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Propositions

1. Since results from the past do not provide guess for the future, one should focus on
the harvest rate instead of cumulative yield wheingisensitivity analysis techniques. (this
thesis)

2. Optimal greenhouse design requires optimal ¢éroantrol. (this thesis)

3. Not-field-related publications stimulates théntist's creativity better than field-related

publications.

4. Just like horticultural crops, the health of lambeings will benefit by regular analysis

of their drain, for example following each visitttee toilet.

5. People will develop better sensors if they areimfluenced by their own senses.

6 .The human race does not have a shortage ofyer@ry an energy conversion problem;

energy can simply not be lost.

7. The increase in communication means resultamo @ individualistic society.

8. According to Johan Cruijff simple soccer is thest difficult to play, and unfortunately,

this also applies to simple modelling.

Propositions belonging to the PhD thesis of B.Hv&anthoor entitled:'A model-based

greenhouse design method'.

Wageningen, June 17, 2011



Stellingen

1. Aangezien resultaten uit het verleden geen ¢jaghieden voor de toekomst, moet men
bij gevoeligheidsanalyses focussen op de oogstsigelh plaats van op de cumulatieve
oogst. (dit proefschrift)

2. Optimaal kasontwerp vereist een optimale klimeagling. (dit proefschrift)

3. Niet-vakgerelateerde publicaties stimuleren d@mtiviteit van een wetenschapper beter

dan vakgerelateerde publicaties.

4. Net zoals bij kasplanten zal de gezondheid vansmn verbeteren als hun drain

regelmatig wordt geanalyseerd, bijvoorbeeld bigieiletbezoek.

5. Mensen ontwikkelen betere sensoren als ze zieh laten beinvioeden door eigen

zintuigen.

6. De mensheid heeft geen energietekort, maar mengieconversie probleem; energie kan

immers niet verloren gaan.

7. De toename van communicatiemiddelen leidt totemméndividualisme in de

maatschappij.

8. Volgens Johan Cruijff is simpel voetballen hebeifijkst, dit geldt helaas ook voor

simpel modelleren.

Stellingen behorende bij het proefschrifi: model-based greenhouse design metheal),
B.H.E Vanthoor.

Wageningen, 17 juni 2011
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Chapter

General introduction and outline of the thesis



Chapter 1

1.1 Background and motivation

Large greenhouse areas can be found all over thikd was presented in Table 1.1. This
worldwide spread of greenhouses was caused byadwemeficial reasons. A greenhouse
protects the crop against pests, insects and eatrelimate conditions such as heavy
precipitation and wind. Moreover, the shelter athe crop enables an aerial environment
somewhat independent from the outdoor climate.igh-technology greenhouses, one can
adapt the light level, temperature, £€dncentration and relative humidity to the neefls o
the crop. These advantages result in higher craddsj higher quality and longer
production periods than field productidn addition, compared to open field production,
the resource use efficiency of a greenhouse isehigfor example, water use efficiency is
several times higher thanks to the combination ofueh higher productivity and a lower
transpiration rate. Moreover, fewer nutrients aached if a recirculation irrigation system
is installed.

Table 1.1 The production area of plastic greenheusmed glasshouses all over the world (source:
Giacomelli et al., 2008).

Location Plastic greenhouses (Ha)  Glasshouses (Ha)otal (Ha)
Western Europe 140,000 29,000 169,000
Eastern Europe 25,000 1,800 26,800
Africa 27,000 600 27,600
Middle East 28,000 13,000 41,000
North America 9,850 1,350 11,200
Central/South America 12,500 0 12,500
Asia/Oceania 450,000 2,500 452,500
Total area 692,350 ,288 740,600

An enormous variety of protected cultivation systecan be found throughout the world
(Fig. 1.1). They range from fully passive “solaiegnhouses” with thick energy storage
walls as found in China (Suet al, 2006) to the high-tech “closed greenhouses” witho
ventilation openings in Western Europe (Heuvektlal, 2008).
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General introduction and outline of the thesis

Fig. 1.1 Different greenhouses in China (a), The Heg#mds (b), Spain (c) and Saudi Arabia (d).

The particular choice of a protected cultivatiorstsyn depends on many factors, as
demonstrated by Hanan (1998) and Van Heurn andd¢afost (2004). Van Henten al.
(2006) combined and extended their list of facttys (1) market size and regional
infrastructure which determines the opportunity sell products as well as the costs
associated with transportation; (2) local clim#8);availability, type and costs of fuels and
electric power; (4) availability and quality of veat (5) soil quality; (6) availability and cost
of land; (7) availability of capital; (8) the avallility and cost of labour as well as the level
of education; (9) the availability of materials,uggment and service level; (10) legislation
in terms of food safety, residuals of chemicalg, tise and emission of chemicals to soll,
water and air. In line with these factors, Von Eiset al. (2000) stated that the variety of
greenhouses is caused by the adaption of greerddoselimatic, economic and social
conditions. An example of the impact of the temp@eand the global radiation on climate
modification techniques is presented in Fig. 112Heijing China, De Bilt The Netherlands,
and Almeria Spain. This figure shows that in thetreely dark and cold Dutch climate
artificial photosynthetic lighting and a heatings®m might be useful whereas in the
relatively sunny and hot climate in Spain an appete cooling technique might be
beneficial.
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Sun radiation (MJ /mz/month) Almeria
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Fig. 1.2 The monthly mean outdoor temperature (g)aaxnd the global radiation sum (y-axis) for
three different climate zones, i.e. Beijing China Bilt The Netherlands and Almeria, Spain. The
arrows indicate when a specific climate modificatienhnique might be beneficial.

The fast development of commercial greenhouse dudttire has resulted in many
techniques to modify the indoor climate (Berensch2i04) as presented for Dutch
conditions in Fig. 1.3.

Heating Climate computer CO, supply Lighting  Closed greenhouse

14

1960 1980 1990 1995 2006

Fig. 1.3 Timing of the introduction of climate nidchtion techniques in Dutch greenhouses.

The enormous variety of boundary conditions andigteglements makes greenhouse
design a complex task. Von Elsnet al. (2000) concluded that optimisation of a
greenhouse design with respect to local climatid @conomic conditions still remains a
challenge for the designer. As suggested by B#il@99) a systematic approach that
integrates physical, biological and economical nede the most promising way for
strategic decision making on greenhouse configumatgiven the wide variety of climate
conditions on a worldwide scale. Such a method @/bel beneficial for several reasons.
First, a designer is unable to take into accodrmeddvant boundary conditions and
design elements which results often in sub-optidedigns. For areas where greenhouse
horticulture is less developed, the systematic @gghr could support the design process so

12



General introduction and outline of the thesis

that suitable greenhouses for the given local ¢amdi are produced. For areas where
greenhouse horticulture is more developed, theesic approach can re-evaluate
existing greenhouse designs to check whether andtiey might be improved further. In
addition, a systematic design procedure might atdidiow greenhouses might evolve in
the face of future changes in economic conditisash as product and resources prices.

Second, sensitivity analysis applied in such aesgyatic approach might pinpoint
the key factors for greenhouse design which ine@gasr understanding of the design
process. In addition, the properties of greenhauoaterials that should be modified so that
growers gain extra revenues could be revealed nfdrufacturers then would know which
properties should be optimised and what would be #tonomic margin for this
modification. Additionally, this systematic apprbacmight even identify whether
adjustable design parameters over time as progmgedg. Sonnevelét al. (2011) would
be beneficial.

Third, the systematic approach might indicate thecigive factors why
greenhouses have evolved to totally different desigt different locations. Furthermore,
the impact of uncertain boundary conditions on gheeise design can be evaluated.

However, when the current state in greenhouse nésigonsidered, most studies
have focused on optimising the design for a spediftcation, or they considered only a
single design parameter (Zaragogaal, 2007; Campen, 2005; Sonnevedd al, 2006;
Kaciraet al, 2004; Engel, 1984; Amir & Hasegawa, 1989). Toliket of our knowledge, a
model-based methodology to design protected ctiltiwasystems for the wide variety of
conditions that exist around the world is thus yettavailable.

1.2 Research objective

The objective of this thesis is to develop a methloat produces a greenhouse design
suitable for the given local climatic and econontonditions. In principle, this
methodology should work for the wide variety of ddions that can be found throughout
the world.

13



Chapter 1

1.3 Scope of the research

As described before, the particular choice of atquted cultivation system depends on
many factors. Therefore, to keep this research geatde, we focus on the following
aspects. The climatic and economic conditions &exd was boundary conditions and the
design problem is narrowed down to techniques th#tience the aerial climate. In
particular, this study focuses on the followinghgigesign elements: the type of greenhouse
structure, the cover type, the outdoor shade sctbenwhitewash, the thermal screen, the
heating system, the cooling system and the @®@ichment system. Tomato is selected as
model crop since it is one of the most widely proetligreenhouse vegetables in the world
and knowledge about tomato yield modelling is vesliablished.

1.4 Model-based design approach

According to Van Hentemt al. (2006) greenhouse design can be addressed astia mul
factorial optimisation problem. Such an approadieseon a quantitative trade-off between
the economic return of the crop and the costs &ssacwith construction, maintenance and
operation of the greenhouse facility. Design opgation has been used intensively to solve
complex problems in other application domains aagospace engineering (William Begg
& Liu, 2000; Anthony & Keane, 2003), automobile gs(Yildiz et al, 2004), electronics
(Abido, 2002) and cold stores design (Lukassal, 2009). Using optimisation techniques
to solve the multi-factorial greenhouse design fmebthus seems promising. Therefore, a
model-based greenhouse design method as presenkgd. 1.4 was developed. The key
components of the method are a greenhouse climatielma tomato yield model, an
economic model and an optimisation algorithm. Tire¢ models are used to determine the
net financial result as a function of outdoor clieagreenhouse design, climate
management and economic variables. The optimisatigorithm adjusts the greenhouse in
such a way that a maximum net financial result Wl obtained. Since our aim is to
develop a design method that focuses on the optfiors of the set of design elements,
aspects that might be relevant for other desigeaspwill be neglected or simplified. Due
to the generic nature of the model-based desigrhadetnew modules can easily be
implemented whenever they become available.
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Economic variables

Structure - 1 Total
Cover type Outdoor climate Indoor climate: investments
Shade screen Climate management Gree.nhouse Tcan, CO2air, RPAR To.mato Crop yield . s

) - climate yield Economic [Net financial
Whitewash Greenhouse design model | Tair, VPair model model result
Thermal screen —
Heating system L

Resource use:

Cooling system water, energy, CO2, electricity

CO, enrichment
Investments
Net financial result maximum? | Greenhouse
N design
NO: Adjust optimisation
greenhouse design

y YES: Greenhouse
design is optimal

Fig. 1.4 An overview of the model-based greenhoesggd method. This method selects the set of
alternatives to fulfil the eight design elementgganted at the left-hand side to yield the largest
annual net financial result. The method consistéoaf key components, i.e. the greenhouse climate
model, the tomato yield model, the economic moddl the design optimisation algorithm. The
applied performance measure is the annual net firdmesult.

1.5 Thesis outline

The four key components of the model-based desigthad (Fig. 1.4) and a sensitivity
analysis are each described in a chapte€Hapter 2, the greenhouse climate model that
determines the indoor climate as a function of oatdclimate, climate management and
greenhouse design is presented. Requirementsdétatbe model formalism are presented
and the design elements that are sufficiently gerfer worldwide greenhouse design are
selected and described in model equations. The niignanodel is validated for four
different greenhouse designs under three climateitons: a temperate marine climate, a
Mediterranean climate and a semi-arid climate susthat it is sufficiently accurate and
generic to be incorporated in the model-based deasigthod.

Chapter 3 describes the model to calculate the tomato yaslé function of the
predicted indoor climate. Requirements relatedchto model formalism are presented and
relevant yield model aspects are revealed in vidwhe model-based design method.
Temperature effects on tomato yield are reviewedl ane implemented in the model. The
model is then validated for four different temparatregimes.
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In Chapter 4 three sensitivity analysis techniques are appieedhe combined
greenhouse climate-tomato yield model to indichgerhost relevant design aspects and to
increase our understanding of the design process. sEnsitivity analysis quantifies the
impact of parameters on the harvest rate, resoczomnsumption and indoor climate for a
low-tech greenhouse in Almeria, Spain and a high-tgreenhouse in Texas, USA. The
single-variate sensitivity analysis pinpoints desigarameters that are candidates for
improvement. The multi-variate sensitivity analystéseals the parameters that will have a
joint effect on crop yield. The analysis of the smzl impact of parameters indicates
whether adjustable design properties might incrgasenhouse performance.

Chapter 5 presents the economic model that determines thaahmet financial
result as a function of crop yield, the resource aisd the depreciation and maintenance of
the construction. The economic model is joined wuiith greenhouse climate-tomato yield
model to identify — among a predefined set of desigernatives — the greenhouse with the
highest annual net financial result for tomato pitbn under South-Spanish conditions.
This analysis reveals which greenhouse technolegsl lwill perform best in South Spain.
This procedure is repeated for different outdoomate trajectories and tomato price
trajectories to demonstrate how the best desighchvélnge with changing local conditions.
A sensitivity analysis presents the extra reverfug grower caused by a modification of a
specific design parameter. In addition, the impaEfctincertainty in input parameters, i.e.
economic parameters and climate set-points onimedial result is determined to analyse
their impact on greenhouse design.

Chapter 6 presents an optimisation algorithm to solve thdtinfactorial design
problem. Requirements of the algorithm are desdribEhe controlled random search
algorithm of Price (1977) using parallel computimgtimises the greenhouse design in
order to maximise the financial result. To demaatstthat the model-based design method
is able to modify the design to local conditione threenhouse is optimised for Southern
Spanish and Dutch conditions. Subsequently, twbrigeies evaluate the population of
designs that would give similar returns so that thest relevant design elements are
revealed.

In Chapter 7, the results of this work are evaluated and dsedisn view of the
initial objective. Recommendations to improve therformance and generality of the
method are presented and future opportunitieseofrtbdel-based design method are given.
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Chapter

A greenhouse climate model for a broad range of
designs and climates

The contents of this chapter are accepted for gatidin in Biosystems Engineering as a
paper entitledA methodology for model-based greenhouse desigrt: PaA greenhouse

climate model for a broad range of designs and ates.

