiled by a consortium of lamp
manufacturers, energy efficiency programs, and utility companies (The
DesignLights Consortium, 2019). While the QPL offers some level of monitoring
and control over the reported performance of LEDs, it should be noted that
manufacturers are free to select the samples that are sent for testing, as well as
the specific certified lab that will perform the test (The DesignLights Consortium,
2021). Thus, while the scientific literature currently describes a maximum PPE
of 3 umol J* (Kusuma et al., 2020; Pattison, Hansen, et al., 2018), and the QPL
reports of a PPE as high as 3.69 pmol |1, some independent tests have failed to
verify a PPE higher than 2.7 pmol J-1 (Both, 2021).

We are then left with two possible objections to the choice of a PPE of 3
pumol J-1: on the one hand, it can be said that this value is too low, and has already
become irrelevant as LEDs are evolving. On the other hand, one could argue that
this value is too high, due to the lack of verifiable independent tests. Faced with
this predicament, the choice of 3 pmol J'! can be seen as a good balance of
conflicting reports, and may prove to remain relevant for longer than expected.

Assuming a higher PPE for LEDs would result in a proportional increase
in the savings achieved on lighting. For example, a PPE of 4.1 pmol ], which was
considered the limit of current technology in Chapter 4, would result in a 56%
instead of a 40% reduction in energy input for lighting. However, as Chapter 4
showed, an important factor influencing the total energy saving is the fraction
that lighting takes up out of the total energy inputs. Considering Table 6.1, note
that the HPS greenhouse in this case devotes 64% (1,459/2,290) of its input to
lighting. The potential total energy savings would thus be 36% with a high-
efficacy LED, compared to 26% with the LEDs considered in this thesis (Eq. 4.3,
Figure 4.5). On top of this, there will be a need to compensate heating, so the total
energy savings will be lower than 36%. To summarize, assuming a higher PPE for
LEDs would result in an increase in the predicted energy saving on lighting, as
well as a more modest increase in the predicted total energy saving. Whether
these adjusted predictions influence practical conclusions, for example on
whether LEDs should be installed or not, would depend on the specific
circumstances and on the costs related to each energy source, as discussed in
Section 6.4.5. That being said, a sensitivity analysis (see Section 6.5) of the
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influence of the PPE value on total energy savings can provide a more detailed
quantification on how much the range of reported PPEs influences the final
results and conclusions.

6.5. Recommendations for improving the
GreenlLight model

As mentioned earlier, the evaluation of GreenLight’s predictive ability has been
limited to a single dataset from two research compartments over one winter
period. Continued calibration and evaluation of the model using other datasets
will help improve the model’s predictions. Furthermore, uncertainty and
sensitivity analyses can foster a better understanding of the model’s capabilities
and limitations (Wallach et al., 2014b). For example, in Chapter 4, the energy
savings by transition to LEDs were examined for a range of scenarios. An
uncertainty analysis considering these savings as an output will help determine
the confidence bounds of the results of Chapter 4 as a result of the uncertainty
in the inputs and parameter values of the model. A sensitivity analysis will help
determine which parameters and inputs have the strongest influence on the
results. One current obstacle for performing wide scale uncertainty and
sensitivity analyses for GreenLight is the model’s relatively long simulation
times. Finding ways to increase GreenLight's simulation speed without
compromising its predictive accuracy will help perform broad uncertainty and
sensitivity analyses of the model, as well as facilitate its use.

After a sensitivity analysis, further calibration of the model components
will help improve the model’s accuracy and its description of the various
processes in the greenhouse and crop. In particular, lamp measurements using a
spectroradiometer and an integrating sphere (Nelson & Bugbee, 2014, 2015;
Wallace & Both, 2016) can be used to determine the fraction of the lamp output
that is converted to PAR, NIR, and FIR. Including a measurement of the lamp
temperatures can be used to find their emissivity. Directly measuring a lamp’s
convective heat emission is difficult (Wallace & Both, 2016), but an indirect
method can be employed by recording the influence of the lamp on the
surrounding air temperature. However, care should be taken to avoid the
influence of other factors: these measurements should be conducted at night,
with the heating system off, no crop present, and minimal transfer of energy from
neighboring compartments.
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As mentioned in Chapter 3, further evaluations of the model’s
performance, in varying climate conditions and greenhouse types, will help
improve the model’s predictions and our understanding of its strong and weak
points. For this, providing the model in an open source format helps make it
usable for other researchers, but it is unfortunate that the model was written in
the MATLAB language, which is a proprietary language with high licensing fees
(MathWorks, 2021). Rewriting the model in a freely available language such as R
(The R Foundation, 2021) or Python (Python Software Foundation, 2021) will
help make it accessible to a wider audience of potential users and researchers.

6.6. Alternative avenues for researching
LED energy saving

While the findings presented in the current work provide important insights,
some alternatives should be considered as a substitute or a complement to them.
In the realm of greenhouse modelling, the model of Righini et al. (2020) presents
a different approach to modelling the lamps and their contribution to the
greenhouse energy balance. Specifically, Righini et al. (2020) assumed a fixed
ratio between the lamp outputs: PAR, FIR, NIR and convective heat. This resulted
in a simpler lamp sub-model, which in particular prevented the need to track the
lamp temperature, and did not require estimating the emissivity, specific heat
capacity or heat exchange coefficients of the lamps. At the same time, excluding
lamp temperatures necessitates neglecting the dynamics of lamp output, which
could be particularly important for HPS lamps, as they continue to emit radiative
and convective heat while they cool down after being switched off. Comparing
the performance of GreenLight and the model of Righini et al. (2020) could help
determine the strengths and weaknesses of each of these two approaches.
Nevertheless, it would be beneficial to precede this analysis with a sensitivity
analysis that would test the influence of the lamp parameters of each model on
the model’s final outcomes.

Experimental trials are another effective means for investigating the
potential of LEDs with regards to energy use and efficiency. Such trials could
uncover aspects that were not considered by the model. Such aspects may
include issues that were mentioned in Section 6.4, such as the influence of
vertical temperature gradients, or crop response to light spectrum, but may also
reveal new concerns and opportunities. A relevant example is the case of LED
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interlighting, where a model predicted benefits that were not seen in trials, due
to the unforeseen crop response of leaf curling (Trouwborst et al.,, 2011). One
drawback of experimental trials is that it is not always straightforward to
extrapolate their results to commercial practice. Moreover, research facilities are
often limited by the availability of research compartments, and a meaningful
evaluation of the potentials of LEDs, especially with fruiting crops, requires a trial
duration of at least several months in winter. As was shown in this thesis, such
trials should also include the influence of the lighting system on the heat
demands of the greenhouse. This requires separating treatments to different
compartments, which further increases the demand for research space when
conducting energy use trials.

Combining experimental trials with modelling results - for instance, by
using model predictions to select the most promising treatments to test and
using trials to verify the results of the model - could prove an especially effective
avenue for further research.

An entirely different method for assessing the benefits and challenges of
using LEDs is performing surveys among growers who adopted these lamps.
Such surveys could include questions regarding investment costs, running costs,
implementation and performance, and as in the case of experimental trials, may
uncover practical aspects that were overlooked by the model. The current
bottleneck to conducting such surveys may be that there is still not enough
practical experience with LEDs in greenhouses. The first case in the Netherlands
of a commercial greenhouse growing tomatoes exclusively with LEDS occurred
only in 2018 (Raaphorst & Weerheim, 2019), despite commercial trials starting
as early as 2009 (Visser, 2009). In Belgium in 2015, only a 2 hectare land area of
greenhouses was equipped with LEDs (Moerkens et al,, 2016). In the USA in
2017, the area of greenhouses with LEDs was estimated at 5 hectares (Stober et
al,, 2017). These land areas are equivalent to a single greenhouse (Raaphorst et
al,, 2019), which cannot represent a wide range of experiences to include in a
general survey. We are thus left with anecdotal, and sometimes conflicting,
reports of growers’ experience, as documented in the professional literature (e.g.,
Stijger, 2019).
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6.7. LEDs in view of other possibilities for
the reduction of greenhouse energy use
and carbon emissions

6.7.1. The predicted role of LEDs

The work in this thesis focused on the ability of LEDs to reduce energy use, with
the hope that this will also reduce the carbon footprint of greenhouses. It is
helpful to consider this focus on LEDs in the context of other efforts to reduce the
environmental impacts of greenhouse production. As in Chapter 1, lessons from
the Netherlands serve as a useful example. There, the total area of illuminated
greenhouses is expected to increase, as well as the light intensity in illuminated
greenhouses (Van der Velden et al., 2018). Thanks to the adoption of LEDs and
their higher efficacy, greenhouses will be able to increase their light intensity
while maintaining the same levels of electricity consumption. Thus, the adoption
of LEDs is expected not to reduce energy use, but rather to maintain it at the same
level per area of illuminated greenhouse, while this total area continues to grow
(Van der Velden et al., 2018).

Similar circumstances are predicted worldwide: in the United States, LEDs
are expected to reduce the energy use per area of illuminated greenhouse, but
due to a growth in total area, the energy consumption for greenhouse
illumination in 2025 is projected to be 3 times higher than that of 2017, even if
the entire sector were to convert to lighting exclusively with LEDs (Stober et al,,
2017). In Ontario, Canada, greenhouse energy use (including sunless cultivation,
see Section 6.8) is expected to increase by roughly 70% between 2018 and 2024,
due to an expansion in growing area as well as a wider use of illumination
(Posterity Group, 2019). The increase in electricity use for lighting is expected to
increase by 180% during this time. Around one third of this projected increase
in energy consumption, and nearly half of the projected increase in electricity for
lighting, is due to the production of a non-food commodity: recreational cannabis
(Posterity Group, 2019).

These developments are expected despite the fact that illuminated
greenhouses have a higher energy consumption and a lower energy efficiency
than unilluminated greenhouses (Dieleman et al., 2016; Kuijpers et al., 2021;
Raaphorstetal., 2019). As was shown in this thesis (Chapter 5), this disadvantage
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of illuminated greenhouses remains even if they transition to LEDs. In the
Netherlands for example, the advantage of using supplemental lighting is not so
much in increasing yields as it is in shifting the growing season and reaching a
marketable crop in early winter (Raaphorst et al,, 2019). By using lamps, a
greenhouse company can start separate growing cycles at different moments of
the year, allowing for year-round production and a smooth fluctuation both in
production and in labor requirement.

The adoption of LEDs could potentially curb some of this growth in energy
use, since as was shown in this thesis (Chapter 4, Chapter 5), a greenhouse with
LEDs consumes less energy than a greenhouse with HPS lamps with equivalent
lamp light intensities, i.e., equivalent lamp PPFD. However, this kind of transition
may not be what happens in practice. It has been suggested that growers
transitioning to LEDs might also increase their lamp intensities during this
transition (K. Lee et al,, 2020). Thus, instead of taking advantage of LEDs’ higher
efficacy in order to decrease their power consumption and maintain the same
PPFD, growers may choose to maintain the same power consumption and
increase their lamps’ PPFD. In fact, the high efficacy of LEDs may encourage
growers to further increase their lamp power consumption (K. Lee et al.,, 2020).

This phenomena, where improved efficiency results in an increase rather
than a decrease in the consumption of a resource, is known as the Jevons paradox
(Jevons, 1865). The Jevons paradox has been observed in numerous contexts,
including agriculture (e.g., Hamant, 2020). In the context of LEDs, higher lamp
efficacies may further incentivize growers to illuminate, in a way that eliminates
LEDs’ potential as a tool to promote energy saving. Thus, a consideration of some
other possible avenues to decrease greenhouse energy use and carbon emissions

is in order.

6.7.2. Alternative heat sources

An important effort currently taking place in the Netherlands is the use of
alternative heat sources, including geothermal heat, biofuels, and residual heat
from power plants and other industries (Van der Velden & Smit, 2019b). The
adoption of these alternative heat sources is expected to reduce the natural gas
consumption of the greenhouse sector by 28%-35% (Van der Velden & Smit,
2019b). These approaches propose viable methods to reduce the environmental
impact of greenhouses, although they each come with their own set of drawbacks
and challenges (e.g., Di Fulvio et al., 2019; Millward-Hopkins & Purnell, 2019).
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For this reason, and since alternative heat sources are in short supply (Van der
Velden & Smit, 2019b), their adoption should be combined with control and
design methods as proposed by the “Next Generation” greenhouse cultivation
(De Gelder, Poot, et al,, 2012), to simultaneously reduce greenhouse’s heating
demand while increasing the use of alternative sources.

One difficulty that arises when using alternative heat sources is the need
for supplemental CO2 for enriching the greenhouse air (Van der Velden & Smit,
2019a). Currently, the natural gas that is burned in greenhouses provides both
heat and CO: (as well as electricity if CHP is used), and the switch to alternative
heat sources will reduce this source of CO2. However, just as large-scale
infrastructure is required to effectively transfer residual heat from industry to
greenhouses, a similar infrastructure can be developed for the transfer of CO:
emissions. There is in fact such a network already in place in the Netherlands
(OCAP, 2019), and ideally it could be developed further.

6.7.3. Fossil-free greenhouses

Another recent effort in the Netherlands are the so-called “fossil free
greenhouses” that are currently in a demonstration trial phase (Kas als
Energiebron, 2020b, 2020a, 2021). A more precise description for these
greenhouses in their current state would be “all-electric” greenhouses, as they
rely on electricity from the grid which is far from being fossil-fuel free
(Netherlands Ministry of Economic Affairs, 2019). These trials demonstrate
some of the ideas presented in Chapter 5: heat harvesting, dehumidification, and
lighting with LEDs. As was seen there, using LEDs instead of HPS lamps in such
greenhouses could greatly improve their performance and flexibility, by reducing
energy losses due to ventilation and crop transpiration.