B. H. E. Vanthoor, C. Stanghellini, E.J. van Hentem.B. de Visser



Chapter 2

2.1 Abstract

With the aim of developing a model-based methodesign greenhouses for a broad range
of climatic and economic conditions, a greenhoukmate model was developed and
validated. This model describes the effects ofahieloor climate and greenhouse design on
the indoor greenhouse climate. For use in a graeghdesign method that focused on the
optimisation of a set of design elements, the madeluld fulfil the following three
requirements: 1) predict the temperature, vapoasqure and CQOconcentration of the
greenhouse air, with sufficient accuracy for a widgiety of greenhouse designs under
varying climate conditions, 2) include the commonhged greenhouse construction
parameters and climate conditioning equipment,3ritie model should consist of a set of
differential equations to assure that it can be lwosd with a tomato yield model (of a
similar structure) and to allow the use of ordinatifferential equation solvers. The
dynamic model was validated for four different grieeuse designs under three climatic
conditions: a temperate marine climate, a Meditexaa climate and a semi-arid climate.
For these conditions, the model accurately preditte® greenhouse climate for all four
designs without modification of the model paranetgxcept for one case). In more than
78% of the cases, comparison of simulations andsureaments of the indoor climate
yielded a relative root mean square error of lkas t10%. Given these results, the model is
considered to be sufficiently accurate and suffitiegeneric to be used for developing a
model-based greenhouse design method.
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The greenhouse climate model

2.2 Introduction

This chapter contains a description and validatbthe greenhouse climate model. This
model describes the effects of outdoor climate #medgreenhouse design, including the
above mentioned design elements, on the indoongaesse climate. The estimated indoor
climate will be used as input for the tomato yietbdel. For use in a model-based
greenhouse design method, the model should fhilfollowing three requirements: (i) it
should predict the greenhouse climate: temperawaour pressure and G@oncentration
of the air with sufficient accuracy for a wide &ty of greenhouse designs under varying
climate conditions, without modification of modehnameters, (ii) it should include the
commonly used greenhouse design elements to cah&ahdoor climate, so that it can be
used to design greenhouses for worldwide conditifisthe model should consist of a set
of differential equations since it will be combineith a tomato yield model consisting of a
set of differential equations and to allow the aberdinary differential equation solvers. In
addition, the right-hand sides must be continuoudifferentiable to speed up the
simulation and to assure that gradient-based dymamptimisation algorithms can be
applied to the model.

Greenhouse climate models have received considegdt#ntion in the literature
in recent decades (Bot, 1983; Le&d al, 2005; Impronet al, 2007; De Zwart, 1996;
Ooteghem, 2007; De Hallewet al, 1991; Baptista, 2007), but all these authors$eduon
a single location and a limited and specific setofstruction and climate modification
elements. Recently, Fitz-Rodriguet al. (2010) developed a greenhouse environmental
model for educational purposes which was applicabtifferent design configurations and
geographic locations. However, this model was nalidated and some model fluxes
relevant for the present purpose of greenhousgulegere missing. Therefore, by building
on the work of Bot (1983) and De Zwart (1996), ur atudy a more generic greenhouse
model was developed and validated for a wide rafggreenhouse designs and climates.
The following climates were selected to validate thodel: a temperate marine climate
(northwest part of The Netherlands); a Mediterranelémate, (Sicily, Italy); and a semi-
arid climate (Arizona and Texas, USA).
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Chapter 2

2.3 Model description

Section 2.3.1 presents the design elements includeke greenhouse climate model. A
concise model description is presented in the @@@i3.2. A detailed description of the
greenhouse climate model with all the individualssiand energy flows can be found in
chapter 8.

2.3.1 Greenhouse design elements

Since the focus of the desigh method is on optioisaof a set of design elements, the
selected functions and techniques presented il2Figwere incorporated in the greenhouse
climate model. In this model, the greenhouse fomsti heating, insulation, shading,
cooling, CQ enrichment, humidification and de-humidificatior dulfilled by one or more
techniques. For example, the function heating migbt fulfiled by the following
techniques: a direct air heater, a boiler, an itrthisheat source, a geothermal source and a
passive buffer.

For the development of a model-based design methueke techniques are
considered to be sufficiently generic for a widega of locations all over the world.
Specific local solutions for energy production, igyeconversion or climate modification,
such as co-generation of heat and electricityfiggl photosynthetic lighting, an active
heat buffer, a heat pump and a solar heat collgl@ooutside the scope of this study.

23.11 Notational conventions

All the state variables, fluxes, inputs, superdsrignd subscripts are listed in the
Nomenclature in section 2.8. Following the notagloconventions of De Zwart (1996), the
state variables of the model are denoted by namts capital letters followed by one
subscript, e.gT,,. The model fluxes start with a capital letter aaré followed by two
subscripts. The first subscript represents thecsoof the flux and the second subscript
represents the destination of the flux, édga.nai- The radiation fluxes start with a capital
letter R followed with the type of radiation and then twabscripts to represent the source
and sink of the specific radiation, iR:ar suncan
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The greenhouse climate model

2.3.2 Model overview and state variables

2321 Model overview and assumptions

An overview of the state variables and the energyraass fluxes of the greenhouse model
are shown in Fig. 2.2. The model was based on tflewiing assumptions: 1) the
greenhouse air is considered to be a “perfectiyestitank”, which means that there are no
spatial differences in temperature, vapour presandethe C@concentration; therefore, all
the model fluxes were described per square metgre#nhouse floor; 2) to describe the
effect of the thermal screen on the indoor clim#ie,greenhouse air was divided into two
compartments: one below and one above the theoregs.

/F) Cover
y ~

Permanent screen
[reans | Sereon ] / o Emb.e shade screen
Movable thermal screen
e —
/ 1COZAirD AN l
r Natural Vspeed

; Direct airlheater
Fossil fuel o > &— Electricity

Biomass = ventilation Tout, VPout

M~
i ‘,{ ’ TAir VPAir TAir —ﬂo\(— Electricity
Fqssﬂ oy ﬁ:r_ |_ : : Forced ventilation Tout, VPout
Biomass T s
Electricity

Boiler 1D
AITe¢e— Water
> p Tout, VPout

Pad and farTEooling

Electricity =, —‘Ek_ Electricity

[y S—
Industry Mechanical cooling
Humidification
Electricity Outsid
utside Pad and fan cooling Legend
Fogging Heat supply
Heat removal

L Passive ——— CO,-supply

Radiation —> buffer Vapour supply

Natural ventilation
Forced ventilation
Mechanical cooling

CO, from 3" party_ Vapour removal

Fig. 2.1 Selected functions (coloured boxes), agglgh elements (text blocks and pictures below the
accompanying functions), needed for the greenhalesign method to manage the greenhouse
climate (transparent boxes inside the greenhoul®. coloured arrows represent the various energy
and mass fluxes (legend at the bottom right).

This model was based on the greenhouse climate limgdstudy of De Zwart (1996). For
the current purpose of greenhouse design, extreeimgldments were added and some
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model parts were simplified. The following mode¢mlents were implemented: the design
elements presented in Fig. 2.1; a lumped coverriggien to combine the impact of
different cover layers on indoor climate; the ingdrand external cover temperature are
state variables of the model to describe the imp&cbver insulation on indoor climate; a
description of the far infrared radiation (FIR)nsmission through the cover, which is
needed for films that partially transmit FIR; a cigstion of both roof and side ventilation;
a description of the impact of insect screens amtilation rate; and a description of the
near infrared radiation (NIR) absorption of botmapy and floor, which depend on the
optical properties of the cover and floor. Sincdimjsation of the properties of the
greenhouse structure i.e. dimensions of the graesshoroof slope and orientation and
location of the vents, exceeded the purpose oflesign method, the model was simplified
by making no distinction between diffuse and dirssfar radiation and by assuming that
the transmission coefficient of the greenhouse icdicenot depend on solar angle.

Because of space limitations, the model fluxes described in detail in the
detailed model description as presented in Chahtér brief description of some relevant
fluxes is given here. Assuming a non-limiting iafgn strategy, the transpiration rate of a
tomato crop was determined based on the transpiratid stomata model of Stanghellini
(1987). The CQ fluxes caused by canopy activity, i.e. photosysitheate, maintenance
and growth respiration, were described in chaptdh® ventilation rate function was based
on equations of Boulard and Baille (1995) and Kiggal. (1997).

2.3.2.2 State variables of the model
The state variables of the model are all describyedifferential equations. The derivatives
of the state variables to time are indicated bytaathove the state symbol.

23.221 Temperature of different greenhouse components
Canopy temperaturBe,, is described by:

CapCanTCan = RPAR_SunCan-'- RNIR_SunCan+ RPipeCan [W m_g] 2.1)

- HCanAir - I-CanAir - I:\)CanCovin - I:eCanFIr - I:eCanSky_ I:eCanThScr

where capa, is the heat capacity of the canofRsar suncaniS the PAR absorbed by the
canopy, Ruir_suncanis the NIR absorbed by the canopy. FIR is exchdrigetween the
canopy and surrounding elements i.e. the heatipgsfReipecan the internal cover layer
Recancov,in the floor Reanein the skyRcansky @and the thermal scredRbanthser Heanair iS the
sensible heat exchange between canopy and greenaowdc,,air iS the latent heat flux
caused by transpiration.
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Fig. 2.2 Overview of the state variables (blockemi-state variables (dotted blocks), external atarinputs (circles) and fluxes (arrows) of the
greenhouse model. Coloured arrows represent thmwarenergy and mass fluxes (legend at the botigint) rAbbreviations and their definitions
are listed in the Nomenclature in section 2.8, #tvelunderlying equations are presented in secti@r22.



Chapter 2

The greenhouse air temperatilig is described by:

CapAirTAir = HCanAir + H PadAir + H MechAir + H PipeAir + H PasAir + H BlowAir + I—-\’Glob_SunAir

~Hpp —H H H H L

AirFIr AirThser Airout AirTop - AirOut _Pad - AirFog

Wm? (2.2)
wherecap,;; is the heat capacity of the greenhouse air. Skenkdat is exchanged between
the greenhouse air and the surrounding elementtheecanopyHcanain the outlet air of a
cooling padHpagain the mechanical cooling systeltecnain the heating pipeBlpipeain the
passive energy buffefpasai, the direct air heateflgowai, the floor Hayre, the thermal
screenHairhses the outdoor aiHaou, the air of the top compartment which is located
above the thermal screéfyrop, and the outdoor air due to the air exchange chbgehe
pad and fan systemtaiou pas Roion_sunairiS the global radiation which is absorbed by the
construction elements and which is released taithandLairoq is the latent heat needed to
evaporate the water droplets added by a foggingsys

The floor layer is the first layer of the greenh®usmderground and its temperature

Tg, is described by:

CapFIrTFIr = H AirFlr + RPAR_SunFIr + RNIR_SunFIr + I:\)CanFIr + RPipeFIr

-H FIrSol RFIrCov,in - RFIrSky - IQFIrThScr

wherecaps, is the heat capacity of the flodRpar_sunririS the PAR absorbed by the floor;
Ruir_sunrris the NIR absorbed by the flodRpiperin Rercov,ini Rersky 8NdRerrnser are the FIR
fluxes between the floor and heating pipes, infecaaer layer, sky and thermal screen
respectively; antHg,so:is the sensible heat flux from the floor to soydal.

Because of the high thermal capacity, the soil eiwigled into five layers with an
increasing thickness with increasing depth. Thd samperatureTsq; of layer ' is
described by:

CaPsq ) Tso(j) = H sqrajseli) ~Hisqipsefjoy) =125 wm? (24)
wherecaps,)is the heat capacity of each soil laykg;.1)se)iS the conductive heat flux
from layer‘j-1' to‘j' andHsegsog+1)is the conductive heat flux from laygr to j+1’ . For

the first soil layerHsqg.1)s0()iS €quivalent tHgyso; and for the last soil layeHsqgso+1)iS
equivalent to the conductive heat flux from tfesBil layer to the external soil temperature

[Wm? (2.3)

H SbSoOut*
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Temperature of the thermal scréBps.,is described by:

CapThSchThScr = H AirThScr + I—AirThScr + RCanThScr+ RFIrThScr + RPipeThScr

-H R -R

ThScrCovin ThScrSky

[Wm? (2.5)
ThScrTop
where caprscris the heat capacity of the thermal screegisc is the latent heat flux
caused by condensation on the thermal scf@gRinscr Rrhscrcovin@NdRrmscrsiyare the FIR
fluxes between the thermal screen and the heatipgspinternal cover layer and sky
respectively; antHmscropiS the heat exchange between the thermal scregrth@ntop
compartment air.

The air temperature of the compartment above teental screerm,, in this
study denoted as the ‘top compartment’, is desdribe

Capl'opTTop = HThSchop+ H AirTop - HTopCO\(in - |_lTopOut [W m-z] (2'6)
wherecapr, is the heat capacity of the top compartmenttajp,covinis the heat exchange
between the top compartment air and the internakrcdayer andHrq,ou iS the heat
exchange between the top compartment and the ewsid

The thermal heat conductivity of the greenhouseecas a greenhouse design
parameter which can induce a significant tempeeatwadient over the cover. Therefore,
both the internal cover temperature and externaérctemperature have been modelled.
Assuming that the heat capacity of the internal extérnal cover layer each constitute 10%
of the heat capacity of the total cover constructend assuming that conduction of energy
is the dominant mode of energy transport betweernirtternal and the external cover, the
internal cover temperatufie,,,i» and external cover temperatiiig, .are described by:

Ca'pCOV,in-I—Cov,in = HTopCovin + LTopCovin + I:QCanCO\An + RFIrCov,in

+ RPipe(:ov,in + RThSchovin - HCov,inCov,e

- — _ _ -2
CapCov,eTCov,e - |:\><3Iob_SunCov-'- HCov,inCov,e HCov,eOut RCov,eSky [W m ] (2'8)

wherecaps,y,in andcapeoy e are the heat capacities of the internal and eaterover layer
respectively,Lropcovin iS the latent heat flux caused by condensatiorthengreenhouse
cover, Reipecov,iniS the FIR exchange between the heating pipesirstadhal cover layer,
Hcov.incov,eiS the heat flux between the internal and extecoaker layer,Rgion suncoviS the
absorbed global solar radiation by the cowége, eoutiS the sensible heat flux from the
external cover layer to the outside air @, esiyiS the FIR exchange between the cover
and the sky.

Wm?3 (2.7)

27



Chapter 2

In this model, besides using a direct air heateat lenergy can be added to the greenhouse
air using hot water heating pipes (Fig. 2.2). Thefage temperature of the heating pipe
systemTpipe is described by:

CappipeTPipe =H BoilPipe +H IndPipe + HGeoPipe_ RPipeSky_ RPipeCowin [W m-z] (2.9)
- RPipeCan - RPipeFIr - RPipeThScr_ H PipeAir
wherecapsipe is the heat capacity of the heating pigégiripe is the boiler heat flux to the

pipes,Hingripe is the industrial heat flux to the pip&dgeopipeiS the geothermal heat flux to
the pipes an®Reisesky is the FIR exchange between the pipes and sky.

2.3.2.2.2 Vapour pressure of the greenhouse air and therathé top compartment
The vapour pressure of the greenhous&Bj, is described by:

CaQ/PA‘,VPAir = IleCanAir + MVPadAir + IleFogAir + IleBIowAir -MV
- MVA MVAirOut - MVAirOut_Pad - MVAirMech

wherecap,par is the capacity of the air to store water vapMapour is exchanged between
the air and surrounding elements i.e. the cadfy i, the outlet air of the palVpagair,
the fogging systenMVeqggain, the direct air heateWVgiouairn the thermal screeMVairhscs
the top compartment aMVairop, the outdoor aiMVaiouw, the outdoor air due to the air
exchange caused by the pad and fan syM¥&o, pag @and the mechanical cooling system
I\/I\/AirMech-

The vapour pressure of the air in the top compantiviBr,, is described by:

CaR/PI'DpVPTOp = MV/-\ifTOp — MV, - |leTopOut (kg m’? S_l] (2.11)

AirThScr [kg m—2 S—l] (210)

irTop -

TopCoyin
wherecapyero, iS the capacity of the top compartment to storéewaapourMVropcou,iniS

the vapour exchange between the top compartmenttt@adnternal cover layer and
MVre00utiS the vapour exchange between the top compartamehthe outside air.

2.3.2.2.3 CO, concentration of the greenhouse air and the air thre top
compartment
The greenhouse air G@oncentratiorCO,,; is described by:

Capcom C.()ZAir = MCBIowAir + MCExtAir + MCPadAir
- |vlCAirCan - MCAirTop - |vlCAirOut

wherecap-oar IS the capacity of the air to store €@arbon dioxide is exchanged between
the greenhouse air and surrounding elements edditect air heateWCgouain the external
CO; sourceMCeyain the pad and fan systeMCepagain the top compartment &l Cajrrop and

[mg m?s? (2.12)
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the outdoor aiMCpjou- MChircan iS the CQ flux between the greenhouse air and the
canopy as described in chapter 3.
The CQ concentration of the top compartment@r,,is described by:

CapCOZTopCOZTop = IVICAirTop - I\/ICTopOut [mg mz S_l] (2-13)

wherecapcqero IS the capacity of the top compartment air toest00, MCrqpouis the CQ
exchange between the top compartment air and tisédeuair.

2.4 Model validation

The model could be used for model-based greenhdesign if it is able to predict the
temperature, vapour pressure and, €a@ncentration of the air with sufficient accurdoya
wide range of greenhouse designs under varyingattintonditions. Therefore, four
greenhouse designs located in different climateoregwere selected to validate the model.
The model equations were solved with a stiff ODFeo(ode15s) of Matlal}' (Release
14; The MathWorks Inc., Natick, MA, USA). Measurédta of outdoor climate conditions
and settings of control valves were used as magamlts. A quantitative criterion was
defined to evaluate the model performance.

24.1 Greenhouse design overview

The four greenhouse designs were located in thiie®atic regions: a temperate marine
climate, northwest Netherlands; a Mediterraneamaté, Sicily, Italy; and a semi-arid
climate, Texas and Arizona, USA. The general detailthe individual greenhouses, i.e.
location, greenhouse characteristics and climatdifination techniques, are listed in Table
2.1. The presented design elements cover the eatige of functions as listed in Fig. 2.1:
cooling, heating, C® enrichment, insulating, shading, humidification darde-
humidification. A detailed overview of the paramstbelonging to these design elements,
i.e. physical properties to describe the greenhaisgcture; ventilation characteristics;
cover; whitewash; thermal screen; floor; soil ate ttapacities of the active climate
modification techniques, can be found in the dethimodel description as presented in
chapter 8. In all four greenhouses tomatoes weosvryr The validation periods of the
associated greenhouse designs and the leaf ama (ibdl) during validation are shown in
Table 2.2.
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Table 2.1 Greenhouse characteristics and climatedifitation techniques used in the four
greenhouses located in Sicily, The Netherlands, Bexhs and Arizona, USA. Crosses denote the
installed equipment for which data was used durirgvalidation. Circles denote equipment that was
installed, but for which no data was available.

Northwest part of

Location Sicily, Italy Texas, USA Arizona, USA
The Netherlands
Geographical 36°57'N, 53°12'N, 30°21'N, 32°16'N,
coordinates 14°26’E 5°29'E 104°00'W 110°56'W
Elevation (m above sed04 0 1470 715
level)
Greenhouse type Arch shape Venlo-type Venlo-type Arch-shaped
multi-tunnel single tunnel
Cover type A double Asingle glass  Asingle glass  Polycarbonate
inflated PE layerlayer layer sidewalls and an
inflated double PE
layer
Floor area (f) 1.310% 1.410% 7.810° 278
Natural ventilation Continuous roof Ventilation Ventilation Ventilation
characteristics ventilation on  windows on both windows on both windows were
one side of eachwind and leeside wind and leeside closed
span, covered of the roof of the roof
with insect
netting
Pad and fan cooling X
Pipe heating X X
CO, enrichment X (0]
Movable thermal screen X X
Movable shade screen X X
Whitewash X X

" See Sabeh et al. (2006) for details about the patifan cooled greenhouse design.
" Whitewash was only applied to the greenhouse ifirtstevalidation period.
“ Whitewash was only applied to the greenhouse isuh@ner period.
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Table 2.2 Averages of the outdoor climate condgidor the greenhouses located in Sicily, The
Netherlands and Texas and Arizona, USA. Numbers hetiheebrackets represent the standard
deviations. An ANOVA revealed that the outdoor diéntiffered considerably between the first three
location because for all outdoor climate variablEprob < 0.001. For the pad and fan cooled

greenhouse in Arizona, the model was validated fifferént ventilation fluxes applied to the

greenhouse between 8.00 — 17.00h for a sunny deayn2005.

Flux* LAI | Glob_sum Tout VPou RHow  Vspeed
Location DOY (m®*m?sY) (m?m?) (MJm?day’) (°C) (kPa) (%) (msY
Sicily — 267-272 - 1.5 11.6 (2.5) 225 (3.42.1(0.2) 79 (12) 2.5 (2.7)
Sicily =~ 293-298 - 25 8.5(1.7) 15.2(3.4)01.2 (0.3) 69 (13) 2.9 (2.9)

Netherlands 38-43 - 2 6.5(1.9) 5.9(2.7) 0.7 (0.180 (11) 2.4 (1.0)

Netherlands 200-205 - 3 155 (3.0) 15.2 (1.5)1.5 (0.2) 85 (9.0) 4.6 (1.4)
Texas 3-8 - 25 10.1(5.9) 5.4(5.6) 0.6 (0.156 (25) 3.5(2.8)
Texas  157-162 - 2 255 (2.5) 23.9 (5.4)1.3 (0.5) 46 (24) 3.5 (2.4)
Arizona 139 0.016 25 25.2 34.2 (2.8).7 (0.0) 13 (2.3) 3.4 (1.2)
Arizona 151 0.034 25 26.3 34.2 (3.2)5(0.0) 9(2.1) 1.8(0.9)
Arizona 131 0.047 25 24.3 33.5 (3.10.5 (0.1) 10 (3.3) 1.9 (0.9)
Arizona 132 0.060 25 23.8 33.5 (2.9)5 (0.0) 10 (2.2) 2.3 (1.1)

The * indicates the ventilation flux of the pad dad cooling system

2.4.2 Climate data collection

The climate data of the commercial greenhousesSi@ly, The Netherlands and Texas,
were obtained from weather statiomgf, Touws RHous and Mying and measurement boxes
(Tair, RHyir and CO,y, if available), and these data were recorded byctwral climate
computer. The climate data of the pad and fan cbgteenhouse in Arizona were obtained
from a commercial weather statiomof;, RHow, and Mying), pyranometers I§pop),
thermocouples Ty;) and relative humidity sensorfRkffly;). These climate data were
recorded using a data logger.

The vapour pressures of the greenhouseVd;{) and outside air(Po,y) for all
locations were calculated from their psychrometeiationship to the air temperature and
air relative humidity. For the missing outdoor chm variables: the outdoor GO
concentration €O,0,) Was assumed to be constant at 668 mt (BY0 ppm); the sky
temperatureTs,) and the temperature of the outer soil laykgd,) were estimated using
the equations presented in the detailed model iggiscr. The energy flow into the heating
pipes for the greenhouses located in The Nethesland in Texas was not measured. For
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these validation cases the measured pipe temperatas used as an input of the model.
The CQ injection rate and/or CQOconcentration of the greenhouse air were measuared
the greenhouse in Sicily throughout the year anthduhe summer in the greenhouse in
The Netherlands. Therefore, the £gncentration was only validated for these twaesas

2.4.3 Outdoor climate comparison

For all four locations, Table 2.2 lists the averagdues and standard deviations of the
global radiation and the outdoor temperature, hitgnahd windspeed during the validation
experiments. An analysis of variance (ANOVA) usi@gnStat (Release 12.1 of VSN

International Ltd, Hemel Hempstead, UK) revealedt tthe outdoor climate differed

significantly amongst the first three locationscéese for all outdoor climate variables
Fprob < 0.001. For the Arizona location, no ANOVA wasrfpemed because the time

series of this location were not equal to the otteee time series. However, the high
ambient temperatures in Arizona ensured that tloéisgate data sets differed from the
climate data sets at the other locations.

2.4.4 Determination of model performance

Model performance was evaluated in quantitativengeusing the relative root mean square
error (RRMSE) according to Kobayashi and Salam @200

100 |1 &
RRMSE= — \/—Z(yMod,i i (%] (2.14)

Data i=1

where y___is the mean of measured data over the total tipas,snis the number of

measurementsyyoq, iS the simulated climate value at time instéhtand ypa, is the
measured climate value at time instdht For developing the methodology of optimal
greenhouse design, it was assumed that an RRM&B%for less would be sufficient. As
demonstrated by Baptista (2007), the performancmadt greenhouse climate models is
around this value.

2.5 Results

251 A passive multi-tunnel greenhouse in Sicily, Italy
The model correctly predicted the temperature (Eiga,b) and the vapour pressure (Fig.
2.3c,d) for a cold and a hot period in the ‘lowHegreenhouse in Sicily. The GO
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concentration of the greenhouse air was prediciddfair accuracy (Fig. 2.3e,f). Although
the simulated C&Xtrend was in agreement with the measurements, iefligest night, the
absolute predicted G@oncentrations differed from the measured, €@nhcentrations.
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Fig. 2.3 Temperature (a, b), vapour pressure (cadyl the C@ concentration (e, f) of measured
greenhouse air (solid line), simulated air (dottike) and outdoor air (dashed line) for the hot
period (DOY 267 - 272) and for the cold period (D203 — 298) in Sicily
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2.5.2 A climate-controlled greenhouse in The Netherlands

The model correctly predicted the temperature (Biga,b) and the vapour pressure (Fig.
2.4c,d) during the winter and summer period in TMetherlands, even with large
differences between indoor and outdoor climate. Te concentration of the greenhouse
air was correctly predicted during the summer pk(lEg. 2.4e).
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Fig. 2.4 Temperature (a,b), vapour pressure (c,d)l she CQ concentration (e) of the measured
greenhouse air (solid line), simulated air (dottéte) and outdoor air (dashed line) for the winter
period (DOY 38 - 43) and for the summer period (D209 - 205) in The Netherlands.
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The simulated temperature (Fig. 2.4a) and vapoesgure (Fig. 2.4c) were overestimated
only at day-of-the-year (DOY) 42 during the daytim&his was caused by an

underestimated simulated ventilation rate. Thisenestimation took place because the
effect of the vapour pressure difference on veliitarate was not described in the
ventilation rate equation (see detailed model dgson), and this vapour pressure

difference between greenhouse air and outdoor as large at that time. To improve the
model performance, the impact of the vapour pressifference between greenhouse air
and outdoor air on ventilation rate should be ipooated in the ventilation rate equation.

2.5.3 A climate-controlled greenhouse in Texas, USA
The model correctly predicted the temperature &edvapour pressure for both a winter
and a summer period in Texas (Fig. 2.5). During tleter period, the temperature and
vapour pressure were predicted in close agreeméht the measurements, even when
temperature and vapour differences between indooaral outdoor air were large (Fig.
2.5a,c). During summer period, the temperature \eambur pressure were predicted in
close agreement with the measurements (Fig. 2.5biolvever, at some points in time
small deviations between the measured and simulgteenhouse climate occurred. The
daytime temperatures on DOY 160 and DOY 161 weterastimated at most by 3°C.
Using the parameters of the stomatal resistanceshaidStanghellini (1987), the
simulated transpiration rate was underestimatel mispect to the measured transpiration
rate during daytime in the summer. Those parameteosvever, were determined
empirically for vapour pressure differences betwlsaf and air up to 0.9 kPa. The vapour
pressure differences in Texas, however, could rdatkPa, a value where extrapolation of
Stanghellini’s (1987) function would have a considde impact (see Eq. (8.50) in chapter
8). Therefore the parameter of the stomatal resistanodel describing stomatal reaction to

day

vapour pressure difference, i.€q,y

was reduced to 10% of its original value, which

yielded better results for crop transpiration. Vik ribt investigate whether other models of
stomatal conductance, such as Blonquigt &l.(2009) would perform better.
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Fig. 2.5 Temperature (a,b) and the vapour presderd) of measured greenhouse air (solid line),
simulated air (dotted line) and outdoor air (dasHiea) for the winter period (DOY 3 - 8) and for the
summer period (DOY 157 - 162) in Texas, USA.

2.5.4 A pad and fan cooled greenhouse in Arizona, USA
The model correctly predicted the temperature aagour pressure for a pad cooled
greenhouse in Arizona for various ventilation radesing the day in the summer period
(Fig. 2.6). The model slightly underestimated temperature and the vapour pressure of
the greenhouse air (Fig. 2.6a) only for the lowesttilation rate. This underestimation
could have been caused by assuming that the greselwas a perfectly stirred tank, which
is not the case when a pad and fan system is @gtifically, a pad and fan cooling
system causes horizontal temperature and vapossynegradients (Sabehal, 2006).
Furthermore, the underestimation of the vapourgumesat the lowest ventilation
rate might have been caused by an underestimatespiration rate. The transpiration rate
was simulated using a constant boundary layertessie, which was valid for naturally
ventilated greenhouses with an indoor wind speedirat 0.10 m § (detailed model
description). By using this constant boundary lagesistance in a pad and fan cooled
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greenhouse with a considerably higher indoor wimeksl, the impact of higher wind speeds
on boundary layer resistance was not taken intowatg which would ultimately result in
an underestimated transpiration rate. Howeveruttterestimation of the transpiration rate
negatively affected the simulated indoor climatdyaat the lowest ventilation rate (Fig.
2.6a). At higher ventilation rates, the impact bé tpad and fan system on energy and
vapour balance became dominant with respect tspieation rate, which resulted in an
accurate prediction of temperature and vapour preggig. 2.6b-d).
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Fig. 2.6 Temperature and the vapour pressure oftkeasured greenhouse air (solid line), simulated
air (dotted line) and of outdoor air (dashed liffey data obtained with four ventilation rates thrdug
the pad: 0.016 thm? s? (a), 0.034 M m? s* (b), 0.047 M m? s (c) and 0.060 mm? s* (d) in
Arizona, USA.

2.5.5 Overall model performance

The model performance in terms of RRMSE is showrTable 2.3. Additional to the
gualitative model evaluation, the more quantitatimedel performance evaluation, based
on the RRMSE, clearly indicates the ability of thedel to describe the greenhouse indoor
climate for different designs, locations and outdclanate conditions. In almost all cases,
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the RRMSE was well below the required thresholdl@¥. Exceptions were the vapour
pressure of the air in Texas during the winter anchmer periods (10.0% and 12.8%
respectively), in Arizona at the lowest ventilati@te (19.8%) and the G@oncentration in
both Sicily in the autumn period (11.7%) and in THetherlands in the winter period
(12.3%).

Table 2.3 Relative root mean square error (RRMS#)es used to evaluate the ability of the model
to describe the air temperature, the humidity and €Q concentration in the four greenhouses
located in Sicily, The Netherlands, and in Texas Aridona in the USA. The crosses indicate that
measurements of the associated variables were adtble.