The potential for all-electric greenhouse to become “fossil free” is in line
with the paradigm of the Netherlands for greenhouse gas emission reduction,
which focuses on a transition from a reliance on natural gas towards a wider use
of electricity (Netherlands Ministry of Economic Affairs, 2019). A key component
of this paradigm is an increase in the share of renewable energy sources in the
national and European electricity grid. However, while the share of renewable
energy within the European electricity system is rising, it is not rising fast enough
to reach the climate change mitigation goals set by the European Union (Agora
Energiewende & Ember, 2021). Furthermore, increasing the share of renewable
sources does not necessarily mean that the use of fossil fuels will decline. For
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example, in 2020 only half of the decline in the use of coal for electricity was due
to a switch renewables (Agora Energiewende & Ember, 2021). Indeed, it has been
noted that the rise of renewable energy sources often occurs together with an
even greater increase in the use of fossil fuels (York, 2012). Commentators in the
Netherlands noted that wind farms are often built not for the replacement of
existing energy sources, but rather to provide energy for newly built data centers
(VPRO, 2020).

Quantitative model predictions like those described in this thesis help
describe the influence of the energy sources on outcomes like financial costs and
carbon footprint, which could serve as an aid for policy decisions. For example,
results like those of Table 6.1 and Table 6.2 highlight the influence of the energy
sources on the carbon footprint of the greenhouse, and how those differ
depending on the lighting system.

6.7.4. Unilluminated greenhouses and
consumption of seasonal products

One possible solution to the greenhouse energy problem that is seldom
considered is to decrease the use of supplemental lighting in greenhouses, or at
the very least not to increase it. This is perhaps one of the simplest and most
effective possible solutions, when considering the high energy burdens
associated with greenhouse lighting. The problem is, of course, that consumer
demand for fresh products in winter drives profitability and incentivizes growers
to illuminate (Posterity Group, 2019; Van der Velden et al., 2018; Van der Velden
& Smit, 2019b). However, it should be noted that consumer demand is not an
inevitable force of nature: it can be directed and guided, as evidenced by the
existence of the marketing and advertising industry.

The argument against supplemental lighting in greenhouses could be
taken one step further: in an analysis of possible strategies to reduce the
greenhouse gas emissions of tomato production in the European Union, the
strategy with the highest potential for emission reduction was substituting
tomatoes with seasonal vegetables, cultivated in the open field (Xue et al., 2020).
Indeed, as was noted in Chapter 1, one of the main factors influencing the carbon
emissions of the high-tech greenhouse sector is the total greenhouse area (Van
der Velden & Smit, 2019b). This places the sector in a paradoxical state, where
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“optimal” future scenarios, of a flourishing industry and an increased total area,
are also those with the highest carbon emissions (Van der Velden et al., 2018).

It is thus important to realize that increased production, higher
efficiencies, and reduced environmental impacts do not always go hand in hand.
In fact, they are often at odds with one another. Considering the accelerating rates
of climate change and other environmental impacts of human activity, there is a
lot at stake here, and need for urgent action. It is up to us - as a society, as
consumers, as scientists and engineers - to critically assess our values, and strive
towards a reality that protects and promotes those things that we hold dear.

6.8. Further outlook: sunless cultivation
(vertical farming)

While this thesis focused on LEDs in greenhouses, it is worthwhile to reflect
shortly on another growing system, that may be considered as the next step in
protected cultivation: vertical farming (SharathKumar et al., 2020). These indoor
plant production systems, where all growth factors are controlled and all lighting
originates from lamps, have also been termed “plant factories with artificial
lights” (Kozai & Niu, 2020a) and “indoor agriculture” (Pattison, Tsao, etal., 2018).
A more precise term, however, is “sunless cultivation”, as it clearly describes what
separates this type of cropping system from other forms of agriculture?2.

The work in this thesis provides a basis for discussion on sunless
cultivation from several perspectives. First, LEDs play a central role in the
development of sunless cultivation (Mitchell & Sheibani, 2019), and their high
efficacy is an important factor for reducing their electricity costs (Kozai & Niu,
2020b). Second, this thesis revealed some clear advantages of sunlight over
supplemental illumination (Chapter 5), which raises doubts about the benefits of
completely excluding the sun in crop cultivation. Lastly, it seems that a lot of the
disproportionate excitement around LEDs that characterized the last two
decades (Chapter 1) has now been carried over to sunless cultivation. Thus, the

2 The term “plant factory” seems to have fallen out of favor, perhaps due to its resemblance to “factory
farming”, a term used to criticize intensive animal farming. “Vertical farming” is misleading, since
vertically stacked crops can be illuminated by the sun (Benke & Tomkins, 2017), and sunless
cultivation can be done in a single vertical layer. “Indoor agriculture” is also confusing, since
greenhouses may be considered indoors.
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lessons learned in this thesis may also provide some insights on this novel
cropping system.

It has been suggested that sunless cultivation can help “feed the world,
protect the environment, improve health, and achieve economic growth” (Kozai
& Niu, 2020a). Others have argued that sunless cultivation requires high costs,
results in considerable carbon emissions, and is impractical for most crops
(Albright, 2014). Indeed, it is currently unclear whether sunless cultivation can
be commercially profitable, except when offering high-value novelty or
pharmaceutical products (Van Rijswick, 2018), which come at considerable
environmental costs and are unlikely to feed the world3. Consider for example
the tremendous amounts of energy expected to be dedicated to cannabis
cultivation in Ontario by 2024 (Section 6.7.1): about half of this energy is
expected to be used by sunless cultivation. This is another demonstration of
LEDs’ version of the Jevons paradox (Section 6.7.1): as LEDs become more
efficient, the economic viability of sunless cultivation grows, resulting in an
overall growth in energy use, rather than a reduction.

In terms of energy efficiency, it has been shown that greenhouses are
considerably more efficient than sunless cultivation (Graamans et al., 2018). This
is in line with the benefits of sunlight over supplemental lighting that were found
in this thesis (Chapter 5). Despite this, the enthusiasm around sunless cultivation
has led to some outlandish ideas, including growing wheat in 1 hectare large and
100 meter tall containers (Asseng et al,, 2020), or growing bioenergy crops in
sunless cultivation (Harris & Kountouris, 2020). To be clear, this latter idea
involves providing electrical energy to lamps, converting the lamps’ light energy
to biomass through photosynthesis, and then extracting the energy stored in
biomass back to electricity. Since each of these steps necessarily involves energy
losses, such a system would result in a substantial waste of energy and other
resources, without offering any discernible benefit.

To summarize, much as in the case of LEDs, a careful and critical
consideration of the advantages of sunless cultivation is in order, and the use of
more precise terms for this type of cultivation could be a good start. One of the
main contributions of this thesis is providing a framework for assessing the

3 In my own exploration of the appeal of sunless cultivation, the best parallel I could find was the
decision of British industrialists of the 19t century to replace water power by coal, despite coal being
considerably more expensive (Malm, 2016). While the controllability and flexibility of fossil fuels
helped propel the world into the industrial age, they also came at societal and environmental costs,
the extent of which we are only now beginning to witness.
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benefits of LEDs in greenhouses in a quantitative, verifiable manner. This
framework could serve as a basis for exploring other crop growing systems,
including sunless cultivation or any other current or future innovations. Such an
approach could hopefully help direct greenhouse horticulture, and agriculture in
general, towards efficient methods of crop production that minimize their
negative impacts on the environment.
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7.1. What is GreenlLight?

GreenLight is an open-source, process-based, dynamic model for the greenhouse
climate and crop, programmed in MATLAB. GreenLight is freely available for use
at https://github.com/davkat1/GreenLight. The main purpose of GreenLight is
to estimate the energy use and energy efficiency of illuminated greenhouses
equipped with high-pressure sodium (HPS) lamps and light-emitting diodes
(LEDs). For this purpose, GreenLight simulates the dynamics of three balances of
the greenhouse climate: the energy balance, the water vapor balance, and the CO2
balance. This approach allows to take into account the influence of dynamic
processes, including climate control decisions, on the final outcomes.

GreenLight is based on the greenhouse and crop model by Bram Vanthoor
(Vanthoor, 2011; Vanthoor, De Visser, et al., 2011; Vanthoor, Stanghellini, et al,,
2011), and extended by adding several components, most importantly a lamp
component. The modelling platform used to run GreenLight is DyMoMa (Katzin,
2020), a general-purpose dynamic modelling platform for MATLAB. Using
GreenLight thus requires the code from both the DyMoMa and GreenLight
package. This separation helps differentiate between the model definitions, i.e.,
the equations that make up the model (defined in the GreenLight package), and
the model solution, i.e., the specific algorithm used for simulating the model
(chosen by the methods of the DyMoMa package). The result is that GreenLight
can be modified and extended without having to worry about the
implementation of the simulation (which is already present in DyMoMa), and
that new simulation algorithms can be applied without changing the code for the
GreenLight model.

This user guide is intended to facilitate the use and extension of the
GreenLight model. For this purpose, Section 7.2 describes the DyMoMa
modelling platform, Section 7.3 explains the technical details of using the
GreenLight mode, and Section 7.4 describes the model in detail.

7.2. The DyMoMa modelling platform

The DyMoMa modelling platform is a MATLAB-based platform for dynamic
models (DYnamic MOdelling in MAtlab). DyMoMa is available at
https://github.com/davkatl/DyMoMa/. The concept behind the platform is that
all models follow a predefined data structure. In this way, methods for solving,
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adjusting, or evaluating a model can be written in a generic fashion, without any
knowledge about the model itself other than its data structure.

DyMoMa makes use of MATLAB's object-oriented capabilities to define the
common data structure. This means that variables used by DyMoMa have a
specific data type, or class. The two classes defined in DyMoMa are

DynamicElement and DynamicModel.

7.2.1. DynamicElement

A DynamicElement represents a variable that changes dynamically through
time. An object of this class has the following attributes:

e label: the name of the object. This is typically a string containing the
name of the variable. For example the state x . statel will typically have
thelabel 'x.statel".

e def:the mathematical definition of the object, represented by a MATLAB
function handlel!oftheform@ (x,a,u,d, p)<some function>.
For example, in the case of states (see below), their de f will contain the
differential equation that defines the state.

e val: the value(s) of the object's dynamic trajectory. If the object is
constant, as in the case of model parameters, its val is a single number.
If the object represents a variable that changes through time, its val is a
2-column matrix, where the first column represents time, and the second
column represents values. For states, before the model has been solved
the val is a single number, representing an initial value. Once the model
is solved, the state’s val is replaced by the a 2-column matrix

representing the state’s trajectory as simulated by the model.

7.2.2. DynamicModel

A DynamicModel object represents a dynamic model, composed of a time
variable, parameters, states, auxiliary states, inputs, controls, events, and in the
case of optimal control problems, constraints and a goal function. The structure
of a DynamicModel object is based on a common structure of ordinary
differential equations (ODE) based models, with the following attributes:

Lhttps://www.mathworks.com/help/matlab/function-handles.html
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e x: the model states. Variables defined by an ordinary differential
equation. x is defined as a struct? containing DynamicElements,
each representing one model state.

e p: model parameters, i.e, constants. Defined as a struct containing
DynamicElements, each representing one parameter.

e d: model (uncontrolled) inputs, aka disturbances. Defined as a struct
containing DynamicElements, each representing one input.

e u:model controls, aka controlled inputs. Defined asa st ruct containing
DynamicElements, each representing one control.

e a: auxiliary states. These variables are any mathematical expression
composed of states, parameters, inputs, and controls. Defining auxiliary
states makes the model easier to use, and helps track important
attributes. a is defined as a struct containing DynamicElements,
each representing one auxiliary state.

e t:the time span of the model. Defined as a DynamicElement.

e c:events (optional). These can be sent to the ODE solver, see MATLAB’s
ODE Event Location3 and Section 7.2.3.1.

e c:constraints (optional). Used to define optimal control problems.

g: goal function (optional). Used to define optimal control problems.

7.2.3. Setting up a DynamicModel: defining a
model before simulation

Table 7.1 presents the common structure that a DynamicModel object should
follow in order to be simulated by the DyMoMa framework. The example file
example.m of the DyMoMa package shows how a model can be set up and
simulated, including the use of the optional attributes used to solve optimal
control problems.

2 https://www.mathworks.com/help/matlab/ref/struct.html
3 https://www.mathworks.com/help/matlab/math/ode-event-location.html
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Attribute Meaning Variable type label (example) def (example) val (example)

X States Struct of Character array with Function handle with the Single number, initial value for
(defined by DynamicElements the state name state’s ODE (@ (x,a,u,d,p) the state (1)

ODEs) (x.statel, x.state?2) (‘x.statel’) p.paraml*x.statel)

p Parameters Struct of Character array with Function handle referring to  Single number, constant value

(constants) DynamicElements the parameter name the parameter itself for the parameter (0. 1)
(p.paraml, p.param?2) (‘p.paraml’) (@(x,a,u,d,p)
p.paraml)

d Uncontrolled Struct of Character array with Function handle referringto  Two-column number array, with
inputs DynamicElements the input name the input itself the first column representing
(disturbances) (d.inputl, d.input2) (‘d.inputl’) (@(x,a,u,d,p) time and the second column

d.inputl) representing values
(0, 10; 1, 20; 2, 30)
a Auxiliary Struct of Character array Function handle with the Empty ([1)
states DynamicElements describing the auxiliary  auxiliary state’s definition
(a.auxl, a.aux?2) state. Can be the name (@ (x,a,u,d, p)
(‘a.aux1’) or the p.param2*d.inputl)
function
(‘p.param2*
d.inputl’)

u Controlled Struct of In the case of predefined controls: same as uncontrolled inputs (d).

inputs DynamicElements In the case of rule based controls: same as auxiliary states (a).
(u.ctrll, u.ctrl?2)

t Time DynamicElement Character array Empty ([1) Timestamps for a start and end
describing the time at time for the simulation period, in
the start of simulation the time units of the simulation
(*01/01/2001 ([0 864001, representing one
00:00:00") day measured in seconds)

e Events See Section 7.2.3.1
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7.2.3.1. Events

Events are a feature of MATLAB’s ODE solvers that allow “to detect when certain
events occur during the solution of an ODE. Event functions take an expression
that you specify, and detect an event when that expression is equal to zero. They
can also signal the ODE solver to halt integration when they detect an event.”! In
GreenLight, events are used to indicate the moment when a lamp was switched
off. This allows to set a “lamp cool-down time”, where a lamp cannot switch back
on (restrike) for a prescribed period of time after being switched off (Mitchell et
al,, 2015). Events are an attribute e of a DynamicModel, defined as an array of
structs with the following properties:

e e.condition: a state of the DynamicModel.

e e.direction:anumerical value of-1, 0, or 1.

e e.resetVars:an array of states of the DynamicModel.

e e.resetVals: an array of numerical values corresponding to

e.resetVars

Events are treated by DyMoMa in the following way: an event occurs when
the state described in condition reaches the value 0 with a certain direction
depending on direction. If direction is 0, the event occurs regardless of
direction. If direction is 1, the event occurs only when condition reached
0 while increasing (i.e., it was negative before), and if directionis -1, the event
occurs only when condition reached 0 while decreasing (i.e., it was positive
before). Once the event occurs, the states listed in the array resetVars arereset
to the values in resetVals, and the simulation continues. A simple example of
the use of events in DyMoma is given in the file exampleEvents.m. A
description of how events are used to set a lamp cool-down and restrike time in
GreenLight is given in Section 7.4.11.