Relative Root Mean Square Error
(RRMSE) (%)

Location DOY L: Iu_>;* 4 Tair VP COzair
(M’ m<s?)
Sicily, Italy 267-272 - 3.5 7.0 7.1
Sicily, Italy 293-298 - 6.6 8.9 11.7
The Netherlands 38-43 - 6.2 6.4 X
The Netherlands 200 -205 - 5.3 5.7 12.3
Texas, USA 3-8 - 6.0 10.0 X
Texas, USA 157-162 - 6.8 12.8 X
Arizona, USA 139 0.016 8.0 19.8 X
Arizona, USA 151 0.034 4.5 6.8 X
Arizona, USA 131 0.047 4.1 3.9 X
Arizona, USA 132 0.060 3.3 5.9 X

The * indicates the ventilation flux of the pad dad cooling system.

For large differences between the indoor climaté te outdoor climate, which occurred
during the winter in The Netherlands and in Texas] during sunny summer days in
Arizona, the model correctly predicted the indobmate. This means that the physical
properties and the design elements had properly mealelled. The calculated errors could
be decreased by reducing the measurement errotheofmeasurement boxes. These
measurements contained errors due to measuremactuiacy and because one
measurement box was unable to represent the cliofatke whole greenhouse section,
because a greenhouse is not as assumed a pesghircdy tank. Specifically, Bontsened

al. (2008) measured the relative errors of commerciahsurement boxes for the air
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temperature, relative humidity and €@oncentration, which were 1.4%, 2.8% and 7.2%
respectively. Although the measurement boxes walibrated and placed at the centre of a
greenhouse section, more accurate and randomlgglaeasurement boxes would reflect
the overall indoor climate better. More accuratelgasuring indoor climate could in turn
decrease the RRMSE.

Model performance was measured at a time inteffvahe hour. This time interval
was sufficiently small to describe the daily greembe climate fluctuations needed for
greenhouse design optimisation. Therefore, the mactauracy for smaller time intervals
was not analysed. However, the model performantepvabably not decline significantly
with smaller time intervals because the model scdbed using differential equations and
solved with a solver with a variable time step.

2.6 Discussion

To design and optimise protected cultivation systefior the wide variety of climate
conditions that can be expected around the wotlds essential to have a model that
correctly predicts the indoor climate, not only aagunction of a wide range of outdoor
climate conditions, but also as a function of aevidnge of construction elements and
climate conditioning equipment.

Accordingly, the model developed here, fulfillingpet requirement of using
differentiable equations, was validated for a wsgrief greenhouse designs and outdoor
climate conditions. Without calibration (exceptine case), the model accurately described
the greenhouse climate, both in terms of dynamispoases and absolute values.
Quantitative evaluation of the model performancengissn RRMSE criterion supported
these findings. In more than 78% of the cases, aoisgn of simulations and
measurements of the indoor climate yielded an RRMEHkess than 10%. This model
performance, in terms of RRMSE, corresponds witluas obtained by other climate
modelling studies as reported by Baptista (2007ivefs these results, the model is
considered to be sufficiently accurate and gentridbe used as a key component for
developing a model-based greenhouse design methggiarticular, our model includes
relevant processes for greenhouse design, suchRama#iation fluxes, C@fluxes and a
detailed transpiration module, that are not pregeother models, such as the educational
climate simulation model of Fitz-Rodriguet al. (2010). However, since our aim was to
develop a design method that focussed on the cgattioh of a set of design elements,
model aspects that might be relevant may have beegfected or too much simplified.
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Therefore, whenever better or new modules are ahlail they can be easily incorporated
into the design method. Some issues that mightamgthe generality of the model-based
design method are discussed in more detail herpalfticular, a module that describes the
light transmission as a function of season, laéfudrientation, shape, gutter and ridge
height and type of cover material might enable dhémisation of the greenhouse height
and the roof slope. Since radiation diffusing materseem promising in areas with high
solar radiation, differentiation between direct adiffuse radiation would allow diffuse
properties of cover materials to be optimised afsoelation to diffusion. Additionally,
modules of other climate modification techniqueshsias co-generation of heat and
electricity, artificial photosynthetic lighting, aactive heat buffer, a heat pump and a solar
heat collector might be incorporated.

To systematically quantify the impact of uncertamodel aspects on indoor
climate prediction, sensitivity analysis techniques be used (Chalabi & Bailey, 1991;
Nijskenset al, 1991). Although a sensitivity analysis was notf@ened in this chapter,
our results allow for some possible model improvets¢o be indicated. Firstly, according
to Campen and Bot (2003), the ventilation rate rdapend strongly on wind direction,
whereas the modelled ventilation rate was not whiohild explain some of the deviations.
The ventilation rate influences in turn the inddemperature, vapour pressure and,CO
concentration. Although the sky temperature andekiernal soil temperature were not
measured but estimated, the indoor temperature asasrately predicted by the model
because all the associated RRMSE values were |tveer 10%. Apparently, the small
impact of these estimated values on temperaturdiqbien was caused either by accurate
calculations or by the negative feedback mechanismpéemented in the model, such as
the canopy transpiration and the capacity of thetsostore heat. Nevertheless, the sky
temperature and external soil temperature shoultidresured in future research to increase
the model performance. Additionally, pipe tempematwas considered as a model input,
whereas for greenhouse design optimisation thetimpust be energy and the pipe
temperature must be a state variable as descnibtisi study. Using the pipe temperature
as a model input did not undermine our validatiesuits because in the long term the heat
input supplied to the heating pipes equals the twafguiut.

The vapour pressure of the air was predicted withsonable accuracy; the
associated RRMSE was higher than 10% for only thiedidation experiments. This attests
to the ability of the model of Stanghellini (19&®)predict crop transpiration rate with fair
accuracy under quite extreme climate conditionsMp to 2.0 kPa), as shown by Jolliet
and Bailey (1992) and Prenget al. (2002). In addition, the negative feedback between
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canopy transpiration and air vapour pressure essarreeduced sensitivity of the vapour
pressure to errors in the estimate of transpiratioeed, even for extreme climate
conditions (temperature of 35°C and VPD of 4.0 kPia@ air temperature was predicted
with fair accuracy (RRMSE < 10%). Nevertheless, phediction of the transpiration rate
could be improved further, by improving the emmificdescription of the stomatal
resistance. In addition, making the boundary lagsistance wind-speed dependent rather
than constant might improve the simulation of threnspiration rate under higher wind
speeds caused by e.g. pad and fan cooling.

The CQ concentration prediction was validated for onle ttwo greenhouse
designs for which the indoor data were availablee TQ concentration was predicted
reasonably well for a greenhouse with and withoQb @jection. The RRMSE of two out
of three validation experiments was slightly higllbean the requirement of 10%. €O
concentration prediction might be improved if thetdmor CQ concentration data were
available. A secondary factor is the improvementhef prediction of the maintenance and
photosynthesis fluxes. Insight into these ,@iGxes would improve if greenhouse growers
would measure the indoor and outdoor,@0ncentration and the GBupply. The lack of
a strong negative feedback mechanism for the Gidcentration (Fig. 2.2) ensures that
these sources of uncertainty might have a relatilsebe impact on the prediction of GO
concentration. For greenhouse design purposes,atit®s between simulated and
measured C@Oconcentration at night are not important, becdlisa the C@concentration
does not influence photosynthesis rate and crofd.yleuring day, these deviations do
influence the photosynthesis rate, which in turfluence crop yield and the optimal
greenhouse design problem. The impact of thesatiens on optimal greenhouse design
should be analysed with a sensitivity analysishefdptimal greenhouse design problem.

Regarding the design of the validation study, b#i greenhouse functions were
fulfilled by at least one design element (Table)2Malidation on function level was
sufficient because it did not matter where a mdidelcame from, but it did matter how the
model reacted to it. Consequently, the model wasvalidated for all the design elements
shown in Fig. 2.1. It is, of course, advisable &idate the model aspects related to these
design elements with data. Differentiable switchctions were implemented instead of
conditional “if/else” statements, due to the regment that the model should consist of
differentiable equations. Although the steep flankghe switch function approached the
conditional “if/felse” statements, these functionigm have an impact on model behaviour.
Nevertheless, no discrepancies in model output detwthese approaches were shown,
which support the feasibility of this approach.
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2.7 Conclusion

A greenhouse climate model that describes the teffeoutdoor climate and greenhouse
design, including construction parameters and ¢knwnditioning equipment on indoor
greenhouse climate, was developed and validatesl airh is to use this model in a method
to design greenhouses for the wide variety of diémeonditions that can be expected
around the world. To enable our findings to be enpénted and reproduced, all model
equations are presented in this chapter and ideteéled model description.

For a broad range of greenhouse designs underngagfimate conditions, the
model predicted the greenhouse climate with reddenaccuracy. In our study, the
greenhouse climate consisted of the temperatur@ouwa pressure and the O
concentration. With the exception of one case, mpdeameters were not modified. In
more than 78% of the cases, comparison of simulatand measurements of the indoor
climate yielded an RRMSE of less than 10%. Addaibn the model fulfilled the
requirements of containing the design elements dhatsufficiently generic for a wide
range of climate conditions and of being differabte.

Given these results, the model is considered tosufficiently accurate and
sufficiently generic to be used for developing adelebased greenhouse design method.
Therefore, the greenhouse climate model will begrdated into a model-based greenhouse
design method, where it will be combined with apcyield model and an economic model.
An optimisation algorithm will then select the bedtsign elements under the given
climatic and economic conditions in order to maxenihe profit of the grower.
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2.8 Nomenclature

State variables
COo,

T

VP

Flux densities
H

L

MC

MV

R

RNIR

RPAR

Raiob

Carbon dioxide concentration
Temperature
Vapour pressure

Sensible heat flux density

Latent heat flux density

Mass CQ-flux density

Mass vapour flux density

Far infrared radiation (FIR) flux density

Near infrared radiation (NIR) flux density
Photosynthetically active radiation (PAR) flux digns
Global radiation flux density

External Climate Inputs

COZ Out
IGlob
TOut

TSky

TSoOut
VPOut

Vwind

Outdoor CQ concentration

The outside global radiation
Outdoor temperature

Sky temperature

Soil temperature of outer soil layer
Outdoor vapour pressure

Outdoor wind speed

Remaining symbol

cap

Capacity of the associated state

mg°m
°C
Pa

W

W
mg rif s*

kg frs’

Wm

Wm
W m?

W

mg
W
°C
°C
°C
Pa
m's
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Subscripts
Air
Blow
Boil
Can
Cov
e

Ext
Fir
Fog
Geo
Glob
Ind
Mech
Out
Pad
Pas
Pipe
Sky
So(j)
Sun
Top
ThScr
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Greenhouse air compartment below thermal screen
Direct air heater

Boiler

Canopy

Cover

External side

External CQ source

Floor

Fogging system
Geothermal heat

Global radiation

Industrial source
Mechanical cooling

Outside air

Pad and fan system
Passive heat storage facility
Pipe heating system

Sky
The '™ the soil layer
The sun

Compartment above the thermal screen
Thermal screen









Chapter

Description and validation of a tomato yield model

The contents of this chapter have been submitteBidsystems Engineering as a paper
entitled: A methodology for model-based greenhouse designt ZaDescription and

validation of a tomato yield model.
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Chapter 3

3.1 Abstract

With the aim of developing a model-based methodesign greenhouses for a broad range
of climatic and economic conditions, a tomato yietddel that describes the effects of
greenhouse climate on yield was described andatalil A literature survey of temperature
effects on tomato yield was performed and the rteximperature effects were implemented
in the model. Subsequently, the yield model wasdagtd for four temperature regimes.
Results demonstrated that the tomato yield waslaibeai accurately for both near-optimal
and non-optimal temperature conditions in respebtivihe Netherlands and Southern
Spain with varying light and COconcentrations. In addition, the adverse effedts o
extremely low as well as high mean temperaturegield and moment of first fruit harvest
were simulated with fair accuracy. The simulateéld/iiresponse to extreme diurnal
temperature oscillations were in agreement witbrditure values. In addition, the model
consisted of a set of differential equations witlntinuous differentiable right-hand sides.
Given these results, the model is considered tesufficiently accurate to be used for
developing a model-based greenhouse design mettmedefore, the presented model will
be integrated in the model-based design method thvttaim to design the best greenhouse
for local climate and economic conditions.
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3.2 Introduction

This chapter contains a description and validatidnthe tomato yield model. Since
greenhouse design affects crop yield through ifecefon indoor climate, a model is
presented that describes the tomatgcOpersicon esculentyngield as a function of indoor
climate. For use in design and optimisation stydigee model should fulfil three
requirements: (i) describe the effects of the imddemperature, light, and GO
concentration on tomato yield; (ii) describe adeezffects of extremely low as well as high
temperatures on tomato yield since the solutionaofireenhouse design optimisation
problem is expected to allow these extreme tempeysitin order to save energy and
investments; (iii) the model should consist of acfedifferential equations since it will be
combined with a greenhouse climate model consisifreg set of differential equations and
to allow the use of ordinary differential equatissivers. In addition, the right-hand sides
must be continuously differentiable to speed upsihsulation and to assure that gradient-
based dynamic optimisation algorithms can be agpbehe model.

In the literature, several models can be found destcribe the influence of light,
temperature and G&zoncentration on tomato yield. However, these riwodee mostly
valid for relatively small temperature ranges (8eget al, 1994; Tap, 2000; Ooteghem,
2007) and are not fully differentiable e.g. TOMGR@bneset al, 1991; Dayaret al,
1993), TOMSIM (Heuvelink, 1996), and the tomatolgienodel of De Koning (1994). In
conclusion, the literature review revealed thatomato yield model satisfying the
predefined requirements is still missing and traneethe aim of this work was to describe
and validate such a tomato yield model. Due tcaihe of the model — to use it in a model-
based greenhouse design method —, the primary fofctisis chapter is to describe the
extreme temperature effects on tomato dry mattddyi

The outline of this chapter is as follows. Firsgynce the model should deal with
extreme temperatures, a literature survey of teaiper effects on tomato yield is
presented. Secondly, the model implementation esd¢hmain temperature effects is
described. Subsequently, the simulated tomato yseldlidated with the measured tomato
yield for the following three temperature regimé¥:mild temperatures with varying light
and CQ conditions in two Dutch greenhouses; 2) extremmaptrature conditions with
varying light and C@ conditions in a low-tech greenhouse and a high-tgeenhouse in
southeast Spain and 3) four constant temperatajectories varying from sub-optimal to
supra-optimal temperatures conducted in growth d¢leas In addition, the effect of
extreme temperature regimes is evaluated and cehpéth data found in the literature.
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3.3 Temperature effects on tomato yield

Temperature influences different aspects of tongtowth (e.g., production rate and
partitioning, dry matter content) and developmeng( leaf and truss appearance, fruit
growth period, abortion and fruit quality) (De Kagi 1994; Van Der Ploeg & Heuvelink,
2005). Photosynthesis, which depends on light,, C&hd temperature, produces
carbohydrates needed for crop growth. These cadrates are distributed to fruits, leaves,
stems and roots and are converted to dry matteh(as sugars, amino acids and organic
acids). The sugars fulfil the energy requirement rfaintenance processes and growth
processes. Finally, fruit set, fruit growth and diom rates determine how much of the
potentially available carbohydrates are allocateth¢ fruits.

In this section, a literature study of the effeatssub-optimal, supra-optimal and
(large) differences between day and night temperattn growth, development and
ultimately on tomato yield is presented. Being mothaustive, this survey is only
considered to capture the main trends. Althoughirtipact of temperature depends on the
associated solar radiation, €@oncentration and humidity levels, the focus o Burvey
was to capture the main temperature trends basedemperature experiments with
naturally varying levels of the other climatic faxt. The impact of supra-optimal
temperature on growth implicitly comprises the nigaeffect of high vapour pressure
deficit (VPD) on growth. Specifically, a high VPG istrongly correlated to a high
temperature so that uncoupling both factors seesupdrfluous. Results of this survey are
summarized in Table 3.1.

3.3.1 Effect of sub-optimal temperatures on fruit freshight yield
Chilling temperatures may affect negatively photdbgsis, respiration, membrane
integrity, water relations, the hormone balancéhefplants and fruit set (Van Der Ploeg &
Heuvelink, 2005; Adamst al, 2001; Briiggemanret al, 1992; Yakiret al, 1986).
Additionally, the fruit growth period increases lwitlecreasing temperatures (De Koning,
1994). These unfavourable processes decrease thk fioit fresh weight as shown
hereafter.

Below a mean temperature of 12°C, Criddteal. (1997) observed no significant
growth and tomato yield. Khayat al.(1985) found that with similar solar radiation lésje
the cultivar Moneymaker, grown at a night tempeamatf 12°C, yielded only 76% of the
yield observed at 18°C. However, the same treatrioerthe cultivar Cherry did not affect
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growth. These results indicate that the impaciowf temperature on crop yield is cultivar
dependent. According to Baytorehal. (1999), yield levels of plants exposed for 3 maenth
to a minimum mean night temperature of 8.2°C desmédato 46% compared to levels
observed at a minimum mean night temperature ob°Clwith similar solar radiation
levels. Furthermore, Adanet al. (2001) observed at a mean temperature of 14°@ld y
decrease to 21% of the crop yield observed at 2&it other climatic factors remained
similar. Additionally, Adamset al (2001) found that fruits grown at a mean tempaeaof
14°C were parthenocarpic, small, hard and withaanemical value. In contrast to the
above-mentioned results, Martinez Mirén (2008) ole# under relatively low light
conditions (mean global radiation sum of 7.6 M¥ day') at a mean minimum night
temperature of 13.2°C, a yield increase to 108%hefyield observed at 15.2°C. At higher
light levels (9.4 MJ i day") no positive effect of a low mean night temperatan crop
yield was observed. These results indicate thaeutmv light conditions, low rather than
high mean night temperature may favour crop growthwever, the general trend observed
in the literature was that yield decreased withrel@sing night temperatures.

3.3.2 Effects of supra-optimal temperatures on fruit iregight yield

At supra-optimal levels, the instantaneous tempegatiecreased photosynthesis and the
mean temperature caused a lower fruit set, shémérgrowth period and smaller fruits
(Heckathornet al, 1998; Camejat al, 2005; De Koning, 1994; Adanet al, 2001; Peet

et al, 1997; Sateet al, 2000). These unfavourable processes decreaseatdhdruit fresh
weight as shown hereafter. Adamsal. (2001) reported at a mean temperature of 26°C,
18% of the crop yield observed at 22°C and Re¢et.(1997) found at a mean temperature
of 29°C, 17% of the crop yield observed at 25°Chvgitmilar radiation levels. Zharet al.
(2008) observed at a day temperature of 35°C ayisdp decrease to 46.1% compared to a
day temperature of 25°C.
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Table 3.1 A summary of effects of low and high &xatpres on crop growth processes and crop yieldliebased on a literature review.

Period Temperature Results Author
Photosynthesis

14 days 10°C at photoperiod 2-5% of initial photakesis Yakiret al.(1986)

3 days after 14 day40°C at photoperiod Recovering to 50% of initiabfsynthesis Yakiet al.(1986)
treatment

3 hour 43 °C Significant decrease compared to 25°C Heckathorret al. (1998)
2 hours 40 °C Reduced to 30% Camejoet al. (2005)
Fruit development time

Total period 14 °C mean 94.8 days, 205% of 22 °C mean Adztrat (2001)
Total period 26 °C mean 41.5 days, 89.6% of 22 °C mean Adztrat (2001)
Total period Between 17°C and 26°C Developmemt isatinearly related to temperature De Koning @)99
Fruit size

Total period 14 °C mean 18.3 g, 36 % of 22 °C mean Adetrd. (2001)
Total period 26 °C mean 23.9 g, 47% compared to 22 °C mean Adbal. (2001)

Fruit set/abortion
3 weeks

6°C constant

irreversible damage

Briiggemanret al. (1992)

Total period 14 °C mean 59 % compared to 22 °C mean Adeatrat (2001)
Production period  28/22°C >75% (for all cultivars) Satoet al. (2000)
Production period  32/26°C 0% (for 4 out 5 cults)ar Satcet al. (2000)
Production period 25 °C mean 48% Peetet al. (1997)
Production period 29 °C mean 11% Peetet al. (1997)
Total period 26 °C mean 40 % compared to 22 °C mean Adetras (2001)
Crop production

Continuous 12°C mean 0% Criddleet al. (1997)
During night 8.2°C mean 46% compared to 11.5°C mean Baytorunet al. (1999)
During night 13.2°C mean 108% compared to 15.2°@me Martinez Mir6n (2008)
During night 12 °C 1571 g/ plant, 76% of 18°Chtig Khayatet al. (1985)
Total period 14, 18, 22, 26 °C mean See Table 3.4 Adamset al. (2001)
Production period 29 °C mean 117.32 g/plant 17%p=oed to 25°C mean Pesital. (1997)
Day time 35°C 46,1% compared to 25°C Zhangl. (2008)
Daily DIF=-6°C (D=18°C,N=24°C) Reduced plant grovethd development Heuvelink (1989)
Daily DIF=10°C (D=26°C, N=16°C) Same growth and elepment as DIF=2°C(D=22°C,N=20°C)  Heuvelink (1989)

Production period
Production period

DIF = 14°C
DIF = 18°C

Higher production camed to 5°C DIF
Similar productiorat®IF is 6°C

Gent and Ma (1998)

Mavrogianopoulos and Kyritis (1989)

The*indicates that the treatment started after 21 dafyesr sowing
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3.3.3 Effects of both short term and long term temperatlifferences
The difference between day and night temperaturéF)(@also affects crop growth
processes. For young tomato plants, Heuvelink (L9889nd that for similar mean
temperatures, a lower day than night temperatute €2-6 °C) reduced plant growth and
development (number of leaves and number of trlisgitls respect to a treatment with a
DIF of 2°C with similar radiation levels. Yet, farlarge positive DIF of 10°C, Heuvelink
(1989) observed a growth rate and developmentsiatdar to a DIF of 2°C. Gent and Ma
(1998) observed that crops grown at a DIF of 14R&dgd more fruit fresh weight than
those grown under 5°C DIF with similar radiatiowdés whereas Mavrogianopoulos and
Kyritis (1989) observed at a DIF of 6°C and 18°@niar crop yield levels in warm
climates. The negative effects of a large posiide on crop yield should be seen as a
result of non-optimal temperature levels (i.e. eaudy sub-optimal night temperature
and/or supra-optimal day temperature) rather ttegnardght differences per se.

3.34 Temperature dependent growth rate responses andel mod

implementation
Summarizing, the literature survey indicated that beth instantaneous and mean
temperatures affect crop yield, b) both sub-andaaptimal temperatures affect several
growth processes, resulting in lower yield, c)sitdifficult to identify one single growth
process causing crop stress because growth precésfb@gence each other, d) stress
sensitivity is cultivar dependent and, e) a negaNF and a large positive DIF negatively
affect crop yield due to sub-or supra-optimal terapges.

Since the crop yield model will be integrated inmadel-based design method,
detailed modelling of the effects of non-optimampeeratures on individual crop growth
processes was beyond the scope of this researdontrast, a model was developed that
captures the temperature dependency of variousepses by means of two lumped
temperature-dependent growth inhibition functiohlsese inhibition functions capture the
instantaneous and the mean temperature effectsaralbtomato yield by multiplying the
potential tomato growth rate with these inhibitifiumctions (0< inhibition function< 1).
These growth inhibition functions will implicitlyake into account also the impact of large
VPD on growth processes because a large VPD maioburs at a supra-optimal
temperature. Abortion processes were already aaghthy the two lumped temperature-
dependent growth inhibition functions and were ¢ffiere not modelled explicitly.
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3.4 Model overview and states

34.1 Notational conventions

To describe the states and the flows of the toryiald model the notational conventions of
De Zwart (1996) are used. The states of the ma@eti@noted by names with capital letters
followed by one subscript (see the Nomenclaturseition 3.8). The flows are denoted by
a capital letter followed by two subscripts. Thestfisubscript represents the source of the
flow and the second subscript represents the deistmof the flow. For exampl®IChagys
denotes the carbon flow from air to the carbondmwufThe surface unit is Tof greenhouse
floor, unless specified otherwise. As presentethinNomenclature, the carbohydrates are
expressed in mg {C4D} m™.

3.4.2 Model overview

The model structure, with a common carbohydratéebwnd carbohydrate distribution to
plant organs as presented in Fig. 3.1, was esHgrit@sed on earlier crop yield models
(Marceliset al, 1998; Heuvelink, 1996; Dayaat al, 1993; Segineet al, 1994; Linkeret
al., 2004) and extended with the two lumped tempeeati@pendent growth inhibition
functions.

PhotosynthesisMCygys depends mainly on the canopy temperature, the
photosynthetically active radiation (PAR) absorbbg the canopy and the GO
concentration in the greenhouse. When relating apapvth directly to photosynthesis
without using a carbohydrate buffer, the impachight temperature on growth would be
neglected in the absence of photosynthesis. Howeigint temperatures play an important
role in crop growth and development. To model tfiects of night temperature on growth
and development, the photosynthesised carbohydeatestored in a buffeCg,, whose
outflow is affected by temperature. The buffer rilisttes the carbohydrate$1Cgysrryits
MCauiLeas MCautsten) 10 the plant organsCgyit, Ciean Csten) €v€N When no photosynthesis
occurs. These carbohydrate flows are influencethbyavailability of carbohydrates in the
buffer, the organ growth rate coefficients, two pemature dependent growth inhibition
functions (each described as a function of theamsaineous temperaturg;,, and the 24
hour mean temperatureTZ:) and the temperature sun '™, representing the

development stage of the crop.
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Fig. 3.1 Schematic diagram of the tomato yield rhaténg a modelling formalism of Forrester
(1962). The boxes represent the state variablebeimodel, valves are rate variables. The dashed
lines are information flows and the solid lines repent mass flows. The box representing the fruit
weight, Guig;, and the number of fruits,Ngg , is described in more detail in Fig. 3.2. The ddit
box represents a semi-state variable of the model
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The plant orgarCs,emrepresents the carbohydrates which are storedtn diem and root.
To take into account the time delay between freftad fruit harvest, the model simulates
for each fruit development stagethe fruit weightCeriy; and the fruit numbeeg g . A
part of the carbohydrates in the organs is usednfaintenance respiratioMCritair,
MCleatain MCsema). When the leaf area index (LAI) exceeds a maxinvaine, LAIM® the
leaves are pruned back to this value, resultinfpénmass flowMCcqmar The accumulated
harvested tomato dry matter is determined by gy the carbohydrate outflow of the
last fruit development stage.

The state variable equations and the carbohydtate fo the individual plant
organs with special interest for the two lumped gerature-dependent growth inhibition
functions are presented in this chapter. Becauspade limitations the remaining model
processes are presented in the detailed descriptitine tomato yield with which can be
found in chapter 9. A brief description of thesed®loprocesses is given here. The PAR
absorbed by the canopy is described by a negatppenential decay of light with LAl in a
homogeneous row crop as described by Ross (1918) cdnopy photosynthesis is based
on the leaf photosynthesis model of Farquhar and ®aemmerer (1982), Farquhetral.
(1980) and Farquhar (1988) which is scaled up tmpg photosynthesis by multiplying the
maximal rate of electron transport for a leaf witte LAl as described by Evans and
Farquhar (1991). Even though VPD strongly affetdsnaital conductance, photosynthesis
is not sensitive to VPD (Stanghellini & Bunce, 199Bherefore, VPD effects on canopy
photosynthesis rate were not incorporated in théahd-or the purpose of model-based
greenhouse design, the crop yield model will be lwioed with a greenhouse climate model
(see chapter 2) that calculates the canopy temperathis state variable depends on the
transpiration and stomatal model of Stanghellindgd). Consequently, the modelled
thermal and hydraulic feedback systems ensuréARBx affects the temperature dependent
growth inhibition functions and crop growth throuigh effect on canopy temperature. The
fruit flow and carbohydrate flow to fruit developmiestages and the daily potential growth
rate per fruit for different fruit development stémgare based on De Koning (1994). The
growth and maintenance respiration are based ondfiak (1996). The model parameters
are listed in Table 3.2.
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Table 3.2 List of modgdarameters and symbols. If not specified, the raaiis are expressed in {GB}.

Parameter Symbol and valudJnit Reference

Conversion factor from carbohydrate to dry matter ncom=1 mg {DM} mg* No lignification assumed

The time constant to calculate the 24 hour meapéeature T = 86400 s See section 9.7.1

Maximum buffer capacity CE“;';X: 2010° mg m? See section 9.5.1

Minimum amount of carbohydrates in the buffer CQ"J? =110° mg m? See section 9.5.2

The gain of the process to calculate the 24 hoannemperaturek = 1 - See section 9.7.1

Potential fruit growth rate coefficient at 20°C rgrritc= 0.328 mg m? st See section 9.7.3 (De Koning, 1994)
Potential leaf growth rate coefficient at 20°C IQlear= 0.095 mg m?s? See section 9.7.3. (Heuvelink, 1996)
Potential stem growth rate coefficient r9sten 0.074 mg m?s? See section 9.7.3 (Heuvelink, 1996)
Specific leaf area index SLA=2.6610° nr {leaf} mg? Based on Heuvelink (1996)
Temperature sum when fruit growth rate is at follgmtial TESnl:jm: 1035 °C Based upon Eq. (9.32)

Base temperature for 24 hour mean crop growth ititib Tgase 24 12 °C See section 9.7.3

1% optimal temperature for 24 hour crop growth infidsi Toptr_24= 18 °C See section 9.7.3

2" optimal temperature for 24 hour crop growth intidsi Toptz_24= 22 °C See section 9.7.3

Maximum temperature for 24 hour crop growth inhdsit Twviax_24= 27 °C See section 9.7.3

Base temperature for instantaneous crop growtHbiitid Tgase_ins= 6 °C See section 9.7.3

1% optimal temperature for instantaneous crop gramttibition Toptr_inst= 14 °C See section 9.7.3

2nd optimal temperature for instantaneous crop gramftibition  Topep jnst= 28 °C See section 9.7.3

Maximum temperature for instantaneous crop gromtiibition  Tyax_inst= 40 °C See section 9.7.3
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3.4.3 State variables of the model
The state variables of the model are all descrifyedifferential equations. The derivatives
of the state variables to time are indicated bytaathove the state symbol.