7.2.4. Simulating a DynamicModel

Once a DynamicModel is defined as in Table 7.1, it can be simulated (also
termed solved) by using one of the methods of the DyMoMa package. Table 7.2
describes the structure of a DynamicModel before and after simulation. For

GreenLight, the most useful method was found to be solveFromFile, using the

L https://www.mathworks.com/help/matlab/math/ode-event-location.html
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MATLAB ODE solver ode15s. This is a varying-timestep solver, which means that
the time trajectories of the solved variables may have varying sizes of time steps.
To ensure a uniform output, after solving, GreenLight uses the function
changeRes to ensure that all model outputs are given in equal, 5-minute (300

seconds) intervals.

Table 7.2. Differences of a DynamicModel before and after simulating with solveFromFile.

Attribute Before simulation After simulation

States x val is a single number  val is a two-column matrix of the state's
representing the trajectory, with the first column representing time
state's initial value. and the second column representing values.

Auxiliary val is empty val is a two-column matrix of the auxiliary state’s

states a trajectory, with the first column representing time

and the second column representing values.

Rule-based - def may include - All strings referring to auxiliary states in def are

controls u strings referring to replaced by the full definition of the auxiliary states
auxiliary states, e.g., - val is a two-column matrix of the control's
‘a.auxl’ trajectory, with the first column representing time
-valisemptyora and the second column representing values.
single value

7.3. Using the GreenlLight model
7.3.1. Running GreenlLight with runGreenLight.m

The function runGreenLight is the simplest way to run a greenhouse
simulation. This function creates, modifies, and simulates an instance of
GreenLight, while allowing a user to adjust parameter settings. The function
requires the following arguments:
e lampType: the type of lamps set as toplights in the greenhouse. Can be
one of the following: ‘hps’, ‘led’, or ‘none’. If the argument is not
‘hps’ or ‘led’ (insensitive to case), the function will default to ‘none’.
e weather: outdoor weather data to be used by the model. Should consist
of a 8-10-column matrix with the following columns:
1. Timestamps of the input (datenum?), in regular intervals,
starting from 0
Global radiation (W m-2)
Outdoor temperature (°C)
4. Outdoor humidity (kg m-3)

2 https://www.mathworks.com/help/matlab/ref/datenum.html
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Outdoor COz concentration (kg m-3)

Outdoor wind speed (m s1)

Sky temperature (°C)

Temperature of external soil layer (at a 2m depth) (°C)

© O N ;

(optional) Daily solar radiation sum (M] m2 day?). If the
weather variable is 8-column wide, the daily solar radiation sum
will instead be calculated based on the global radiation given in
column 2.

10. (optional) Elevation (m above sea level). The first value of this
column will be used as the elevation of the greenhouse. If this
column is not present, the default elevation of 0 m will be used.

The weather file can be generated based on EnergyPlus data3 . EnergyPlus
offers a program to convert its own data (EPW files) to CSV files#. Once a CSV file
is created, the GreenLight function energyPlusCsv2Mat can convert the CSV
file to the format expected by createGreenLight. The data will then
represent one year, from January 1 to December 31. The function
cutEnergyPlusData can then be used to cut and paste this dataset to
represent a season starting and ending at different times. The function
runGreenLight also accepts the following optional arguments:

e filename (optional): a name for a file where the simulation output will
be saved. If this argument is empty, no file will be saved.

e paramNames (optional): an array of strings with names of parameters
that should be modified from their nominal values.

e paramVals (optional): an array of numbers corresponding to
paramNames, with the modified values for the parameters.

e isMature (optional): a logical argument, setting whether the

simulation begins with a mature crop. Default is false.

Running the command:
gl = runGreenLight (lampType, weather, filename,
paramNames, paramVals, isMature);

will set up and simulate the GreenLight model, save the resultin £ilename, and

will return a GreenLight instance as the variable g1.

3 https://energyplus.net/weather
4 https://bigladdersoftware.com/epx/docs/8-3/auxiliary-programs/using-the-weather-
converter.html
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7.3.2. Using the model results

Once a GreenLight model is simulated, the results can be used in various ways.
For example, the function energyAnalysis will output the yearly sum of
incoming and energy fluxes. The function barEnergyFluxes will create a bar

chart of these energy fluxes.

7.3.2.1. Plotting

The function plot can be used to plot out the trajectory of any variable - state,
input, control, auxiliary state, or any combination thereof. For example,
plot (gl.a.mvCanAir) will plot the trajectory of crop transpiration.

7.3.2.2. Integrating variables to calculate sums over an
entire simulated season

The function t rapz can be used to integrate the sum of any variable over the full
simulation. For example, trapz (gl.a.hBoilPipe) will output the sum of the
energy transferred from the boiler to the pipe-rail heating pipes. Since the unit
of gl.a.hBoilPipe isin Wm2 =] s1 m2 the output of t rapz will be in that

unit multiplied by seconds: ] m-2.

7.3.3. Modifying GreenlLight

Using runGreenLight is simple, but it doesn’t allow to modify the GreenLight
model. In order to modify the model before simulating it, a more complex
approach is needed. This can be done in the following way:

7.3.3.1. Setting up a Greenlight instance using
createGreenlightModel.m

The function createGreenLightModel creates a DynamicModel object that
represent a greenhouse. The function requires the following arguments:

e lampType:same as in runGreenLight .m (Section 7.3.1)

e weather: same as in runGreenLight.m (Section 7.3.1), with the
exception that the timestamps (column 1) are given in seconds since the
beginning of the data (starting in 0), and that elevation (column 10) is
not provided.
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e startTime:atime label (in MATLAB’s datenum format) indicating the

date and time when the data started.

createGreenLightModel also accepts the following optional arguments.
These can be used to run certain types of simulations:
e controls: pre-defined greenhouse control data. A 9-column matrix in
the following format:
1. Timestamps of the controls (s) in regular intervals, starting at 0
Thermal screen closure (0-1, 0 is open and 1 is closed)
Blackout screen closure (0-1, 0 is open and 1 is closed)

= wN

Average aperture of the roof windows (0-1, 0 is closed and 1 is
open)

Pipe-rail average temperature (°C)

Grow-pipes average temperature (°C)

Toplighting status (0-1, 0 is off and 1 is on)

© N w

Interlighting status (0- 1, 0 is off and 1 is on)
9. COzinjection (0-1, 0 is offand 1 is on)
e indoor: measured indoor climate. A 4-column matrix with the
following data:
1. Timestamps of the input (s) in regular intervals, starting at 0
2. Indoor temperature (°C)
3. Indoor vapor pressure (Pa)
4. Indoor COz concentration (mg m-3)

7.3.3.2. Modifying the GreenlLight instance

Once a  GreenLight instance has been created by using
createGreenLightModel, it can be modified. For example, the model
parameters can be modified by using setParam, the auxiliary states can be

modified by using addAux, and the states can be modified by using setOde.

7.3.3.3. Simulating the GreenlLight instance and using the
model results

After the GreenLight instance has been created and modified, the simulation can
be run using any of the solvers offered by the DyMoMa package (Section 7.2.4).
Once the simulation has been done, the results can be used in the same way as
described in Section 7.3.2.
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7.3.4. Examples

The following files contain examples on setting up, simulating, and using the
GreenLight model:

e exampleSimulation:an example for using
createGreenLightModel.

e evaluateClimateModelled,evaluateClimateModelHps:
examples for using createGreenLightModel for evaluating the
indoor climate predictions of the model (used in Chapter 3).

e evaluateEnergyUseled, evaluateEnergyUseHps: examples for
using createGreenLightModel for evaluating the energy use
predictions of the model (used in Chapter 3).

e runWorldSimulations:anexample using runGreenLight (used
in Chapter 4).

e heatByLightScript:anexample using
createGreenLightModel to create a default instance of
GreenLight, and using additional functions (addHeatHarvesting,
addLampOf £Time) that extend the model (used in Chapter 5).

e The folder postSimAnalysis contains the files used to generate the

figures throughout this thesis.
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7.4. Detailed description of the
Greenlight model

In this section, a detailed description of the GreenLight model is given. The
GreenLight model is largely based on the model of Vanthoor (2011). The
greenhouse model of Vanthoor (including crop transpiration) is described in
detail in the electronic appendix of Vanthoor, Stanghellini, et al. (2011) and in
Chapter 8 of Vanthoor (2011). The crop model of Vanthoor is described in the
electronic appendix of Vanthoor, De Visser, et al. (2011) and in Chapter 9 of
Vanthoor (2011). The heat harvesting component of GreenLight is based on
Righini etal. (2020). This section will focus on the difference between GreenLight
and the models it was based on. Further details on those models are given in the
related publications.

7.4.1. Variable names in printed text and in
computer code

Printed text and computer code follow different style conventions. Text that is
easily interpreted in code may not be pleasant to read in print, and vice versa.
Printed text also has the advantage of allowing for varying fonts, including
subscripts and superscripts, that help facilitate reading. Computer code, on the
other hand, considers text only. For this reason, there is a discrepancy between
how variable names and equations are displayed in printed text and in code. In
GreenLight, a convention is used to convert between how a variable is written in
printed text and in code, which facilitates comparing the printed explanations
and the computer code. The convention is as follows:

Variables in print follow the conventions of Vanthoor (2011), which
formed the basis for GreenLight, in order to maintain consistency. In this
convention, variables typically start with one or two single capital characters
representing the type of variable: R represents radiative heat exchanges, H
represents convective or conductive heat exchanges, T represents temperature,
MYV represents vapor pressure, etc. No explicit indication is made on whether a
variable is a state, auxiliary state, input, parameter, etc. Subscripts provide
specific information on each variable: T,;,., for example, is the temperature of the
indoor air. Hegnair is the convective heat exchange from the canopy to the air.
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Superscripts are used sparingly, typically to differentiate between similar
variables. Subscript and superscripts begin with an upper case letter.
Abbreviations are written in uppercase. Words are separated by capitalizing the
first letter, but sometimes also by a comma or underscore. For example,
underscores are often used after abbreviations for clear separation.

Variables in code follow a “camelCase” style: names begin with a lower
case, and words are separated by capitalizing the first letter of each word except
the first. Other letters are always lower case, including in abbreviations. Variables
that are part of a DynamicModel object follow the DynamicModel structure:
states begin with x., auxiliary states with a., etc. When converting from print to
code, if a variable has both subscripts and superscripts, the subscript is written
first. The symbol T used in the printed text, was written as Up in the code; the
symbol | was written as Dn or Down.

Table 7.3 provides some examples that demonstrate the conversion
between print and code according to these rules.

Table 7.3. Examples for the conversion of GreenLight variable names between printed text
and computer code.

Print Code Meaning

Igiop d.iGlob Outside global radiation (an input, W m™)

Téh x.tCan24 Mean 24-hour canopy temperature (a state, °C)

Crear x.cLeaf Carbohydrates stored in the leaves (a state,
mg m?s™)

Heanair a.hCanAir Convective heat exchange from the canopy to the
air (an auxiliary state, W m)

Lropcov,n a.1TopCovIn Latent heat exchange from the top greenhouse

compartment to the inner side of the cover
(an auxiliary state, W m?)

Rpar_sunpir ~ @-TParSunFlr PAR from the sun to the floor (an auxiliary state,
W m)
J2en a.j25canMax Maximum rate of electron transport at 25°C

(an auxiliary state, umol m2s™)
Fntrampcany @ - fIntLampCanDown  Fraction of FIR radiation going downwards from the
interlights reaching the canopy (an auxiliary state, -)
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7.4.2. Overview of the energy balance

The Vanthoor greenhouse model includes 13 state variables describing the
temperatures of greenhouse objects (°C). These are the temperatures of: the
external side of the cover T¢,,,; the internal side of the cover T¢,,,;;,; the air in
the compartment above the thermal screen Tr,,; the thermal screen Tryg,,; the
air in the main compartment Ty;,.; the canopy T¢,y; the pipe-rail system Tp;,,; the
floor Tg,; and 5 soil layers Tg,1, Tsoz, - Tsos- In GreenLight, 4 state variables were
added to the energy balance: Tygmp, Tintramps Teropipes a0 Tgiscr, €Xpressing the
temperature of the toplights, the interlights, the grow-pipes, and the blackout
screen, respectively (°C).

Accompanying the 4 new state variables are 4 new control inputs: Uy gmp,
Umntrampr Upoitero» and Upser describing, respectively, the switching of the
toplights, the switching of the interlights, the valve opening between the boiler
and the grow-pipes, and the opening of the blackout screen. As in the Vanthoor
model, control inputs are unitless expressions varying from 0 to 1, where 0
indicates no action (a switched-off lamp, a closed heating valve, an open screen),
and 1 indicates action at full capacity (a switched-on lamp, a fully open valve, a
fully closed screen). A scheme describing the energy balance of the GreenLight
model, highlighting the difference between it and the Vanthoor model, is given in
Figure 3.1.

The differential equations for the temperature states (all in W m-2) are
given below. Expressions in bold are additions to the Vanthoor model.
Greenhouse elements that exist in the Vanthoor model, but are not currently
included in GreenLight, have been omitted.
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CapCov,eTCov,e = RGlob_SunCov,e + HCov,inCov,e - HCov,eOut - RCov,eSky
CapCov,inTCov,in = HTopCov,in + LTopCov,in + RCanCov,in + RFerov,in

+ RPipeCov,in + RThSchov,in - HCov,inCov,e

+ RBlSchov,in + RLampCov,in + RlntLampCov,in
CapTopTTop = HThSchop + HAirTop - HTopCov,in - HTopOut

+ HBlSchop
CapBlSchBlScr = HAirBlScr + LAirBlScr + RCanBlScr + RFerlScr

+ RPipeBlScr - HBlSchop - RBlSchov,in - RBlSchky

- RBlSchhScr + RLampBlScr + RIntLampBlScr
CapThSchThScr = HAirThScr + LAirThScr + RCanThScr + RFerhScr

+ RPipeThScr - HThSchop - RThSchov,in - RThSchky

+ RBlSchhScr + RLampThScr + RIntLampThScr
CapAirTAir = HCanAir + HPipeAir + RGlobSunAir - HAirFlr

- HAirThScr - HAirOut - HAirTop - HAirBlScr

+ HLampAir + RLampAir + RIntLampAir

+ HIntLampAir + HGroPipeAir - HAirMech
CapCanTCan = RPAR_SunCan + RNIR_SunCan + RPipeCan - HCanAL'r

- LCanAir - RCanCov,in - RCanFlr - RCanSky

- RCanThScr - RCanBlScr + RPAR_LampCan

+ RNIR_LampCan + RFIR_LampCan + RPAR_IntLampCan

+ RNIR_IntLampCan + RFIR_IntLampCan + RGroPipeCan
CapPipeTPipe = HBoilPipe - RPipeSky - RPipeCov,in - RPipeCan

- RPipeFlr - RPipeThScr - HPipeAir - RPipeBlScr

+ RLampPipe + RIntLampPipe + HBufHotPipe
cappy T = Hpirpir + Rpar_sunrir + Rnir_sunrir + Reanrir

+ RPipeFlr - HFlrSol - RFerov,in - RFlrSky

- RFerhScr - RFerlScr + RPAR_LampFlr

+ Ryir Lamprir + REIR LampFir T RpAR IntLampFir

+ Ryir intLamprir + REIR_IntLampFir

capsoyTsoy = Hso(j-1)s0¢) = Hso(ysoj+1)J = 1.2,...,5

Eq. 7.1
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capGroPipeTGroPipe = HBoilGroPipe - RGroPipeCan - HGroPipeAir
CapLampTLamp = QLampIn - RLampSky - RLampCov,In - RLampThScr
- RLampBlScr —-H LampAir — RPARLampCan
- RNIRLumpCan - RFIRLampCun - RLampPipe

- RPARLampFlr - RNIRLampFlr - RFIRLampFlr

Eq. 7.1
(cntd.)

- RLampAir - HLampCool + RIntLampLamp
CapLampIntTLampInt
= QIntLampIn - RlntLampSky - RlntLampCov,ln
- RIntLampThScr - RIntLampBlScr - HIntLampAir
- RPARIntLampCan - RNIRIntLampCan - RF’RIntLampCan

- RIntLampPipe - RPARIntLampFlr - RNIRlntLampFlr

- RFIRIntLampFlT - RIntLampAir - RIntLampLamp

Here, H represents conductive or convective heat exchange (W m2); R represents
radiative heat exchange (W m2); and L represents latent heat exchange (W m2).
Subscripts represent the source and target of the exchange, thus e.g., Ropj10p2
represents radiative heat exchange from 0Obj1 to Obj2. The latent heat exchanges
depend on the vapor fluxes in the greenhouse, which are described by Vanthoor,
Stanghellini, et al. (2011).

The blackout screen is modelled in an analogous way to the Vanthoor
model component of the thermal screen, with different parameter values (see
Section 7.4.7). Here, capgscr (J K1 m2) is the heat capacity of the blackout screen;
RCanBlSCr' RFerlScr' RPipeBlScrt RBlSchov,in' RBlSchky' RBlSchhScr and RLampBlScr
(W m2) are, respectively, the long wave (FIR) heat exchanges between the
blackout screen and the canopy, floor, heating pipes, cover, sky, thermal screen,
and lamps; Hyirpiser and Hroppiser (W me2) are the convective heat exchange
between the air in the main and top compartments and the blackout screen; and
Lairgiser (W m-2) is latent heat exchange between the air and the blackout screen
due to vapor condensation.

The grow-pipes are modelled analogously to the Vanthoor model
component of the pipe-rail system. However, since for a mature crop the majority
of the radiative heat from the grow-pipes is absorbed by the canopy, and since
the grow-pipe model component was only used in Chapter 3 where a mature crop
was considered, the FIR exchange between the grow-pipes and other greenhouse
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objects is assumed to be negligible. In the equations above, capgopipe (J K1 m-2)
is the heat capacity of the grow-pipes; Hgoigropipe (W m2) is the heating input
into the grow-pipes; Rgropipecan (W m-2) is the FIR exchange between the grow-
pipes and the canopy; and Hgropipeair (W m2) is the convective heat exchange
between the grow-pipes and the air in the main compartment.

The lamp component of the GreenLight model is used to quantify the PAR,
NIR, FIR, and convective outputs of the lamp, in W m2. The heat capacity of the
toplights (] K'* m2) is denoted cap;,mp- The electrical input to the toplights is
given by Qpgmpm- The PAR output of the toplights is either absorbed by the
canopy (Rpar_rampcan) OF by the floor (Rpagr ramprir)- The NIR output of the
toplights is similarly absorbed by the canopy and floor (Ryir ampcans
RyiR_Lamprir)- Long wave radiation (FIR) occurs between the toplights and the
sky, cover, thermal screen, canopy, heating pipes, and floor (R, ampsky» RLampcov,ins
Riamprhsers Riampcans Riamppipes and Rigmprir)- The convective heat exchange
between the toplights and the surrounding air is given by H; 4y 4ir» and Ry gmpair
expresses short wave radiation (sum of PAR and NIR) emitted by the toplights
and absorbed by the greenhouse structure. Finally, the energy taken away from
the lamp by active cooling is denoted Hgmpcoor-

The interlights are modelled in a similar way as the toplights, except that
active lamp cooling is not considered for interlights. Note that Chapter 3
described a simpler description of the interlights (Section 3.2.1.2). There, the
interlighting was modelled in a similar way as the grow-pipes, with the
assumption that a fully-grown crop is present in the greenhouse. As such, it was
assumed that the canopy absorbs all radiation coming from the interlights.
Nevertheless, the simulations performed in Chapter 3 and Chapter 4 assumed
that only toplighting is installed, thus the interlighting model was not considered
there.

Chapter 5 tested the influence of interlighting, and considered a full
growing season, starting when the crop is small and the canopy absorbs little
radiation. Therefore, the model was modified so that radiation exchanges
between the interlights and canopy depend on the canopy size, determined by
the leaf area index (LAI). Radiative exchanges between the interlights and other
greenhouse objects (cover, screens, toplights, pipes, floor) are also included.
Their description is given in Section 7.4.4.2 and Section 7.4.5.
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7.4.3. Lumped cover layer

In the Vanthoor model, the optical properties of the movable outdoor shading
screen, the semi-permanent shading screen, the greenhouse roof, and the
thermal screen were lumped to express the optical properties of the greenhouse
COVETr: Tcoppars Pcovpars Gcovpars TcouNirs PcovNirs Gcovnir (), signifying the
transmission, reflection, and absorption coefficients of the lumped cover layer to
PAR and NIR, respectively. To calculate the optical properties of lumped layers,

the following equations were used in the Vanthoor model:
T1T2

T12(Tu T2 P p2) =~ (5)

2, Eq.7.2

P12(T1, T2, p1,P2) =p1+ P =)

Where 7;,7, (-) are the transmissivities of each layer, p{,p, (-) are the

reflectivities of each layer, and t4,, p;, (-) are the transmissivity and reflectivity
of the resulting lumped layer.

However, the equation for p;, above neglects the fact that the reflectivity

of two objects superimposed on one another depends on which of the objects is

facing the light. Thus, the equation for p,, was replaced by:

U T1T:
T12(T1:72:anypzp) =1 ;nz Up =)
—P1 Py
Up Up _pn .Up _ Up (T1)2P;]p
Pz Tupr PP ) =Pt oom (5) Eq.7.3
—P1 Py

v (r2)?pP"

P (T2 0yt 3" ™) =Pt it ()

1-p7"'p,

Here, pf P is the reflectivity towards the top of the object lying on top, pP" is the
reflectivity towards the bottom of the object lying on top. The rest of the
expressions are denoted similarly, where p, represents the reflectivity of the
object on the bottom and p,, represents the reflectivitiy of the lumped object.

The equations above have been derived by using Figure 7.1. In this figure,
a ray of radiation coming from above is labelled 1, the full capacity of the ray. As
it passes through the top layer, a fraction 7; is transmitted and a fraction pfp is
reflected up. The fraction 7, reaches the second layer, where a total fraction 7,7,
is transmitted, and 7, pZU P is reflected. We continue to follow this ray and sum the
total fraction that has been transmitted through and reflected by the two layers
to arrive at:
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7172

T1p = 7173 Zn 0(p1 p2 ) npUp (_)
Eq.7.4

w n (11)°pYP
Pz = f”+<ﬁ>2f’3"2n=o(/)?"p3”) =l it ©

The equation for pPJ is derived analogously to p12

\/ p / " %;(pz”) o @) e
Up Dn
Ty T1P2Up
Up Dn

T1P2 P1
Up _pn\"
7172 T1T20," P1 Tlfz(Pz p1 )

T (pz p) pr"

Figure 7.1. Trajectory of radiation coming from above and passing through a double layer.
Values near the arrow represent fractions of the original incoming radiation. The reflectivity
of the double layer is an infinite sum of the values of the arrows pointing up at the top of the
figure, while the transmissivity of the double layer is an infinite sum of the arrows pointing
down at the bottom of the figure.

In addition to this change in calculation of reflectivity, two new objects
were added to the lumped cover layer, namely the blackout screen and the lamps.
The optical properties of all layers except the lamps are thus:

Tcovniserpar =  T12(Tcovpars 1 = Upiser (1 — Tpiscrpar)

ﬁgglvPAR' UgiscrPBiscrrar) =
Pevvpiserpar = Pis Ecovpars Peovpars Ponwpars UpiscrPhie) (=) Eq.7.5
Péovsiscrpar = P13 (1 = Upiser - (1 = Tiserpar)s UpiserPriscrpars

Ugiscr * Poiscrpar Peowpar) (=)

where  Teoupiscrpars Propsiscrpars Ponwpiscrrar () are the  transmissivity,
reflectivity upwards and reflectivity downwards of PAR for all layers except the
lamps; Ug,scr is the degree of aperture of the blackout screen (0-1); Tgi5crpar (-)
is the transmissivity of PAR for the closed blackout screen; pgiscrpar () is the
reflectivity of PAR for the closed blackout screen; and %;y,par, ﬁgfvPAR, PO b aR
(-) are the transmissivity, reflectivity upwards and reflectivity downwards of PAR
to the layers considered in the Vanthoor model], i.e., all layers except the blackout
screen and lamps.
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The optical properties of all layers are described in GreenLight as:

— Dn
Tcovpar = T12(TcovBiscrpars TLampPAR» PCovBIScrPAR> pLampPAR) Ea.7.6
q.7.

pgfvPAR = pijzp (TCOUBISCTPAR'pgvalSchAR'pg;lvBlSchAR'pLampPAR
where T:oupar, pgg’vp 4r (-) are the transmissivity and reflectivity of the entire
cover for PAR coming from the sun. 7, g;mppar () is the transmissivity to PAR of
the lamp layer, i.e., the amount of PAR radiation that passes from above the lamps
to right below it. pamppar () is the reflectivity to PAR of the lamp layer, i.e., the
amount of PAR radiation that reflects from the lamp layer.

The optical properties for NIR are calculated analogously. The new optical
properties of the cover, which include the blackout screen and lamps, replaced
the optical properties of the cover used in the Vanthoor model. The optical
properties of FIR passing through the cover considered only the shading screens
and roof and were thus left the same as in the Vanthoor model.

7.4.4. Shortwave heat exchanges

In GreenLight, the PAR above the canopy is supplemented by the PAR emitted by
the toplights and interlights:

_ -2
Rpar ensun = (1 = Ngiob_air)Tcovpar * Neiovpar * lgiop (W m™2)
_ -2
Rpar ghramp = NMiamppar * Qrampm (Wm™) Eq. 7.7
_ -2
RPAR_GhIntLamp - nlntLampPAR : QIntLampln (W m )

7.4.4.1. PAR and NIR from the toplights

In Eq. 7.7, NLamppar (-) is the fraction of toplights lamp electrical input converted
to PAR, and Qgmpm (W m2) is the electrical input to the toplights, defined by:
Quampin = Uramp * Orampmax (W m™2) Eq.7.8

where Uy qm, (0-1) indicates whether the toplights are switched on (0 if all lamps
are off, 1 if all lamps are on), and 6, 4mpmqex (W m2) is the electrical input for the
toplights when they are fully on.