The evolution of the carbohydrates in the buf&y;, in time is described by:

CBuf = I\/ICAirBuf - I\/ICBufFruit - MCBqueaf - MCBufStem_ I\/ICBquir

[mg m?s? (3.1)
where MCuisy is the photosynthesis ratéMCgytrrii, MCaufleas MChautstem are the
carbohydrate flows to fruits, leaves and stems eetbely, andMCgpir IS the growth
respiration of the plant. During the light periodarleohydrates produced by the
photosynthesis are stored in the buffer and, whemesarbohydrates are available in the
buffer, carbohydrates flow to the plant organs.sTbarbohydrate flow stops when the
buffer approaches its lower limit. When the bufipproaches its upper limit, carbohydrates
can not be stored anymore in the buffer and theégslyathesis will be inhibited.

The time between fruit set and fruit harvest is that growth period which is
modelled using a “fixed boxcar train” method of teddiar and Ferrari (1989). This method
implies that carbohydrates and the number of friliiw from one fruit development stage
to the next with a specific development rate (Bd). When the plant shifts from the
vegetative stage to the generative stage, carbateglare stored in the fruit development
stagg, Cruiyy, » as described by:

CFruit{j} = MCBufFrun{ i} + MCFruit{ jAYFrui ) MCFruit{j}Fruit{j+l} - MCFruitAir{j}

with j = 12.n [mg m?s’ (3.2)

Dev
where MCgyerigy iS the carbohydrate flow from the buffer to frdiévelopment stagi
MCruig-nyrrirgy 8N MCruigprriirg+ay  represent the carbohydrate inflow from the previous
development stage and the outflow to the next stagpectively MCeriwnirgy iS the fruit
maintenance respiration of development stagand npe, is the total number of fruit
development stages. For the first fruit developnstagie, the carbohydrate inflow from the
previous stage is zero. For the last developmeawgestthe carbohydrate outflow to the next
stage is described BYCritHar-

The number of fruits in the fruit development stajgeNg.iy;, affects the
carbohydrate distribution to the fruits and is #iere described by:

NFruit{j} = MNFruit{j—l}Fruit{j} - MNFruit{j}Fruit{jﬂ}' j =12.ng,, [fruits m*s”] (3.3)

where MNeig-13rigy 1S the fruit number flow from fruit developmentgej-1 to stage
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and MNeigyrrig+1; 1S the fruit number flow from fruit development gégj to stagg+1.
For the first fruit development stadNe i1y 1S replaced BWMNayieritay-

The fruit number flow to the first fruit developnterstage depends on
carbohydrates available for fruit growth and on theiss appearance rate. The
carbohydrates stored in the leav@s.;, are described by:

C = I\/ICBqueaf - I\/ICLeafAir - MC

where MCgyrear IS the carbohydrate flow from the buffer to leav®4C, canar IS the
maintenance respiration of the leaves B ..s.,iS the leaf pruning.
The LAl is a semi-state of the model and is catad by:

LAl = SLAIC

where SLA is the specific leaf area?(fteaf} mg™ {CH,0}).
The carbohydrates stored in the stem and r@ats, are described by:

= MCBufStem_ |vlCStemAir [mg m2 S_l] (3-6)

Leaf LeafHar [mg mz S l] (3'4)

[m?{leaf} m?] (3.5)

Leaf

C

whereMCgssemiS the carbohydrate flow from the buffer to steamsl rootsMCgiemaiiS the
maintenance respiration of the stems and roots.

For sake of simplicity a continuous harvest rates wasumed. Consequently, the
accumulated harvested tomato dry matter (DBDWy,, €quals the outflow of dry matter
from the last fruit development stage and is describy:

DM Har :”C_DM DMC

where 5c pm is the conversion factor from carbohydrate to drgtter. Since growth
respiration was incorporated into the model, tlasversion factor is 1 mg {DM} mig
{CH,0O}.

The development stage of the plant, required teries the transition from the
vegetative to the generative stage, is expressddebgmperature sum:

Stem

[mg {DM} m?s?] (3.7)

FruitHar

. 1
T Sum — T °C st 3.8
Can 8640( Can [ S ] ( )

whereTc,, is the simulated canopy temperature. By definjtitre start of the generative
period T>!" is zero.
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Fig. 3.2 Fruit development is modelled by descghior each fruit development stage the number of
fruits, Neiyy and the amount of carbohydratess fg; . As in Fig. 3.1, the boxes represent the state
variables of the model, valves are rate variabldse dashed lines are information flows and the solid
lines represent the carbon and fruit flows. The céwymirates available for fruit growth, MGt

are distributed to the different fruit developmetdiges G- The carbohydrate flow to the first
development stage Mgy is affected by the fruit set MMewigy; Which in turn is influenced by

the carbohydrates available for fruit growth M. and the potential fruit growth ra F'jgi‘m as

described in Eq.(9.35). The carbohydrate flow torrmaining fruit development stages is influenced
by the available carbohydrates MG . the number of fruits Ny and by a development stage
dependent fruit growth rate as described by Eq.§P.3
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The 24 hour mean canopy temperature was approdghed" order approach:
. 1 )
TCZ:n = ; (kTCan - Tcz:n) [°C Sl] (3.9)

wherez, represents the time constant of the proceskasdhe gain of the process. When

integrated in the model-based design method, teengrouse climate model calculates the
canopy temperature as a state variable. Therefogeganopy temperature and the 24 hour
mean canopy temperature could not be calculatentdiednd. To approximate the 24 hour
mean canopy anyway, the first order approach of(E®) as derived in section 9.7.1 was

incorporated into the model.

3.4.4 The carbohydrate flow to the individual plant organ
The carbohydrate flow from buffer to the fruitsdetermined by multiplying the potential
fruit growth coefficientrgg,,i, by the inhibition factors:

_ 1. MCqyor 2 1
IvlCBufFruit - hCBufB e |:ﬂ.chan |:ﬂ.]Tcan24 |:ﬁ.]TcanSumlﬁTcan24 |]g Fruit [mg m-s ] (3'10)

where the inhibition factors (b<1): are: hg;u:f”forg (-), insufficient carbohydrates in the

buffer; hrean (-), Non-optimal instantaneous temperaturggq4 (-), hon-optimal 24 hour
mean canopy temperatures; dmngdy.sum(-), crop development stage. The effect of the 24
hour mean temperature on the carbohydrate flowuitsfis described b@rcan24 (-) and
rgeraie (Mg {CH,0} m? s?) is the potential fruit growth rate coefficient2a°C.

The carbohydrate flow to the first fruit developmestage is influenced by the
available carbohydrates for fruit growth, fruit setd potential fruit growth rate (Fig. 3.2
and Eq. (9.35) in chapter 9). The carbohydrate ftovthe remaining fruit development
stages depends on the available carbohydratesuthber of fruits and the fruit growth rate
as a function of fruit development stage (Fig.&@ Eq. (9.36)).

The carbohydrate flow from buffer to the leaves atain is described by:

IvlCBufOrg(i) = hCB(;Buforg |:H.IT(:ar124 |:chan24 |]gOrg(i) =23 [mg m? S_l] (3.11)

wherei represents the plant organ code lfeaf and Stem rgo.qg (mg {CH,0} m?s?h is
the organ growth rate coefficient at 20°C. As inremgnent with Table 3.1, these
carbohydrate flows are not influenced by instantasetemperature. The two lumped
temperature-dependent growth inhibition functiof€qs. (3.10) and (3.11) are described
in more detail in this section.
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The literature review revealed that crop growth wisbited by non-optimal levels of the
instantaneous and 24 hour mean temperature whistdescribed by two trapezoid growth
inhibition functions,hr..,and hycanog respectively. Each inhibition function was based on
Boote and Scholberg (2006) and was described hycfadinal temperatures (Fig. 3.3).

\ b K/
\ 0.8 K/
1\ !
3 —~ !
~ 0.6 v
N
@
S 04 A
A <
\ l!
K\ 0.2 !
. /
\ -
. . . 0 = .
20 30 40 10 15 30
Temperature (T) Temperature (T)

Fig. 3.3 The growth inhibition by the instantanetermperature (a) and by the 24 hour mean canopy
temperature (b). The solid lines represent the difi@rentiable inhibition functions and the dashed
dotted lines represent the differentiable inhibitidunctions. The non-differentiable inhibition
functions were each smoothed by multiplying two ¢hsob conditional “if/else” statements as
described in section 9.7.2. The cardinal tempeguior both inhibition functions are presented in
Table 3.2.

Below a certain base temperatlligs. N0 carbohydrate flow to organs is expectadQy,
betweenTopy andTop, the carbon flow is maximah€1) and abové . no carbohydrate
flow is expected {=0). BetweenTgas. and Topn and betweenToy, and Tya @ linear
relationship between inhibition and temperaturassumed. The growth inhibition function
of Boote and Scholberg (2006) is not differentiadfel therefore not suitable for dynamic
optimisation purposes. Therefore, the non-difféedmé inhibition functions were each
smoothed by multiplying two smoothed conditiondlefise” statements as described in
section 9.7.2. Based on the temperature effects@m growth presented in Table 3.1, the
cardinal temperatures presented in Table 3.2 weterihined as described in section 9.7.3
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3.5 Model validation

For all four temperature regimes, the yield modelswalidated using the same model
parameters (Table 3.2). Since most of these paeametere extracted from literature,
model parameters were not calibrated on data. Tdrereall simulations presented in Fig.
3.5 to Fig. 3.7 can be considered as model vatidatiThe model was first validated for
mild temperatures commonly encountered under Dgtelenhouse conditions and second
for extreme temperatures encountered under soutl&@anish greenhouse conditions.
Third, the model was validated for non-optimal temgture conditions. Fourth, the tomato
harvest rate for long-term diurnal temperature Izg@ns was determined and compared
with data obtained from literature.

To simulate crop yield, the differential equatiomsre solved with an ODE solver
of Matlab 7.f. Hourly greenhouse climate data, i.e. greenhoiis¢éemperature, CQ
concentration and outside global radiation weredus® model inputs. Since the canopy
temperature was not measured, it was assumed tegoal to the greenhouse air
temperature. An overview of the data needed totlhenmodel for the Dutch and Spanish
greenhouses is presented in Table 3.3. For thehDartd Spanish validation studies, solely
the LAI was measured as initial crop condition. fEfiere, the initial leaf carbohydrates
were calculated based on the LAl and the speafid rea (Eqg. 3.5). The initial stem and
root carbohydrates were determined by multiplying leaf carbohydrates with a ratio that
depends on the vegetative development. Since ifie temperature sum was unknown for
the Spanish studies, this parameter was fitteth¢odaita to assure that the moment of the
simulated first tomato harvest was equal to theswmesal first tomato harvest.

351 Model validation for mild temperature conditions

The model was validated with measured tomato ymthined under mild temperature
conditions—of two Dutch greenhouse growers in dfifeé production years. In both cases
tomatoes were grown in a Venlo-type greenhouse lwhias equipped with CO
enrichment and a heating system. Tomatoes werengctnge to the optimal 24 hour mean
canopy temperature interval of 18°C-22°C with vagyiCQ-concentrations and PAR
levels commonly encountered in the Dutch greento(iBable 3.3).
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Table 3.3 The location, crop production data, miticonditions, the mean greenhouse climate
conditions for the Dutch growers A and B and for lbw-tech and high-tech located in Southern

Spain. Some initial crop conditions were not meadimgt calculated as described in section 3.5.

Grower A Grower B Low-tech  High-tech
Spain Spain

Location
Latitude 52°0'N 52°0'N 36°57'N 36°48'N
Longitud 4°3'E 4°3'E 2°00'W 2.43'W
Elevation (m) -3 -3 180 151
Crop production data
Start growing cycle 10-12- 1999 8-12-1997 1-8-2009 26-9-2003
End growing cycle 2-10-2000 23-9-1998 5-05-2010 792004
Cultivar Aromata Rapsodie Atletico Pitenza
Greenhouse transmission 78% 78% 55% 40%
LA| Mex 3.0 2.85 35 35
Initial conditions
Start simulation 6-1-2000  6-1-1998 1-8-2009 26-9-2003
TCanSumO(OC) 0 0 -900 -650
LAlo (m? m?) 1.06 1.25 0.4 0.1
CLeao(mg {CH,0} m™) 4010° 4710° 1510° 3.810°
Cstemd Mg {CH,0} m?) 3010° 3110° 1510° 3.810°
Indoor climate
Mean canopy 18.2 (2.7) 19.1 (2.1) 17.5 (7.0) 19.7 (3.2)
temperature (°C)
Daily global outside 12.2 (7.4) 9.7 (5.6) 12.9 (5.6) 15.9 (7.7)
radiation (MJ rif day™)
Mean CQ concentration 677 (301) 659 (253) 355 (15) 476 (81)

at daylight imol mor?)
The” indicates that the simulation started at onsetegetive phase.

3.5.2 Model validation for Spanish temperature conditions

The model was validated with measured tomato ymthined for Southern Spanish
climate conditions for a low tech “raspa y amagdpéenhouse (LT) with only natural
ventilation and a high tech greenhouse arch shapt-tennel (HT) equipped with natural
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ventilation, a heating system, a thermal screerexd@rnal shade screen, a fogging system
and CQ enrichment. In the LT greenhouse tomatoes wer@seg to strongly fluctuating
temperatures being frequently non-optimal (Tab®.3n contrast, in the HT greenhouse
tomatoes were grown closer to the optimal 24 hoeamcanopy temperature interval.

3.5.3 Model validation for extreme temperature conditions

The simulated tomato yield for four different megamperature levels was compared with
yield measurements of the cultivar Liberto condddtegrowth chambers by Adanres al.
(2001). Until 26 weeks after sowing, Adamsal. determined the yield for four constant
temperature regimes of 14°C, 18°C, 22°C and 26%@ thie following climate set-points: a
daylight period of 12 hours with 318mol photons rif s* PAR above the canopy and a
CO,-concentration of 100mol CO, mol™* air. Subsequently the model simulated tomato
yield using the climate set-points of Adams as rhogruts.

The simulated temperature treatment started silpitarAdamset al. (2001) — 21
days after sowing — when plants were still in tiegetative stage. Since destructive crop
measurements were not performed, the followingainttonditions were estimated for the
21 days old tomato crof:Al, was 0.1,CeaoWas 3.810° mg {CH,0} m? CgemoWwas
2.510° mg {CH,0} m?. The temperature sum for onset of the generatingeswas
determined from the observations of the first friu#trvest for the different temperature
treatments, which resulted in a mean temperaturg 3", of -550 °C. As a best estimate

of LAl @ the mean of the measured LAl (2.5) of a full gnoeommercial tomato crop
was used.

To make a fair comparison between the measurediandated crop yield results,
the measured fresh tomato yield per plant obtaiiefdldamset al. (2001) was expressed in
dry matter tomato yield (g {DM} ). For this re-calculation, the plant density otlea
growth chamber was set to 2.2 plantéand the average dry matter content of the fruits fo
the treatments 14°C, 18°C, 22°C and 26°C were sdi0&@%, 6.2%, 5.6% and 6.2%,
respectively according to Adams (personal commtioiea2008).