The PAR from the toplights absorbed by the canopy is then calculated
analogously to the Vanthoor model:
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— -K LAI
Rpar_Lampcant = RPAR_GhLamp(l — Pcanpar) (1 — e R1.PARLAT)
_ —Kqp , o LAI
Rpar_LampFircant = RPARGhLamp e AR pripar (1 — Peanpar) Eq.7.9
. (1 _ e_KZ_PARLAI) (W m—Z)
RPAR_LampCan = RPAR_LampCanl + RPAR_LampFeranT (W m—Z)

Similarly, the NIR from the toplights absorbed by the canopy is calculated
analogously to the Vanthoor model:

Ryir Lampcan = NeampnNir Qrampm (1 — Peannir) (1 — e KnNIrLAD) Eq.7.10
where Ngmpnir (-) is the fraction of lamp input converted to NIR. The PAR and
NIR from the toplights absorbed by the floor is calculated by:

Rpar Lamprir = Rpar chramp(1 — Prirpag)e $1-PAREAL (W m™2)

_ - Eq.7.11
Ryir Lamprir = nLampNIRQLampIn(l — PrirnIR)E KnirLAL (W m™=2) 4

PAR and NIR energy emitted by the toplights and not absorbed by the
canopy or floor are assumed to be absorbed by the greenhouse construction

elements and immediately transferred to the greenhouse air:

R = + —R
LampAir (nLampPAR nLampNIR)QLampIn PAR_LampCan Eq. 712

-2
_RNIR_La.mpCan - RPAR_LampFlr - RNIR_LampFlr (W m )

7.4.4.2. PAR and NIR from the interlights

Two differences between toplighting and interlighting is that (1) radiation from
the interlights originates from a vertical position in the middle of the canopy, and
(2) it is emitted both upwards and downwards. Five parameters are used to
describe the PAR and NIR radiation from the interlights to the canopy and floor.
the first is the vertical position of the interlights within the canopy, denoted by
VintLamppos- 1 Nis parameter (denoted as 1.4 14y by Righini et al. (2020)), ranges
from 0 to 1, and indicates what fraction of the total leaf area index (LAI) of the
canopy lies below the interlights: a vjn¢amppos Of 0 indicates that the interlights
are completely below the canopy and a Vi, amppos Of 1 indicates that the
interlights are above the canopy.

A second parameter, Finspampl, indicates what fraction of the emitted
radiation of the interlights (PAR and NIR) is directed downwards. Interlighting
lamps that are set to project light exclusively upwards have an Fj,;1 qmp1 0f 0, and
Interlighting lamps that project light exclusively downwards have an Fyy,¢; gmp1 0f

1. Lastly, three extinction coefficients Kj jyepar, Kz mepar, and Kpeng were
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included to describe light penetration to the canopy from the interlights. These
are analogous to the extinction coefficients K; par, K; par, Kyir in Vanthoor,
Stanghellini, et al.,, (2011) that describe light penetration to the canopy from
above and below.

With these parameters, PAR and NIR from the interlights to the canopy is
described (Figure 7.2). Light penetration through the canopy is modelled

according to the Lambert-Beer law, which states that a canopy with an LAI of [

k k

intercepts a fraction 1 — e ! and transmits a fraction e~* of the light coming

from above, with k an extinction coefficient of the canopy (Goudriaan, 2016).
The fraction of light going downwards from the interlights is Fj;;1 gmp,. Out
of this light, 1 — exp(—Ki ntparVintLampprosLAI) reaches the canopy, and
exp(—Ki_intparVintLampposLAI) 1s transmitted to the floor. Light going up from
the interlights behaves in a similar way, with 1 — Fj;,¢; gmpy instead of Finepampt
and with 1 — Vi, amppos T€Placing vy amppos- The total fraction of light from the
interlights reaching the canopy is:
Frntrampcanpar = 1 — FintLamp! exp(_Kl_IntPARvlntLampPosLAI ) + Eq.7.13

(FlntLampi -1) exp(_Kl_IntPAR(l - VlntLampPos)LAI )

For example, if Vi, amppos = 1, the interlights are above the canopy, so a
fraction 1 — Fypepampy of the light emitted by the interlights is transmitted
upwards, a fraction F,ntLampl(l - exp(—Kl_,ntpARLAI)) of the light emitted by
the interlights reaches the canopy, and a fraction Fy,epamps €Xp(—Ky miparLAI)
reaches the floor. On the other hand, if Vin¢1amppos = 0, the interlights are below
the canopy, a fraction (1 — Fintrampt) exp(—Kl_,ntPARLAI) of the light emitted is
transmitted upwards, a fraction (1 — F,ntLampl)(l - exp(—Kl_,mPARLAI))

reaches the canopy, and a fraction Fyp¢;amp1 reaches the floor.
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Transmitted up through the canopy:

a- FlntLampl)exp (_Kl,lntPAR(l - VlntLampPas)LAI)

/"

Reaching the canopy from below:
a- FlnLLampl) (1 — exp (_KuntPAR(l - thLampPos)LA]))

—

0o
‘0@
Emltted upwards AT .

- F lntLampl -
Total reaching the canopy:

1 — FintLamp1€Xp (*Kl_lntPARVIntLampPusLA]) +

\ (FlanampL -1 exp(_Kl_lntPAR (1 - VIntLampPas)LAI)

Emitted downwards:

Fintrampt

‘.

\\
~
~

Reaching the canopy from above:
FlntLampl (1 — €Xp (—Kl,thARthLampPasLAl))

-

Transmitted down through the canopy:

FlntLamplexp (_Kl_lntPAR VlmLampPasLAI)

Figure 7.2. PAR light from the interlights reaching the canopy and transmitted through it,
following the Lambert-Beer law (Goudriaan, 2016). NIR was modelled analogously, with
Kmenir replacing Ky nepar-

Emission of NIR from the interlights to the lamps is modelled analogously,
with K,k replacing K jnepar. Based on this, the PAR and NIR from the
interlights to the canopy and floor is calculated. As described in Eq. 7.7, the PAR
emitted by the interlights is:

Rpar_ghintLamp = NintLampPAR QIntLampIn (Wm2) Eq.7.14
with n¢1amppar (-) the fraction of electrical input to the interlights converted to
PAR, and Qnt1ampin (W m-2) the electrical input to the interlights:

Qmerampin = Umtramp * Omtrampmax (W m™2) Eq.7.15
where Upnipamp (0-1) indicates whether the interlights are switched on (0 if all
lamps are off, 1 if all lamps are fully on), and 6,11 ampmax (W m2) is the electrical
input for the interlights when they are fully on.

The PAR from the interlights directly absorbed by the canopy is:

RPAR_IntLampCanl = RPAR_GhIntLampFIntLampCanPAR Eq.7.16
(1 = pcanpar) (Wm2)
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with 1 — pcanpar (-) the PAR absorption coefficient of the canopy. The PAR from
the interlights absorbed by the floor is:
Rpar_mtLamprir = Rpar crintrampFintramp. Eq.7.17
- €Xp(— K1 _ineparVintLampposLAl ) (1 = ppirpar) (Wm2)
with 1 — pp-par (-) the PAR absorption coefficient of the floor.
The PAR reflected from the floor and absorbed by the canopy is:

RPARthampperanT = Rpar_chintrampFintLampiPFirpar Eq.7.18
(11— pCanPAR)(l — exp (_KZ_IntPARLAI))

: exp(_Kl_IntPARUIntLampPosLAI) (Wm?)

with 1 — exp (=K, jneparLAI) (-) the fraction of PAR reaching the canopy, out of
the PAR emitted from the interlights and reflected by the floor. The total PAR from
the interlights absorbed by the canopy is:

Rp g mtLampcan = Rpar_mtLampcant + Rpar_mtLampFircant (Wm?2). Eq.7.19
The NIR from the interlights absorbed by the canopy is:

Rir_mtLampcan = NimtLampnir QintLampm FintLampcannir Eq.7.20
(1 = pcannir) (W m2)
with Fintrampcannir () calculated analogously to Finerampcanpar (EQ. 7.13) and
1 — pcannir (-) the NIR absorption coefficient of the canopy.
The NIR from the interlights absorbed by the floor is:
RNIR_IntLampFlr = NintLampNIR QIntLampIn Eq.7.21
: FIntLampl(l — PFurNIR)
: eXp(_KlntNIRVIntLampPosLAI ) (Wm2)
with 1 — pcannir (-) the NIR absorption coefficient of the floor.

PAR and NIR energy emitted by the interlights and not absorbed by the
canopy or floor are assumed to be absorbed by the greenhouse construction
elements and immediately transferred to the greenhouse air:

RintLampair = (UlntLampPAR + UlntLampNIR)antLampln Eq.7.22

_RPAR_IntLampCan - RNIR_IntLampCan

—Rpar mtLamprir — RNIR_mtLampFir (Wm?2)
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7.4.4.3. Influence of shortwave radiation on transpiration
and photosynthesis

The sum of shortwave radiation above and outside the canopy are used in the
calculation of crop transpiration. This is defined as:
Rcan = Reansun + Reantamp + Reanintramp (W m-2) Eq.7.23
where R;gnsun (W m2) is the sum of PAR and NIR from the sun above the canopy:
Reansun = (1 = Ngiob_air) Eq.7.24

* (Tcovpar “ Nglobpar + Tcovnir * Nalobnir) * Ioiop (W m2)

Furthermore, Rcgnpqmp is the sum of PAR and NIR from the toplights above the
canopy:

RCanLamp = (nLampPAR + nLampNIR) : QLampIn (W m_z) Eq- 7.25

and Reanintramp 1S the sum of PAR and NIR from the interlights towards the
canopy:

RCanlntLamp = (nlntLampPAR + nlntLamleR) : QIntLampIn (W m_z)- Eq- 7.26

The sum of these values, R4, (W m2) is then used for the influence of radiation
on stomatal aperture when calculating transpiration (Vanthoor, Stanghellini, et
al,, 2011). Besides this, an important factor controlling transpiration is the vapor
pressure deficit (VPD), i.e,, the difference between the saturation vapor pressure
at the temperature of the canopy and the vapor pressure of the air. This factor is
also indirectly influenced by the sun and lamps, due to their influence on canopy
temperature as part of the energy balance (see Eq. 7.1).

Regarding photosynthesis, it is determined by considering the PAR
absorbed by the canopy (umol m-2 s-1). This is calculated as:

Rparcan = CsunparRpar_suncan + SLampparRpar_Lampcan Eq.7.27

+ {intLampparRpar_mtrampcan (WMol m2 s°1)
with {gynpar = 2.3 pmol J1 is the photons per joule in PAR from the sun, {; gmppar

(umol J1) the photons per joule in PAR from the toplights, and {;,¢1.4mppar (LMol
J-1) the photons per joule in PAR from the interlights. These last two parameters
depend on the spectral output of the lamps, see e.g., Section 4.2.3.1.
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7.4.5. Long wave (FIR) heat exchange

The long wave (FIR) heat exchange between the greenhouse objects is calculated
according to the Stefan-Boltzmann law:

R,j = Aeig;Fyjo ((Ti +273.15)*—(T; + 273.15)4) (W m-2) Eq.7.28

where A; (m? m-2) is the surface area of object i per area of greenhouse floor; ¢;,
& (-) are the emissivities of objects i and j; F; ; is the view factor between the two
objects j; and T;, T; are the temperatures of the objects (°C).

The areas A;, emissivities ¢;, and view factors F; ; used are given in Table
7.4. The toplights, interlights, and blackout screen obstruct the view between
objects in the greenhouse, and the long wave heat exchanges (as they were
defined in Vanthoor, Stanghellini, et al. (2011)) were modified accordingly, with
the assumption that the blackout screen is directly below the thermal screen.

The lamp areas A4, and Apyirqmp are parameters that depend on the

choice of the lamps. The emissivity of the toplights €, 4, is different between the

top and the bottom side of the lamp. Thus, two emissivity values sLT;T’:w, eomg™

are used, depending on the direction of radiation emitted from the toplights.
Table 7.4 also includes which of these values is used for the toplights. For FIR
exchange between the toplights and interlights, £2+9™ was used.

The view factor between the interlights and the canopy is calculated in a
similar way as in Section 7.4.4.2 (Figure 7.2), with a fraction of the FIR radiation

going upwards from the interlights reaching the canopy:
Frnttampcant = 1 — €xp (_KlntFIR(l - VIntLampPos)LAI) ) Eq.7.29

and a fraction of the FIR radiation going downwards from the interlights reaching
the canopy:
FrntLampcany = 1 — €xp (_KlntFIRvIntLampPosLAI) ) Eq.7.30
The surface area of the top and bottom side of the interlights is A1 qmp
(m2 m2), and the emissivity of the interlights is &;,¢1qmp- For greenhouse objects
that the interlights lie between them, a transmissivity factor Tin¢ qmprir 1S
included to take into account obstruction of FIR by the interlights. The
obstruction of radiation towards the canopy by the interlights is neglected. Since
grow-pipes were only considered in Chapter 3, where a full-grown crop was
present in the greenhouse, it is assumed that they only radiate towards the crop,
and do not obstruct the radiation between other objects.
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Table 7.4. Parameters for long wave (FIR) heat exchange, including the influence of the
interlights, lamps, and blackout screens. Ropj10pj2 indicates net radiation exchange from
Obj1 to Obj2. Expressions marked in bold are additions to the model of Vanthoor,
Stanghellini, et al. (2011). BlScr: blackout screens; Can: canopy; Cov,e: external side of the
cover; Cov,in: internal side of the cover; Flr: floor; GroPipe: grow-pipes; IntLamp: interlights;
Lamp: toplights; Pipe: pipe-rail heating pipes; ThScr: thermal screens.

FIR;; & A; (area) F;; (view factor)
) — —KprLAI U U
RCanCov,m Ecan 1 e tLampFIRtBlSchlRtThSchIR
o —KprLAI U U
Reansky Ecan 1-e TLampFIRTBIScrFIRTCovFIRTThSCrFIR
— e~ KrirLAI U
Reanthser Ecan 1-e TramprIRTBiscrrIRUrhscr
—KpirLAI
RCanFlr Ecan 1—e "FR 1- 0-49”1Pipe¢Pipe,e
U u
RPipeCov,in gPipe T[lPipe¢Pipe,e TlntLampFlRTLampFlRTBlSchIRTThSchIR
0.496_KFIRLAI
U u
Rpipesky Epipe Telpipe Ppipe,e TintLampFIRTLampFIRTBIScrFIRTCovFIRTThScrFIR
0.4_9e—Kp1RLAI
U —KpirLAI
RPipeThScr EPipe 7"-'lPipeqﬁPipe,t-z TlntLampFlRTLumpFIRTBlSchIRUThScrOA'ge FIR
RPipeFlr sPipe ”lPiped)Pipe,e 0.49
—KpjrLAI
RPipeCan Epipe T[lPipe¢Pipe,e 0-49(1 —e FIR )
R i € 1 T T LA v
FlrCov,in Flr IntLampFIR* LampFIR BIScrFIRTThScrFIR
—KpIrLAI
a- 0-497TlPipe¢Pipe,e)e FIR
R € 1 A g
FlrSky Flr TmtLampFIRTLampFIRTBIScrFIRTCovFIRTThScrFIR
—KpirLAI
(1 - 0-4‘97TlPipe¢Pipe,e)e FIR
R £ 1 T T LA U
FlrThScr Flr IntLampFIR * LampFIR * BlScrFIRY ThScr
—KpirLAI
(1 - 0-4‘97TlPipe¢Pipe,e)e FIR
RThSchov,in EThscr 1 UThScr
R ThScrSky EThscr 1 TcovriRUrhser
RCov,eSky Ecov 1 1
Top U U
Riampsky £Lamp Aramp TcovFIRTThScrFIRTBIScrFIR
To U U
RLumpCm;,in ELafnp ALamp rThSchIR TBISL‘TFIR
To U
R LampThScr & L ufnp ALamp UThSchBlSch IR
To
R LampBIScr &) ufnp ALamp UB IScr
Bottom —KprLAI
RFIR,LumpCun ELamp ALamp 1—e "
Bottom —KpipLAI
Riamppipe ELamp ALamp TineLamprFiR0- 49T pip Ppipe €™ FIF

241



Chapter 7

Table 7.4 (continued).

FIR;; & A; (area) F;; (view factor)
Bottom —KpirLAI
RFIR_LampFlr sLam;r) ALamp TlntLampFlR(l - 0. 49”’Pipe¢?ipe,e)e FIR
roPipeCan GroPipe roPipe P GroPipe,e
Rgropipec £ ve  Tleropipe@aropi 1
R U T 7
BlScrSky Episcr BlScr CovFIRYThScrFIR
R i U ¥
BlScrCov,in Episcr BlScr ThScrFIR
RBISLTThScr Episer UBlScr UThScr
—KpirLAI
Rcanpiser Ecan 1— e "FIR TramprirUBiscr
—KpirLAI
RPipeBlSrr €pipe anipe¢Pipe,e TintLampFIRT LampFIR Ugiscr0.49e " FIR
RFerlSL'r Erir 1 TintLampFIRTLampFIR UB'lScr(1 -0 49”1Pipe¢Pipe,e
e~ KrinLAl

U

RlntLampSky slntLamp AlntLamp (1 - FlntLampCanT)TLampFlRTThSchIR
U
TBiscrFIRT CovFIR

U U
RlntLampCov,in £lntl.amp AIntLamp (1 - FlntLampCanT)rLampFlRTThSchlRTBlSchIR

U
RlntLampThScr EmtLamp AIntLamp (1 - FlntLampCanT)TLampFIRTBISrrFIRUThSn'
RIntLampBlScr EmntLamp Alntl.amp (1 -F lntLampCanT)Tl,ampFlRUBlScr
RlntLampLamp slntLamp AlntLamp (1 - FlntLampCanT)ALamp
RFIR_InLLampCan £lntl.amp AlntLamp FlntLampCanT + FlntLampCanl
RlntLampPipe £lntl.amp AIntLamp (1 - FlntLampCanl)o' 4'97thipe¢Pipe,e
RFIR,IntLampFlT slntLamp AIntLamp (1 - FlntLampCanl)(l - 0. 49anipe¢Pipe,e)
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7.4.6. Convection and capacities

The convective heat transfers added to the model are calculated as:

Hygpiser = Cuecviscrair Tair = Taiser) (W m™2) Eq.7.31

HLampAir = CHEClampAir (TLamp —Tyr) (W m—Z)

Hpnerampair = Cugcintrampair Timtramp — Ta) (W m™2)

HGroPipeAir = CHECgroPipeAir (TGroPipe —Tur) (W m—Z)
where CHECbIScrTops CHECbIScrAirr CHEClampAirs CHECintLampAir» and CHECgroPipeAir
(W m-2 K1) are the heat exchange coefficients between, respectively, the blackout
screen and the air in the top compartment; the air in the main compartment and
the blackout screen, the toplights, the interlights, and the grow-pipes.

The heat exchange coefficients between the blackout screen and the
surrounding air is analogous to that of the thermal screen in the Vanthoor model
(De Zwart, 1996; Vanthoor, Stanghellini, et al., 2011):

cusepiserair = 1.7+ Upiser| Tair = Triser|®*® (W m™2). Eq.7.32

The heat exchange coefficient between the air and the grow-pipes is
calculated analogously to that of the pipe-rail system in the Vanthoor model (De
Zwart, 1996; Vanthoor, Stanghellini, et al.,, 2011) :

Chgcgropipeair = 199 P gropipeelcropipe Eq.7.33
" (Wm?).
The energy extracted from the lamps by an active cooling system is

: |TGroPipe — Thiser

assumed to be a fixed fraction of the energy input to the lamps:
Hyampcoot = MiampcootQuamprn (W m™2). Eq.7.34
The heat capacity of the grow-pipes is calculated analogously to that of the
pipe-rail system:
CaPGropipe = 0-257Tlaropipe((¢(2;ropipe,e - ¢(2;roPipe,i) Eq.7.35

2 R
: pSteele,Steel + ¢GroPipe,ipWaterCp,Water) (W m 2]

7.4.7. Blackout screen

Blackout screens are often used in illuminated greenhouses to prevent light from
the greenhouse to penetrate to the outside and cause light pollution. Depending
on local regulations, growers might be required to use blackout screens if the
lamps are on for certain hours of the night. In GreenLight, a blackout screen is
used in addition to the thermal screen used in the Vanthoor model. The blackout
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screen is assumed to be installed directly below the thermal screen, influencing
the FIR exchange between the greenhouse objects, as described in Section 7.4.5.
In addition, the blackout screen influences air flow between the main and top
greenhouse compartments. For this, first the air flows through each of the
screens is calculated. Air flow through the thermal screen is:

066 1 — Upps Eq.7.36
fraser = UThSchThScr|TAir - TTop| + Mean = a
Air

05
- (0.504%" (1 = Urnser) g|Pair — Prop|)  (m3m2s1)
and airflow through the blackout screen is:

066 1 —Upgser Eq.7.37
fiser = UBlSchBlScr|TAir - TTop| + —ean
Air

) (0-5Pf1/li$an(1 - UBlScr)g|pAir - pTopl)O.s (m3m2s1)
Here, Urpser and Ugise are the closure of the thermal and blackout screens,
respectively (0 representing an open screen and 1 a fully closed screen); Ky pscr
and Kgjs. (M3 m2 K066 s-1) are the screen flux coefficients of the thermal and
blackout screens; g (ms~2) is gravitational acceleration; p4;, (kg m3) is the
density of air in the main compartment; pr,, (kg m3) is the density of air in the
top compartment; and pi¢®* (kg m-3) is the average of p4; and prop.

It should be noted that in Vanthoor, Stanghellini, et al. (2011), the outside
air was used in Eq. 7.36 instead of the air in the top compartment. However,
GreenLight follows here the equations of De Zwart (1996) where the air in the
top compartment was used.

Once the air flow through each screen is calculated, it is assumed that the
achieved rate of air flow through the screens layer is the minimum between the
two air flows:

fser = min (frpsers fpiser) (m3 m~? S_l) Eq.7.38

where fs., is the airflow between the main and top greenhouse compartments.
Condensation of water vapor in the main compartment onto the blackout

screen is defined as:

MVirpiser = max (0, 6.4 X 10~ cypepiscrair Eq.7.39

*(VPyir = VPgiser)) (kgm2st)

where cypepiserair (W m2 K1) is the heat exchange coefficient between the air
and the blackout screen (Eq. 7.32); V Py;;- (Pa) is the vapor pressure of the air in
the main compartment; and VPgs., is the saturated vapor pressure at the
temperature of the blackout screen Tgg.;-
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The condensation on the blackout screen reduces the vapor concentration
of the air in the main compartment (expressed here in bold) :
capyp AirVP air = MVeanair — MVairrnser = MVairrop Eq.7.40
— MVyirout — MV girgiser — MVairmecn (kg m?s?)
Furthermore, the condensation transfers latent heat from the air to the
blackout screen:
Lairpiser = AH - MVyirpiser (W m™?) Eq.7.41

where 4H (] kg1) is the latent heat of evaporation of water.

The parameters used for the blackout screen are given in Table 7.6. It is
assumed that the blackout screen behaves similarly to a thermal screen, with the
exception that 99% of the light is blocked by the blackout screen, and that the
blackout screen does not contain aluminum strips, and thus has a higher
emissivity than the thermal screen. In Chapter 3, the value of Kg;s.,- was based on
calibration and set at a value of 5:10-* (Table 3.1). In Chapter 5, the value of Kg;g.,
was assumed to be equal to Krpg., and set at 5-10-5 (Vanthoor, Stanghellini, et al.,
2011).

Table 7.5. GreenLight parameters used for the blackout screen.

Notation = Meaning Unit Value
EBIScrFIR FIR emission coefficient of the blackout screen - 0.67
Piscr Density of the blackout screen kg m3 0.2x10°
PolscrNIR NIR reflection coefficient of the blackout screen - 0.35
Pbiscrpar PAR reflection coefficient of the blackout - 0.35

screen
ThiscrNIR NIR transmission coefficient of the blackout - 0.01
screen
ThiscrPAR PAR transmission coefficient of the blackout - 0.01
screen
ThiscrFIR FIR transmission coefficient of the blackout - 0.7
screen
Cp,BIscr Specific heat capacity of the blackout screen Jkg'K'  1.8x10°
hpiser Thickness of the blackout screen m 0.35x1073
Kpiser Blackout screen flux coefficient m3m=? 5x10* (used in

K066 g1 Chapter 3),
5x107 (used in
Chapter 5)
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7.4.8. Leakage ventilation

In the Vanthoor model, it was assumed that the leakage ventilation is equally

distributed between the main and top compartments: half the leakage ventilation

comes from the top compartment and half comes from the main compartment:
fVentRoof = 7]InsScer,:antRoof + CLeakTopfleakage (m3 m—2 5_1)

fVentSide = nlnsScer,:zntSide + (1 - CLeakTop)fleakage (m3 m_z S_l)

where ¢peqirop (-) is assumed to be 0.5. In GreenLight, this value may be adjusted.

Eq.7.42

In Chapter 3, since compartments within a greenhouse were considered and not
a standalone greenhouse, it was assumed that the majority of the leakage
ventilation came from the top of the greenhouse, with ¢ .qkrop set at 0.9. In

Chapter 4 and Chapter 5, ¢¢q1op Was set at its nominal value of 0.5.

7.4.9. Adjustments to the crop model

The GreenLight model simplifies the yield model of Vanthoor, De Visser, et al.
(2011) by only considering total dry matter in the fruit but neglecting fruit
developmental stages. This simplification influences the timing of harvest, but
has only a minor influence on the total harvest, which was the focus in this thesis
whenever yield was considered, and was shown to be predicted quite accurately
(Righini et al., 2020; Vanthoor, De Visser, et al.,, 2011). The key difference in the
yield model of GreenLight compared to that of Vanthoor, De Visser, et al. (2011),
is that the number of fruit development stages np,, was reduced from 50 to 1.
This results in the following equation for fruit dry mass:

CFruit = MCBufFruit — MCrryitair — MCpryitpar (Mg m2s1) Eq. 7.43

where Cg,i¢ is the rate of change in fruit dry matter (mg m2 s) and MCpgyfrruie
MCpryitair a0 M Crpyirnar are, respectively, dry matter from the carbohydrate
buffer to the fruits, maintenance respiration to the fruits, and fruit harvest (all in
mgm-2s1). The variables M Cpy fpryit» M Cpryicair are as described in the electronic
appendix of Vanthoor, De Visser, et al. (2011). Fruit harvest is performed when
the total dry weight reaches a predefined threshold, in such a way that the fruit
dry weight remains at that threshold:
M Crryitrar = Max {0, Crryie — Ciruye} (mgm2s7) Eq.7.44

Max __
CFruit -

300,000 mg m2 represents the estimated weight of unripe fruit of a mature crop

where Cpi; is the total dry matter of fruit on the crop (mg m2) and
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in the greenhouse. In order to ease computation, the function above was
smoothed using a sigmoid function, resulting in :

50,000 ) (mgm?2s) Eq. 7.45

1+exp (~0.000210g(100)-(Cpryie—CHL,

MCrryithar =

where 50,000 mg m? s! is the maximum possible harvest rate and
—0.000210g(100) is a smoothing factor. This function implies that when Cg,.;;; is
slightly higher than CX%%,, for example Cg,,;; = 330,000 mg m-, the harvest rate
is practically 50,000 mg m-2 s-1. Conversely, when Cg;;; is slightly lower than
cHax., for example Cppyir = 270,000 mg m-2, the harvest rate is close to 0.