3.54 Model evaluation of effects of diurnal temperataseillations

The effect of diurnal temperature oscillations aopcyield was investigated for four
temperature trajectories, namely: low night tempees T,gn), high day temperatures
(Taay), Mean temperatureTfe,) and the difference between day and night tempesat
(DIF) (Toie) as shown in Fig. 3.4. The temperature trajectoniT nigh, Tday aNd Tpie Were
described by a sine function with a mean tempeeadfi20°C and a different day and night
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amplitude. The temperature trajectory ®fe., was described by a variable mean
temperature (14°C, 18°C, 22°C and 26°C) with adigay and night amplitude of 3°C.

The tomato harvest rate for the four temperatue@ados was simulated under the
following conditions: the plant was totally in tigenerative stage with2AI* of 2.5 and
the simulation period was 100 days. The PAR absbhyethe crop during the light period
of 12 hours was described by a sinus function.nvestigate how the harvest rate response
to temperature depends on PAR, two PAR amplitude® wsed: 46Qmol photons 1 s*
and 920umol photons $ m? The CQ level in the greenhouse was 3f@ol CO, mol*
air. The tomato harvest rates were determinedhi®idst seven days of the total production
period of 100 days to prevent the influence ofittiigal conditions on the results.
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Fig. 3.4 The temperature trajectories for the faemperature sensitivity studies: a) different night

temperatures (Jgn); b) different high day temperatures «fJ; c) different mean temperatures
(Tmean; @and d) difference between day and night tempeeaflhc).
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3.6 Results and discussion

In section 3.6.1 to 3.6.4 the validation results presented and discussed with respect to
model performance on the tomato yield (g {DM}?n In section 3.6.5 the model is
discussed with respect to other tomato yield modalts$ relevant yield model aspects for
greenhouse design optimisation are discussed ds Alletomato yield simulations were
performed with the same set of model parameters.

3.6.1 Model validation for mild temperature conditions

For two commercial Dutch greenhouses, with mild gemature conditions and varying
global radiation levels and G&@oncentrations (Table 3.3), the model simulatedttimato
yield very well (Fig. 3.5). Only the tomato yield grower B was slightly overestimated at
the end of the production period. The higher cragldyof greenhouse A compared to
greenhouse B was caused by its higher outside Iglatimtion.
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Fig. 3.5 The simulated tomato yield compared witlasneements for grower A (a) and for grower B
(b) under mild temperatures in Dutch greenhousedidSines represent the simulations and the
circles represent the measurements.

3.6.2 Model validation for Southern Spanish temperataredgions

The impact of non-optimal temperatures on modeffgperance was evaluated using
Southern Spanish climate conditions. The tomathl ypéthe LT greenhouse was simulated
with fair accuracy (Fig. 3.6a). The cumulative meas tomato yield of 922 g {DM} A
was underestimated by the model with 97 g {DM}nirhis difference will not be a
problem for greenhouse design because the errbbevibbcated in model uncertainty. The
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trend of the simulated yield differed from the meas yield which might be caused by
errors introduced due to the conversion from meabupmato fresh tomato yield to
calculated dry matter yield. For this conversioooastant dry matter content (DMC) was
used since time variant measurements were miskiogiever, according to Seguet al.
(2009) the dry matter content varies along the petdn period with a relatively low DMC
in winter and a relatively high DMC in summer un@wuth Spanish conditions. Using a
time dependent DMC would improve the trend of theasured dry matter yield.
Additionally, the underestimation of the measureapcyield might be caused by applying
generic cardinal temperatures for the growth irtahi functions to a cultivar bred to
withstand low temperatures. To improve the simalatresult further, an option is to
calibrate these cardinal temperatures for eacivault

For the HT greenhouse, the model predicted aayrdlhe tomato yield (Fig.
3.6b). Only at the end of the production period ¢hap yield was underestimated slightly
due to harvest simulation of the dry matter outfisam the last fruit development stage
(Eq. 3.7) whereas in practise all marketable toesmtm the plant were harvested.

1000 2000

€ 800 a £ b o
s s 1500
[a) [a)
o 600 2
o T 1000
Q Q
> 400 =
) 2
o S 500
§ 200 g
[ =
0 : : : 0 : : :
Oct Dec Feb Apr Jun Dec Feb Apr Jun Aug
Time Time

Fig. 3.6 The simulated tomato yield compared witlasneements in a low-tech greenhouse (a) and a
high-tech greenhouse (b) located in South Spailid 8ees represent the simulations and the circles
represent the measurements.

3.6.3 Model validation for extreme temperature conditions

Comparing simulated yield with yield measured byaAdget al (2001), it can be observed
that the model simulated with fair accuracy thesetffof the mean temperature regimes of
14°C, 18°C, 22°C and 26°C on yield (Fig. 3.7a, b).
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Fig. 3.7 The simulated tomato yield for four difiet mean temperature treatments between week
number 10 and 26 after sowing. Fig.3.7a presentsctbe yield at 14°C (solid line represents the
simulation and circles the measurements) and atC1@fotted line represents the simulation and
squares the measurements). Fig. 3.7b presentsrte yield at 22°C (dashed line represents the
simulation and diamonds the measurements) and &€ 2@lashed dotted line represents the
simulation and triangles the measurements). Sooftiee measured data was Adams et al. (2001).

The model correctly captured a reduction in yietdhan-optimal mean temperatures of
14°C and 26°C. Specifically, the simulated relatilecrease in crop yield at non-optimal
temperatures was almost equal to the measuredveek&duction in yield (Table 3.4) as
caused by the growth inhibition due to temperaf&e (3.10) and Fig. 3.3). However, the
model tended to overestimate the yield at the drideogrowing period by on average 33%
(Table 3.4). This overestimation might be causedytoyvth chamber conditions not equal
to those in the greenhouse for which the modeldeagloped.

Table 3.4 Simulated and measured production vdlueur temperature treatments

Temperature (°C)

14 18 22 26
Production (g {DM} nf)
Measured 123 720 970 241
Simulated 188 919 1057 340
Relative production compared to maximum (%)
Measured 13 74 100 25
Simulated 18 87 100 32
Difference between simulations and 53 28 9 41

measurements (%)
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Temperature effects on first fruit harvest were wdated in close agreement to the
measured first fruit harvest. Specifically, low metemperature resulted in a delayed
simulated first fruit harvest which was caused ly temperature effect on both vegetative
development rate and generative development rateeMer, for low mean temperatures
(14°C and 18°C) the simulated first fruit harvestswearlier than the measured first fruit
harvest whereas for high mean temperatures (22W2&3iC) the simulated first fruit
harvest was later than the measured values. Theemtoofi simulated first fruit harvest at
14°C and 26°C differed 5 weeks whereas 10 weeke wezasured. This underestimation
was caused by processes both in the vegetative gendrative period as explained
hereafter.

Regarding vegetative development, a linear relatign with temperature was
modelled using Eqg. (9.27) of the detailed modelcdpton. However, measurements
indicated that at sub-optimal temperatures the ceggls a higher temperature sum to fulfil
the vegetative development period (Adams, perscoraimunication 2009). To improve the
simulation of the vegetative period, a base tenmperashould be introduced in the
temperature sum description of Eq. (3.8).

The temperature sum needed for the generative chaves based on the fruit
development rate of Eq. (9.32) as determined byKbeing (1994), being different from
the temperature sum of Adarasal.(2001) for the measurements under consideratioa. Th
underestimation of the fruit growth period at lowemperatures is due to the lower
temperature sum from De Koning (1994) which resllite a 24 days shorter growing
period at 14°C than the observed fruit growth peob Adamset al. (2001).

3.6.4 Model evaluation for diurnal temperature oscillago

To evaluate the model for its response to diurealperature oscillations, the trends of the
simulated crop harvest responses to four extrempdeature treatments (Fig. 3.4, Fig. 3.8
and Fig. 3.9) were compared with harvest respoobtasined from literature (Table 3.1).

The impact of a low night temperature on harvett (&ig. 3.8a) shows that the model
reproduced the expected interaction between radiatnd temperature on harvest rate. In
agreement with Martinez Mirén (2008), the optimuighh temperature increased with

increasing PAR level. Specifically, at a low PARdéthe optimum night temperature was
5°C whereas at a high PAR level the optimum nightgerature was 10-15°C. In addition,

the positive impact of PAR on harvest rate at matertemperature trajectories was
demonstrated. For instance, for the day/night tneat of 25°C/15°C, the harvest rate at a
low PAR level was 55.2 % of the harvest rate agh PAR level (123.1 g ihweek?).
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Although negative effects of low night temperatures tomato harvest rate were
incorporated in the model, at low PAR levels thawdated tomato harvest rate increased
slightly with decreasing night temperature. Thisute was in agreement with Martinez
Mirén (2008) who measured under constant shadingpenautumn and winter season in
Southern Spain a higher yield at a mean night-temeperature of 13.2°C than at 15.2°C.
This effect was caused by lower maintenance resmiréosses at low night temperature It
seems that the model was not valid for extremely hight temperatures because at 0°C
and 5°C still a reasonable crop yield was simulafdds overestimation was caused by not
modelling lethal damage or hormonal misbalancedoat temperature. Nevertheless,
extremely low temperatures will decrease tomatddyrate through the effect of mean
temperature on tomato yield (Fig. 3.9a).

Fig. 3.8b shows that too high day temperatures fletv¢he harvest rate for both
PAR levels. Under high PAR levels, the harvest @t@ maximum day temperature of
40°C was 54.5 % of the harvest rate at a maximuyntei@perature of 25°C. This result
was in agreement with a measured tomato yield dseref 46.1% at 35°C compared to the
25°C treatment which was observed by Zhanhgl.(2008).
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Fig. 3.8 The effect of daily fluctuations of thghtitemperature Jy (@) and the day temperaturg.J
(b) on production rate for two levels of PAR: 4680l photons f {floor} s™* (the black bar) and 920
umol photons f {floor} s (the grey bar).
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In agreement with the crop yield measurements admglet al (2001), Fig. 3.9a shows
that non-optimal mean temperature affected nedgtihe harvest rate at both PAR levels.
Specifically, the harvest rate under high PAR Isva a mean temperature of 14°C was
32.0 % of the harvest rate at the mean temperafut8°C (129.1 g M week') whereas
the harvest rate at a mean temperature of 26 °Cl@#s% of the harvest rate at the mean
temperature of 18°C. These results agreed well aitip yield reductions at non-optimal
mean temperatures shown in Table 3lhe tomato harvest rate at non-optimal mean
temperatures was equal for both PAR levels. Spadifi, at non-optimal temperatures the
carbon outflow from buffer to fruits was reducecedo the temperature dependent growth
inhibition functions (Eq. (3.10) and Fig. 3.3) whas the inflow of carbon produced by
photosynthesis sustained until buffer saturation.biffer saturation, the photosynthesis
was inhibited which resulted in lower crop yieldues. Not PAR but temperature was thus
the limiting factor for crop growth.

A DIF lower than 20°C influenced only slightly tharvest rate (Fig. 3.9b) which
was in close agreement with Mavrogianopoulos andti€y(1989) who found a similar
crop yield at a DIF of 6°C and 18°C. In contraskage DIF of 30°C did negatively affect
the crop harvest rate. Specifically, for high PARdls, the treatment of 35/ 5°C resulted in
70.5 % of the harvest rate obtained in the treatrn&80/ 20°C (124.4 g ihweek'). The
simulated harvest reduction was caused by bott-aptimal night temperature of 5°C and
a supra-optimal day temperature of 35°C. Althoughedffect of an extremely high DIF on
tomato harvest rate was not explicitly describedhgymodel, its impact on tomato harvest
rate was properly simulated.

L 14073 Tmean b Tor
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17/11 21/15 25/19 29/23 15/25 20/20 25/15 30/10 35/5
Day / Night Temperature (°C)

Fig. 3.9 The effect of daily fluctuations of thelfur mean temperature,d,,(a@) and the difference
between day and night temperaturgrT(b) on production rate for two levels of PAR: 46@®ol
photons 1t {floor} s™* (the black bar) and 920mol photons i {floor} s™ (the grey bar).
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3.6.5 Discussion of model performance in view of greerdgodesign

In horticultural research a considerable numbertarhato yield models have been
developed. For the aim of greenhouse design optiois the presented yield model has
two advantages compared to, for example, the TOM@R@el (Jonest al, 1991; Dayan
et al, 1993): 1) the crop response to extreme valuedddh instantaneous and diurnal
mean temperature effects are modelled implying that model can be used within a
model-based greenhouse design method, 2) the nwdebcribed in differential equations
with continuous differentiable right hand sidesldimy us to combine the yield model with
the greenhouse climate model presented in chaptes@lve differential equations with an
existing ordinary differential equations solver atwl use gradient based-optimisation
algorithms to optimise greenhouse design. Furthezptbe model describes, based on crop
physiological processes, the most important effet@xtreme temperatures on tomato
yield. These crop physiological processes wereimachn related studies. Specifically,
loslovich and Seginer (1998) bounded the minimund amaximum temperature and
Ooteghem (2007) penalized extreme temperaturesnbpducing a term in the cost
criterion.

Given these results, obtained for a broad rangéemiperature conditions, the
model is considered to be sufficiently accuratdoéoused for developing a model-based
greenhouse design method. However, since our aimtwaevelop a design method that
focussed on the optimisation of a set of desigmelds, model aspects that might be
relevant may have been neglected or too much diethliTherefore, whenever better or
new modules are available, they can be easily porated into the design method. Some
issues that might improve the generality of the etdhsed design method are discussed in
more detail here.

To enhance the generality, yield models of othepsrthan tomatoes should be
developed that fulfil the same requirements as del@a for the tomato yield model.
Additionally, the transpiration module of the grleunse climate model (see section 8.9)
should then be adjusted to this crop as well. Pedioce of the tomato yield model might
be improved by describing the impact of temperaand other climate variables on each
growth and development process such as fruit sdt, dbortion and membrane integrity.
Since modules of these processes were not avaifatdelumped temperature dependent
growth inhibition functions were used in this stu@rowth inhibition functions were based
on literature values and therefore photosyntheffésts might have been captured in these
functions. Since the simulated photosynthesis dég@ralready on temperature, effects of
non-optimal temperatures on photosynthesis mighé Heeen overestimated by the model.
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However, first analysis of the crop yield prediatifor non-optimal temperature conditions
revealed that the incorporation of photosynthefects in the inhibition functions did not
play an important role as can be seen in Fig. Bd/ Eg. 3.8 due to the plant’s ability to
store carbohydrates in the buffer.

To solve a greenhouse design problem, the econbemefits of crop yield must
be determined. Since the presented model descdbgdnatter yield as a function of
greenhouse climate, the impact of dry matter cantenfresh tomato yield should be
integrated into the model. In addition, this DMQasld then be described as a function of
electrical conductivity of the growing medium, oatdoor climate variations (Segueaal,
2009) and on non-optimal temperatures (Adamal, 2001). Subsequently, the quality of
the tomatoes must be incorporated into the modeksihey determine the economic yield.
According to Adamet al. (2001) the quality of the tomatoes and marketedtie depends
on temperature and air humidity. Therefore, whanguthe model for optimal greenhouse
design, it would be better to describe the impdditomidity on quality and yield. To do
this, the tomato quality model of Let al (2007) can be used as a starting point. No direct
effects of a large VPD on photosynthesis were niedeHowever, when integrated in de
model-based design method, a large VPD will indiyeaffect growth through its effect on
transpiration and canopy temperature. Additionalértigation was assumed to be non-
limiting for crop growth whereas in practise it rhigoccasionally be non-optimal. The
impact of fertigation on crop yield can be desalilby the nutrient model of Van Straten
al. (2006).