The total harvested dry weight is the integration of the harvest rate:

YDW = 10_6f MCFruitHar (kg m_z) Eq' 7.46

where 107 is a conversion from mg to kg. The total harvested fresh weight is the
dry weight divided by the dry matter content (DMC):

Y
Yew = ﬁ (kg m2) Eq.7.47

with the DMC set at 0.06, based on Righini et al. (2020).

7.4.9.1. Organ sink strengths

In the crop model of Vanthoor, De Visser, et al. (2011), constant parameters were
used to describe the potential growth rates of the crop’s fruit, leaves, and stem.
These parameters represent the organs’ sink-strength, which is the maximum
ability of the organs to attract assimilates that are synthesized during
photosynthesis. If the rate of photosynthesis is higher than the combined crop’s
sink strength, the crop is said to be sink-limited: increasing the light intensity will
not increase crop growth (T. Li et al, 2015). Advanced growers regulate the crop
sink strength by fruit pruning and by adjusting the crop’s stem density (Kubota
et al,, 2018). To avoid a sink-limited crop in Chapter 5, where a lot of light was
available for the crop, the potential growth rate of the fruit, leaves, and stem were
doubled, compared to their original values in Vanthoor, De Visser, et al. (2011).
The original values for the potential growth rate coefficients of the fruit, leaves,
and stem were rgppy;; = 0.328, rgreqr = 0.095, and rggten, = 0.074 mg {CH20}
m-2 s-1, respectively. These values were used in Chapter 3 and Chapter 4, where
crop yield was not considered. In Chapter 5, the values for these parameters were
doubled, resultingin rgpyy;¢ = 0.656,7g1eqr = 0.19,and r ggeem = 0.148 mg {CH20}

m2sl,
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7.4.10. Heat harvesting
7.4.10.1. Mechanical cooling and dehumidification (MCD)

The heat harvesting model components are connected to the rest of the
GreenLight model in two ways. First, a hot water buffer from the heat harvesting
system is connected to the greenhouse heating pipes, influencing their
temperature (marked here in bold):
cappipeTripe = Hpoupipe + HpufHotpipe — Rpipesky Eq.7.48
—Rpipecovin — Rpipecan — Rpiperir — Rpipernscr
—Hpipeair — Rpipepiscr + Riamppipe (W m*2)
Here, Tpipe (°C s1) is the rate of change in the temperature of the greenhouse
heating pipes and Hpgyryorpipe (W m2) represents energy from the hot buffer
used to heat the greenhouse heating pipes.

The heat harvesting system includes a mechanical cooling and
dehumidification (MCD) unit which affects the temperature and water vapor
pressure of the greenhouse air (marked in bold):

capairTair = Heanair + Hpipeair + Retob_sunair — Hairmech Eq.7.49
- HAirFlr - HAirThScr - HAirOut - HAirTop - HAirBlScr

+ HLampAir + RLampAir + HIntLampAir + HGroPipeAir (W m_Z]

CapVPAiTVPAir = MVianair — MVairrnser — MVAirTop Eq.7.50
—MV4iroue = MVairgiser — MV pirmecn (kg m2s1)

Here, Ty, (°C s1) is the rate of change in the temperature of the greenhouse air,
VP, (Pa s1) is the rate of change in the vapor pressure of the greenhouse air,
Hpirmecn (W m2) is sensible energy extracted from the greenhouse through
cooling by the MCD, and MV,;,-pecn (kg m-2 s1) is water vapor extracted from the
greenhouse through dehumidification by the MCD.

Other expressions in Eq. 7.48-Eq. 7.50, indicating energy and water vapor
flows of the greenhouse air and heating pipes, are described earlier in this
chapter and in Vanthoor, Stanghellini, et al. (2011). For consistent notation, we
replaced Hpecnair Which appears in Righini et al. (2020) and Vanthoor,
Stanghellini, et al. (2011) by Hairmech = —Huecnair and replaced the notations
HE Cyecnair» Tuecncoots VPuecncoot DY HE Cairmecns Tmecns V Puecn, respectively.
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Mechanical cooling and dehumidification (MCD) is done simultaneously
by the mechanical cooling instrument described by Vanthoor, Stanghellini, et al.
(2011). The heat and humidity extracted by the system are described by:

Hpirmecn = IHE Cairmecn|(Tair — Tuecn) (W m2) Eq.7.51

MVAirMech = max {0: 6.4 10_9|HECAirMech|(VPAir - VPMech)} Eq- 7.52
(kg {water vapor} m2s1)

where Hyirpecn (W m2) is the energy removed from the greenhouse air by the
MCD, HECyecnair (W m2 K1) is the heat exchange coefficient between the MCD
unit and the greenhouse air, 7,;,- (°C) is the temperature of the greenhouse air,
Tyecn (°C) is the temperature of the cold surface of the cooling unit, MV, yech
(kg {water vapor} m2 s1) is the water vapor removed from the greenhouse air
by the MCD, VP,;. (Pa) is the vapor pressure of the air, VPy,., (Pa) is the
saturation vapor pressure at the temperature Ty, and 6.4 - 1079 (kg {water
vapor} Pa1 K J1) is a conversion factor relating the heat exchange coefficient
(W m-2 K1) to a vapor exchange coefficient (kg m2 s-1 Pa1). It is assumed that
whenever the MCD is operational, Ty, Was held constant at 10°C.

Removal of vapor MV yecn (kg {water vapor} m?2 s1) occurs by
condensation on the cold sheet of the MCD and is only possible when the dew
point of the air is above Ty..,, or equivalently, when VP,;. = VP Since
cooling and dehumidification occur simultaneously, the MCD only operates when
Tair = Tyecr, and VPyy. = V Pyecn. Condensation is related to a corresponding
latent energy flow:

Lpirmech = AH - MVyirpecn (W m2) Eq.7.53
where L pecn (W m2) is the energy released by condensation of vapor on the
cold surface of the MCD, and AH = 2.45 - 10° ] kg-! {water} is the latent heat of
evaporation of water (denoted p . 1 in the GreenLight source code).

The heat exchange coefficient between the mechanical cooling unit and
the greenhouse air is defined by:

HECyechair = Oech (Wm2K1) Eq.7.54

TAir_TMech+6-4"10_9L(VPAir_VPMech)

where Quecn (W m2) is the energy extracted from the greenhouse by the MCD
unit:
Qumech = UnmechCOPyech Precn (W m2) Eq.7.55
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with Upen the control valve of the MCD (0-1), COPyecn (-) the coefficient of
performance of the MCD unit, and Py, (W m2) the electrical capacity of the
MCD unit.

Combining Eq. 7.54 with Eq. 7.51-Eq. 7.53 results in (assuming
VPyir 2 VPyecn):

_ Qmech(Tair—TMech) 2 Eqg. 7.56
Hpirmecn = 7= 6.4-10~9L(VP gir-—VP (Wm?) a
Air—TMecht6- (VP air Mech)
L _ QMech’ 6-4'10_9L(VPAir_VPMeCh) Eq 757
‘AirMech —

Tair—TMech+6.4-107°L(VP 4i+—VPpMech)
(kg {water vapor} m2 s1).
Combining Eq. 7.56 and Eq. 7.57and results in:
Hpirmech + Lairmech = Quecn (W m2). Eq.7.58

This is consistent with the definition of Q.. as the amount of energy extracted
from the greenhouse by the MCD unit, with Hyjrpecn (W m2) the amount of
sensible energy extracted from the air onto the cold surface of the MCD, and
Lairmecn, (W m2) the amount of latent energy that is removed from the air as
MVyirmecn (kg {water vapor} m2 s1) condenses in the MCD.

7.4.10.2. Heat storage

The heat storage component was based on the model of Righini et al. (2020). It
is composed of a cold buffer, a hot buffer, and a heat pump connecting them. The
model for the buffers is based on the following assumptions: the buffers are tanks
filled with water that are in a temperature gradient, with water at a temperature
of Tyin (°C) in the bottom and Ty, (°C) at the top. The buffers supply energy by
letting out water at Ty, and simultaneously letting in water at Ty;;,. The buffers
receive energy in a reverse process. Based on these actions, the average buffer
temperature varies between Ty, and Ty,,- The buffer is considered empty;, i.e.,
it cannot supply more energy, if its average temperature is Ty;;,, and the buffer is
considered full, i.e., it cannot receive more energy, if its average temperature is
Tymax- Since the buffers are used for fast (diurnal) storage and release of energy,
energy losses to the environment are assumed negligible.

Based on the above assumptions and in order to ease integration with the
greenhouse model, the buffers are described using the available energy they
contain rather than their average temperature. For this, two state variables,
Egurnor and Epyrcoia (M] m2), representing the available energy in the buffer,
were introduced. A value of 0 M] m2 represents an empty buffer, i.e., a buffer with
average temperature Ty;,. A value of cgyfsize, the maximum energy available in
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the buffer (M] m-2), represents a full buffer, i.e., a buffer with average temperature
Tyax- The value of cgyfsi,e depends on the temperature difference of the buffer
and its size:

Cpufsize = 4.184 - CBusol(TMax = Tmin) (M] m2). Eq.7.59

where cgy, 5y (M3 m2) is the volume of the buffer relative to the greenhouse floor
area and 4.184 M] m=3 K1 is the energy needed to raise the temperature of one
m3 of water by 1°C. As can be seen by Eq. 7.59, what is important for modelling
the system is not the actual temperatures of Ty;, and Ty, but rather the
assumed difference between these temperatures, which influences how much
energy the buffers can contain. Thus, the values of the temperatures described
below are only meant for illustrative purposes, since the flows and states of the
buffers are not modelled as water with a certain temperature, but rather as
energy flows (measured in W m2) and available energy content (measured in M]
m-2). Following Righini et al. (2020), the cold buffer is assumed to have Ty, = 5°C
and T4, = 15°C and the hot buffer is assumed to have Ty;, = 30°C and Ty gy =
50°C. Furthermore, the size of both buffers cg, 4 is assumed to be 0.01 m3 m2,
resulting in cf9%%;,, = 4.184-0.01- (15— 5) = 0.4184 M] m?and cfffs;,e =
4.184-0.01 - (50 — 30) = 0.8368 M] m2.

When the MCD removes sensible and latent energy from the greenhouse
air, it does so by simultaneously heating water in the cold buffer. In other words,
the energy Qu.cn, extracted by the MCD system is transferred to the cold buffer.
This process stops when the cold buffer is full, since in this case there is no cold
water available to maintain the DMC cold enough to operate.

When the heat pump is on, it extracts energy from the cold buffer and
transfers it to the hot buffer. This can only happen if the cold buffer is not empty
and the hot buffer is not full. Lastly, the hot buffer supplies energy to the
greenhouse’s heating pipes.

Put in equations, the system has the same structure as the one described
by Righini et al. (2020):

106EBquold = Hyirmecn + Lairmecn — HBquoldHeatPump (Wm?2) Eq.7.60

106EBufHot = Hyeatpumpburnot — Hpurrotpipe (W m2) Eq.7.61
where 10° is a conversion from ] to M], EBquold (MW m-2) is the net energy flux
ofthe cold buffer, Hgy fcotaneatpump (W m-2) is the energy flux from the cold buffer
to the heat pump, E'BufHot (MW m?) is the net energy flux of the hot buffer,

Hyeatpumpsusnot (W m-2) is the energy flux from the heat pump to the hot buffer,
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and Hgy ryotpipe (W m2) is the energy flux from the hot buffer to the greenhouse

heating pipes.
Removal of energy from the cold buffer by the heat pump is described by:
HBquoldHeatPump = (COPHeatPump - 1)UHeatPumpPHeatPump Eq' 7.62
(W m?2)

where COPyeqtpump (-) is the COP for heating of the heat pump, COPyeqrpump-1
(-) is the COP for cooling of the heat pump (see Eq 9.4 in Stanghellini et al.
(2019)), Uyearpump (0-1) is the degree of operation of the heat pump, and
Pyeatpump (W m2) is the electrical consumption of the heat pump.
Extraction of energy into the hot buffer by the heat pump is defined as:

Hyeatpumpsuftot = COPreatpump UneatpumpPreatpump (Wm?2) Eq.7.63
Subtracting Eq. 7.62 from Eq. 7.63 results in the total energy added to the system
by the heat pump:

Queatpump = UneatpumpPreatPump = Eq.7.64

= HHeatPumpBufHot - HBquoldHeatPump (W m-Z)
Finally, the heat from the hot buffer is transferred to the greenhouse
heating pipes:
HBufHotPipe = UBufHotPBufHot (Wm?2) Eq.7.65

where Ug,ryor (0-1) is the control of energy flow from the hot buffer to the
heating pipes, and Pgyryo: (W m2) is the maximal flow rate of energy from the
heat buffer to the pipes.

7.4.11. Lamp cool down and restrike period after
switching off

One important difference between LEDs and HPS lamps is that HPS lamps need
some time after switching off before they can “restrike” and illuminate at full
capacity (Mitchell et al., 2015). Growers prefer to let the HPS lamp cool down
after switching off before they switch the lamp back on. In order to implement
this in GreenLight, events (Section 7.2.3.1) were used in the simulations
performed in Chapter 5, and some new states were introduced.

The new states represent two counters that count how much time has
passed (in seconds) since the last time the lamp was switched off. The first
counter is Sy gmporfrrigger (S), which serves as a trigger that sets off an event
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whenever the lamps switch off. This state gradually increases as long as the

lamps are off, and has a value close to -1 whenever the lamps are on. The

differential equation defining S, 4mporfrrigger 1:
dSLampoffrrigger _ { 1 if Uramp < 0.8

dt =SLampoffrrigger — 1 if Uamp 2 0.8 ) Eq.7.66

This equation ensures that Sy gmpo s frrigger WOTks as a time counter as long as the
lamp is below 80% of its capacity, but as soon as the lamp is above 80% its
capacity, Spampossrrigger decays exponentially towards -1. Then, once the lamp is
switched off again, S;4mpofsrrigger Starts growing linearly, going from -1 to 0, 1,
and onwards.

Based on S gmposfrrigger» @an event is defined. Whenever Sy gmpofrrigger
crosses the value of 0 from below, the system knows that the lamps had been
switched off. This triggers an event, which sets the value of S 4,0 rfrrigger t0 1,
ensuring that this state is now positive and will not cross 0 from below until the
next time the lamp switches off.

The second counter that was defined is Sgecssincerampors (S), which is

defined simply as

DsecssincelampOff _ 1 (.

m : Eq.7.67

This means that SgecssinceLampors iS allowed to simply grow and count the
seconds since the last time it was reset. The event described above, of lamps
switching off, resets Sgecssinceramposs back to 0. Thus, Sgecssincerampors 1S @
counter counting the seconds since the last time the lamps had been switched
off.

Finally, the state SsecssinceLamposy 1S used to control the lamps. Toplights
are only allowed to switch on if Sgecssincerampoyy IS greater than the parameter
CLampoffrime (). For HPS lamps, this parameter was set at 3600, representing
one hour of cool-down period. For LEDs, the parameter was 0.

As can be seen from Eq. 7.66, the control for the lamps U, 4y, is not strictly
0 or 1. Indeed, due to implementation issues related to function smoothness,
ULamp 1s allowed to achieve any value between 0 and 1. While LEDs could in
principle be allowed to dim and achieve any value from 0 to their maximum
intensity, this is not the case for HPS lamps, and thus allowing U}, any value
between 0 and 1 is not representative of practice. However, note that whenever
ULamp is below 0.8, a lamp switch-off event is subsequently triggered, and the
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HPS lamps are not allowed to be on, setting U, 4, back to 0. This mechanism

ensures that the control for the HPS lamps generally remains very close to
either 0 or 1.

7.4.12. Nominal model parameters

The parameters used in the new model extensions and in the simulations
performed for this thesis are summarized in Table 7.6. Parameters used in
Chapter 3 are given in Table 3.1 and Table 3.2. The parameters for the blackout
screens, used in Chapter 3 and Chapter 5, are described in Table 7.5. Parameters
used in Chapter 4 are given in Table 4.2 and Table 4.3. The parameters described
in Table 4.2 and Table 4.3 were also used in Chapter 5, unless noted otherwise in
Table 7.6. Parameters not mentioned in these tables were used as in the
electronic appendix of Vanthoor, De Visser, et al. (2011) and as in the Dutch
greenhouse described in the electronic appendix of Vanthoor, Stanghellini, et al.
(2011). In the following, justification for the choice of lamp parameters not
explained earlier is provided.

Regarding the interlights in Chapter 5, it was assumed that the interlights
were always positioned in the middle of the canopy (Vin¢ramppos 1S 0.5), and that
they emit light up and down in equal amounts (Fjpn¢1amp: is 0.5). In this case, the
total fraction of PAR light from the interlights reaching the canopy was (see Eq.
7.13):

Fintrampcanpar = 1 — exp(_O'SKl_IntPARLAI) Eq.7.68

Since it was assumed that light penetration from the interlights was equal
to light penetration from above, the PAR light extinction from the interlights
K imtpar Was chosen to be twice the value of the PAR light extinction from above
Ki par, SO that Fintrampcanpar Will be equal to 1 —exp (—Ky parLAl) = 1—
exp (—0.7LAI) (Vanthoor, Stanghellini, et al, 2011). This meant that K; j,,tpar
was chosen as 1.4. Out of similar considerations, all interlight light extinction
coefficients were double the value of the comparable light extinction coefficients
for light coming from above: K; ;,:pq Was set at 1.4 (-), Kj,¢rjz Was set at 1.88
(-), and K},:n1r Was set at 0.54 (-).

Nominal lamp parameters in Chapter 5 were chosen as in Chapter 4 (Table
4.3), which described LEDs at an intensity of 200 umol m2 s-1. In order to
consider higher lamp intensities, the same approach as in Section 4.2.3.4 was
used: for a lamp with an intensity that is x times the nominal intensity of 200
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umol m2 s-1, the following parameters were multiplied by a factor of x: the lamp
power consumption 6 qmpmax (W m2), the heat capacity of the toplights capLamp
(J K1 m-2), the heat exchange coefficient between the toplights and surrounding
air cypciampair (W K1 m2), and the lamp area A4y, (m? m2). The lamp PPFD

NLamppar " (LampPAR * Orampmax (Umol m2 s'1) was multiplied by a factor x as a

consequence of multiplying 6, 4mpmax- The transmissivity of the lamp layer to PAR,
NIR, and FIR was set at 1 — A; 4y (-), assuming that the change in intensity was
due to installing less or more lamps.

Similar considerations were used for parametrization of the interlights.
The nominal parameters for interlights at 200 pmol m2 s-1 were equivalent to
those of toplights at 200 umol m-2 s'1. For other lamp intensities, the parameters
for the heat capacity of the interlight capIntLamp (] K1 m2), the heat exchange
coefficient between the interlights and surrounding air cygcintrampair (W K1
m2), the interlights’ power consumption 8,¢1qmpmax (W m2), and consequently,
the interlights” PPFD 1., par * Sineamppar * @imeLampmax (Wmol m2 s1), were
modified as above. The area of the interlights A qmp (M? m?2) and the
transmissivity of FIR passing through the interlights layer 7;,t1qmprir (-) Were
held at their standard values, with the assumption that interlights are added by

stacking them on top of each other, thus maintaining the same horizontal surface

area.
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Table 7.6. Parameters of the GreenLight model as used in Chapter 5. Parameters used in
Chapter 3 are given in Table 3.1 and Table 3.2. Parameters for the blackout screens, used in
Chapter 3 and Chapter 5, are given in Table 7.5. Parameters used in Chapter 4 are given in
Table 4.2 and Table 4.3. The parameters of Table 4.2 and Table 4.3 were also used in Chapter
5, unless noted otherwise here. Parameters not mentioned by these tables were used as in
Vanthoor, De Visser, et al. (2011) and as in the Dutch greenhouse described in the electronic
appendix of Vanthoor, Stanghellini, et al. (2011).

Lamp parameters: toplights

Parameter Meaning (unit) Standard value Modifications
(reference)
NampPar Photosynthetic photon 3 for LEDs, -
. (LampPAR efficacy (PPE) of the 1.8 for HPS
toplights (Chapter 4)
(umol {PAR} J" {input})
N LampPAR Photosynthetic photon flux 200 0 for no lamps; 450 or 500
. (LampPAR density (PPFD) of the (Chapter 4) for LEDs at higher intensity
O ampitax toplights (umol {PAR} m2s™)
0 LampMax Electrical energy input to the 67 for LEDs, 0 for no lamps; 150 or 167
toplights (W m) 110 for HPS for LEDs at higher intensity
(Chapter 4)
Apgmp Surface area of the lamps 0.02 (Chapter 4) 0 for no lamps; 0.045 for
per area of greenhouse floor 150 W m2 LEDs; 0.05 for
(m?>m) 167 W m™ LEDs
TLampPAR Transmission of sun’s PAR 1= Apamp -
through the toplight lamp (Chapter 4)
layer (-)
TLampNIR Transmission of sun’s NIR 1= Apamp -
through toplight the lamp (Chapter 4)
layer (-)
TLampFIR Transmission of FIR through 1 — Agmp -
the toplight lamp layer (Chapter 4)
NiampPar Fraction of lamp electrical 0.55 for LEDs, -
input converted to PAR by 0.37 for HPS
the toplights (Chapter 4)
N ampNIR Fraction of lamp electrical 0.02 for LEDs, -
input converted to NIR by 0.22 for HPS
the toplights (Chapter 4)
capLamp Heat capacity of the 10 for LEDs, 22.5 for 150 W m™ LEDs;
toplights (J K" m) 100 for HPS 25 for 167 W m2 LEDs
(Chapter 3)
CHEClampAir Heat exchange coefficient 2.3 for LEDs, 5.175 for 150 W m™ LEDs;
between the toplights and 0.09 for HPS 5.75 for 167 W m™? LEDs
surrounding air (W K" m) (Chapter 3)
CLampOffTime Time between lamp switch 0 for LEDs,

off until next lamp switch on

(s)

3600 for HPS
(Section 7.4.11)
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Table 7.6 (continued).

Lamp parameters: interlights

Parameter Meaning (unit) Standard value Modifications
(reference)
$inttamppar Photons per joule in PAR 5.41 (Chapter 4) -
emitted by the interlight
(umol{PAR} J-' {PAR})
N intLampPAR Photosynthetic photon 3 (Chapter 4) -
. (lmLampPAR efficacy (PPE) of the
interlights
(umol {PAR} J" {input})
N intLampPAR Photosynthetic photon 0 (no interlights) 120 or 170
. (lmLampPAR flux density (PPFD) of the (hybrid scenarios)
 Ornetampiax interlights
(umol {PAR} m? s
0 ntLampMax Electrical energy input to 0 (no interlights) 40 or 57
the interlights (hybrid scenarios)
(W m?)
MintLamppaR Fraction of lamp electrical ~ 0.55 (Chapter 4) -
input converted to PAR by
the toplights
MintLampNIR Fraction of lamp electrical ~ 0.02 (Chapter 4) -
input converted to NIR by
the toplights
capIntLamp Heat capacity of the 10 (Chapter 3) 6 for 40 W m?
toplights (J K" m?) interlights;
8.5 for 57 W m™?
interlights
CHECIntLampAir Heat exchange coefficient 2.3 (Chapter 3) 1.38 for 40 W m?
between the toplights and interlights;
surrounding air 1.955 for 57 W m
(WK"m?) interlights
Leakage ventilation
CLeakTop Fraction of leakage 0.5 (Vanthoor, 0.9 (used in
ventilation coming from Stanghellini, et al. Chapter 3)

the top compartment

(2011), used in
Chapters 4-5)
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Table 7.6 (continued).

Interlighting radiative exchanges (Sections 7.4.4.2, 7.4.5)

Parameter Meaning (unit) Standard value Modifications
(reference)
AntLamp Surface area of the 0 (no interlights) 0.02 (hybrid scenario)
interlights per area of
greenhouse floor (m? m)
fintLamp. Fraction of light emitted by 0.5 (assumed) -
the interlights that is
directed downwards (-)
Ky mepar PAR extinction coefficient 1.4 (Section 7.4.12) -
for light from the interlights
to the canopy
K intpar PAR extinction coefficient 1.4 (Section 7.4.12) -
for light from the interlights
reflected by the floor to the
canopy
Kinerir FIR extinction coefficient for ~ 1.88 (Section 7.4.12) -
light from the interlights to
the canopy
Kinenir NIR extinction coefficient 0.54 (Section 7.4.12) -
for light from the interlights
to the canopy
EmtLamp Emissivity of the interlights ~ 0.88 (Chapter 4) -
TintLampFIR Transmissivity of FIR 1 (no interlights) 0.98 (hybrid scenario)
passing through the
interlights layer (-)
VintLampPos Vertical position of the 0.5 (Section 7.4.12) -

interlights with respect to
the canopy LAI

Crop growth and yield (Section 7.4.9)

Parameter Meaning (unit) Standard value Modifications
(reference)
DMC Dry matter content of the 0.06 (Section 5.2.3.3) -
fruit (kg{dry weight}
kg{fresh weight} ™)
T Grruit Potential fruit growth rate 0.328 used in Chapter  0.656 used in Chapter
coefficient at 20°C 3, Chapter 4 5 (Section 5.2.3.3)
(mg{CH20 m2 s} (Vanthoor, De Visser,
et al, 2011)
TGreaf Potential leaf growth rate 0.095 used in Chapter  0.19 used in Chapter
coefficient at 20°C 3, Chapter 4 5 (Section 5.2.3.3)
(mg{CH0 m2sT}) (Vanthoor, De Visser,
et al, 2011)
TGstem Potential stem growth rate 0.074 used in Chapter ~ 0.148 used in Chapter
coefficient at 20°C 3, Chapter 4 5 (Section 5.2.3.3)
(mg{CH.0 m2 s} (Vanthoor, De Visser,
et al, 2011)
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Table 7.6 (continued).

Heat harvesting (Section 7.4.10)

Parameter Meaning (unit) Standard value Modifications
(reference)
Cg,‘jlfdme Size of the cold buffer  0.67 (Section 5.2.5.1) 1 for big buffer,
(MJ m?) 0.42 for small buffer
(Righini et al., 2020)
cg’{Z}Sl-ze Size of the hot buffer 1.33 (Section 5.2.5.1) 2 for big buffer,
(MJ m?) 0.84 for small buffer
(Righini et al., 2020)
COPyeatpump Coefficient of 5.5 (Van Beveren et al., -
performance (COP) of  2020)
the heat pump (-)
COPyecn COP of the MCD unit 4 -
)
Pgon Maximum heating 600,000 for a 4 ha 1,200,000 used in
capacity of the boiler greenhouse, so that Chapter 4
(W) Pgoir/Apir=150 W m
used in Chapter 5
(Dieleman & Kempkes,
2006)
Ppugnot Maximal energy flow 150 (Van Beveren et al., 0 for greenhouses
rate from hot buffer 2020) without heat
to pipes (W m?) harvesting
Pheatpump Maximal electric 11.36 (chosen so -
consumption of the PyeatrumpCOPreatpump =
heat pump (W m?) 62.5, Van Beveren et al.
(2020))
Precn Maximal electric 50 (chosen so 0 for greenhouses
consumption of the Precn COPyec =200, without heat
MCD unit (W m™) (Vanthoor et al., 2012)) harvesting
Tuecn Temperature of the 10 -
cold surface in the
MCD unit (°C)
NMech Electricity required to 0.25 -

run the water pump,
relative to the electric
consumption of the
MCD system (-)
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