Since temperature effects on crop yield are cultidependent (Camejet al,
2005; Khayatet al, 1985; Adamset al, 2001; De Koning, 1994), the model performance
can be increased by calibration of the parametdased to the growth inhibition functions,
photosynthesis functions and fruit growth periodrtRermore, instead of using a constant
SLA, a seasonal dependent SLA based on Heuveli@R6)1 might improve the model
performance. Additionally, the estimation of thegetative growth period might be
improved by introducing a base temperature in &mperature sum calculation. No long
term effects of extreme temperatures on crop yiedde modelled, whereas in practice
extreme temperatures indeed affect crop yield an ling term (Yakiret al, 1986).
Consequently, the simulated crop could, erronequsiyally recover from extreme
temperatures. To avoid that the resulting overestah yields affect the greenhouse design
optimisation problem, the greenhouse air tempegatoust not go beyond these extreme
temperature values.
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3.7 Conclusion

In this research, a yield model that describesetiiect of greenhouse climate on tomato
yield was developed and validated. The ultimate igito use this model in a model-based
method to design greenhouses for the wide varietfimate and economic conditions that
can be expected around the world. A literature esyref temperature effects on tomato
yield was performed and the main temperature effaetre implemented in the crop yield
model.

Validations results showed that the model fulfilleétle three predefined
requirements. Specially, the model covers the &ffe€ indoor climate and non-optimal
temperature conditions on crop yield (requiremdngnd 2). Without calibration of model
parameters, the crop yield model predicted with dacuracy the crop yield levels for four
temperature regimes. In more detail, the tomatéd yieas simulated accurately for both
near-optimal and non-optimal temperature conditioneespectively The Netherlands and
Southern Spain, given the varying light levels &¥@, concentrations. In addition, the
adverse effects of extremely low as well as higlamgmperatures on tomato yield and
moment of first fruit harvest was simulated withirfaccuracy. The simulated yield
response to extreme diurnal temperature oscillatimere in agreement with literature
values. Since the presented model consisted oftaofsalifferential equations with
continuous differentiable right-hand sides, requieeat 3 was fulfilled as well. All model
equations are presented in this chapter and inetesled model description to assure that
our colleagues are able to implement and reproducéndings.

Given these results, obtained for a broad rangéemiperature conditions, the
model is considered to be sufficiently accuratdoéoused for developing a model-based
greenhouse design method. Therefore, the presemtddl will be integrated in the design
method with the aim to design the best greenhoasegd for local climate and economic
conditions.
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3.8 Nomenclature

States

C Carbohydrate amount mg {GB} m?

DM Dry matter mg {DM} m?

N Number fruits nf

T Temperature °C

Semi-state

LAI Leaf Area Index m{leaf} m™

Flow

MC Carbohydrate mass flow mg {GB} m?s?

MN Number flow fruits nf s*

Subscripts Superscripts

24 Mean of 24 hour Max Maximum
Air Air Min Minimum
Buf The carbon buffer Sum Summation
Can Canopy

End End of period

Fruit Fruit

Har Harvest

Inst Instantaneous temperature effect

j Fruit development stage

Leaf Leaves

Start Start of period

Stem Stem and roots
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Sensitivity analysis of a combined greenhouse
climate-crop yield model

The contents of this chapter have been submitteBidsystems Engineering as a paper
entitled: A methodology for model-based greenhouse design:3&ensitivity analysis of

a combined greenhouse climate-crop yield model.
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Chapter 4

4.1 Abstract

Greenhouse design is an optimisation problem tbatdcbe solved by a model-based
greenhouse design method. Since the number of @ption factors is very large, the
objective of this research was to identify thoseap@eters that most strongly influence a
greenhouse design. For that purpose a sensitiviglysis was applied to a combined
greenhouse climate crop yield model of tomato. ahalysis was performed for a low-tech
greenhouse in Almeria, Spain and a high-tech greesdé in Texas, USA. Simulations
indicated that the model produced realistic datthefindoor climate and crop yield. Single
variate sensitivity results showed that outdoomale has the strongest impact on the
performance of the greenhouse system, followechbygteenhouse design parameters and
the greenhouse climate set-points. The selectianmbper greenhouse location is thus of
utmost importance. Concerning the design parameBR remains the main limiting
factor for greenhouse production systems. To irsgreaop yield, structures with a higher
PAR transmission and a NIR selective whitewash nhestused. Furthermore, results
indicated whether sufficient climate control capiasi were installed and which greenhouse
design parameters can be adjusted to save resolmcddition, clear seasonal patterns in
the model sensitivity suggested the need of adjlesteover parameters. The multi-variate
sensitivity analysis revealed strong joint effeatghe PAR transmission and temperature
set-point for ventilation on crop yield. The preseh SA techniques were thus able to
quantify the single, combined and seasonal imp&cpavameters on the harvest rate,
resource consumption and indoor climate.
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4.2 Introduction

Optimal design of protected cultivation systemstfar wide variety of conditions that exist
around the world can be addressed as a multi-fattgtimisation problem (Van Hentest

al., 2006) that relies on a quantitative trade-offlmstn economic return of the crop and the
costs associated with construction, maintenanceogedation of the greenhouse facility.
As the number of factors involved in this designimfsation problem is very large, it is
beneficial to identify those parameters that masingly influence the economic trade-off
and consequently the greenhouse design. A moddditisgy analysis (SA) is an
appropriate technique for that purpose.

In horticultural science, several researchers agpl sensitivity analysis to
greenhouse climate models and crop yield modeisK&liset al. (1991), Chalabi & Bailey
(1991), Navaet al. (1998), Cooman & Schrevens (2007), Van Henten & \&raten
(1994), Van Henten (2003)). However, none of themlyed a combined greenhouse
climate and crop yield model and none of them peréa the analysis specifically in view
of greenhouse design. Therefore, the goal of thidyswas to address both these topics in
an integral fashion using sensitivity analysis téghes.

Some preliminary studies already gave directiomsrigestigation. Vanthooet al.
(2008b) revealed that the sensitivity of tomatold/i¢o a single greenhouse design
parameter depends on the absolute values of ther ptrameters. Additionally, it was
found that the sensitivity of the crop yield withspect to the cover design parameters
changed over time. In another paper Vantheal. (2008a) showed that the design and
climate management are mutually dependent. Basdtiese preliminary findings, in this
study it was decided to analyse the sensitivitysofne key performance indicators to
variations in the input parameters i.e. designmpetars, the outdoor climate and the indoor
climate setpoints. Attention was paid to seasofffgices in the sensitivity. Additionally,
further to a single variate parameter sensitivibalgsis as commonly implemented in
various studies, in this study, also a multi-variabalysis was implemented to identify the
impact of joint variations in input parameters.

The chapter is organized as follows. Firstly, theeghouse climate-crop yield
model to be used for greenhouse design is presenfty and key performance indicators
are identified. Secondly, two SA techniques arecdlesd: a single-variate analysis that
determines local sensitivities to indicate relevaptit parameters at an individual basis and
a multi-variate analysis to reveal the combine@afbf two input parameters. Thirdly, to
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show how the results of the SA depend on greenhdesign and climate conditions, the

SA was performed for two different greenhouse desigsed under different climate

conditions: a low-tech greenhouse in Almeria, Spaid a high-tech greenhouse in Texas,
USA. Results of these two cases will be presentelddéscussed.

4.3 Materials and methods

4.3.1 Model description and analysed input parameters raodel

outputs
A model that describes tomato yield as a functibgreenhouse climate (see chapter 3) was
embedded into a model that describes greenhousateliand resource consumption as a
function of outdoor climate and greenhouse desagameters (see chapter 2).
The combined model consists of a set of ordinafferdintial equations:

X = f(X,U,D,P,t) [ (4.1)
whereX is the state vector containing the indoor climaeables, the crop variables and

resource consumption variabIeX denotes the derivatives of the states to tibhaés the
climate set-point vectol) is the outdoor climate vectdP, is the model parameter vector
including the design parameter vedRyr andt (s) is the time.

To focus the sensitivity analysis, key performaimicators were identified for
greenhouse design and operation. These indicatnes thve crop yield and the consumption
of energy, water and carbon dioxide. In this redgathe impact of various parameters on
these performance indicators was determined (Fid). 4Results obtained will give
directions for greenhouse design, since ultimaialgreenhouse design, these performance
indicators will be combined into a cost criteriankte optimised. This cost criterion reads:

t
rrL?xJ (X,U,D,P,t) = -Investmerst+ quie,d\ﬁeld - 0. E — g, W - 0, CO,dt
fo
[Em?F (4.2)
wherelnvestment$€ m?) are the costs related to greenhouse design imeess t, (s) and
tr (s) are the start and the end, respectively, ef gimulation periodq is the price
coefficient of the associated cost asp&atld (kg m?) is the cumulative crop yieldy is
the water consumption (kg ™ needed for canopy transpiratioGO, is the CQ
consumption (mg i) andE is the energy consumption (W3n The variablesield, W,
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CO, andE are a member of the set of state variablemn this approach labour, logistics,
maintenance of the greenhouse facility and feitigato mention a few, are not taken into
account.

As indicated by Eq. (4.2) and Fig. 4.1, the gresrse design parametdpg, the
climate set-point&J and the outdooclimate variabledD affectthe evolution of the state
variables of the greenhouse system and consequbstlyerformance indicators mentioned
above. Therefore, it was decided to analyse, niyt tiee impact oy, U andD on the crop
yield and consumption of energy, water and, it also their impact on the intermediate
greenhouse state variables influencing these pedioce indicators, i.e. the canopy
temperatureTcay), greenhouse air temperatuiig;(), CO, concentration of the ailCOoai)
and the vapour pressure of the &Pf;).

— _—

_ - - S t t 1 . -~ - \Economic variables
Structure -~ cnsitivity analysis ~ 1 Total
Cover type “ Outdoor climate, D Indoor climate: N \ investments
Shade screen Climate management, U Greénhouse Tcan, CO2air, RPAR Tomato Crop yield . '

) { - climate yield Economic |Net financial
Whitewash Greenhouse design, Py model | Tair, VPair model model rosult
Thermal screen

. AN I Z,
Heat it
ca l'ng system ~ g Resource use: 7~
Cooling system ~ water, energy, CO2, electricil - -
CO, enrichment C —_——
Investments
Net financial result maximum? | Greenhouse
- design
NO: Adjust optimisation

greenhouse design

y YES: Greenhouse
design is optimal

Fig. 4.1 An overview of the model-based greenhoes&gd method. In this study, the sensitivity of
the model outputs, i.e. indoor climate, resourcastonption and yield to the input parameters i.e.
outdoor climate, climate management and greenhdasin is determined.
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4.3.2 Sensitivity analysis techniques

The impact of a parameter on model output was déted using a single-variate analysis
as described in section 4.3.2.1. Using this methedmean impact and the time dependent
impact of the parameters could be revealed. Secti@®.2 describes a multi-variate
analysis to asses the joint impact of two greenb@asameters.

4321 A single-variate sensitivity analysis
In this research, a normalized relative sensitivitgasure based on Chalabi and Bailey

(1991) was used. This measure is defined in dis¢iete form as:
Sx (t ) — XzN0m+Az (tk) B XzNom (tk) ENom
z \"k AZ

ZNom
t, =k[At; k= 01..NandN =(t, —t,)/At [] (4.3)
where S)is the normalised relative sensitivity of stateiatale X to input parametez, t, (s)

is the time,zyom is the nominal input parameter valdg, is the input parameter deviation,
X, ., 1S the state value at input parameter deviati(xr;': is the state value after the

nominal input parameter value, ar)*d;w is the mean value of the state evaluated over the

whole simulation horizomt (s) is the simulation output intervd), is the total number of
time instants at which the sensitivity is deterndin@ relative sensitivity measure is
preferred over an absolute measure, to compermathd large differences in scale size of
the various input parameters and model outputs.r@lagive sensitivity of the model output
can be interpreted as the relative increase ofteel output at time instat with respect
to its mean value evaluated over the whole sintakiorizon, expressed in %, caused by
an increase of 1% of the nominal value of the aased input parameter.

Additional to the impact of the parameters on thates, the impact of the
parameters on the time derivatives of the states wetermined through a modification of
Eq. (4.3):

4 X t.)-X, (t
Szx (tk) — zNom+Az( kA)Z zNDm( k) iNom

-] (4.4)

ZNom
This approach was implemented, because as inditste€q. (4.2), the net return of the
greenhouse design is determined by the time derésabf some state variables and not by
their current absolute values. Therefore analystilegimpact of the parameters on the time
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derivatives of these states offers valuable infdimna about the seasonal effects of
parameters. Appendix A presented in section 4.6ritains some details offering support
for this approach.

In Eqgs. (4.3) and (4.4), input parameterincludes the greenhouse design

parameter®, , the climate set-pointd and the outdoor climate variablbs
z={p,,u, D} (4.5)

In the current research these parameters weretdévising a fixed perturbation factor,
h=0.10for all input parameters, resulting in an absolnteease of the input parameters:

AI:)d = h [ I:)d_Nom
AU =hU Nom (4.6)
AD =h{Dy,,|

Since time invariant deviations of input parametereye preferred, the outdoor climate
variables,D, were deviated with the average of the absolulgegaof the outdoor climate
variables. Since global radiation is always zerairdu night time, radiation was only
deviated during the day time period. To determhe relative sensitivities, the model was
simulated once with the nominal input parameterd #rereafter each selected input
parameter was deviated with a perturbation fabt@nd the model was simulated again.
The resulting evolution of the states and theiretiderivatives were used to calculate the
sensitivity measures of Eqns. (4.3) and (4.4).

. . . . . ZNom ZNom R
In this study, time invariant scaling factors—— and ——— were used in Egs.

Z
Nom ZNom

(4.3) and (4.4) in stead of time variant scalingtdes as was done by Chalabi and Bailey
(1991) and Van Henten (2003). Essentially, this Wase to avoid the situation that the

relative sensitivity approaches infinity when atstaalue approaches zero, which would
make the interpretation of the relative sensitivétymbiguous. The reason for the large
relative sensitivity might be caused by a high inipaf the associated parameter or by a
very small value of the state or its derivative dibnally, this was done to assure that the
mean relative sensitivity of the time derivativeaoktate equals the relative sensitivity of
the state value at the end of the production pefse® Appendix B in section 4.6.2), a

property that was used during the interpretatiothefresults. To simplify the interpretation

of the results, the relative sensitivity measurfeBqs. (4.3) and (4.4) were modified. Due to
similarity between these measures, only the matios of Eq. (4.3) will be described.
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For first analysis of the sensitivity results, a amerelative sensitivity was
introduced:

N+1ZSZ( t) [ @)

As clarified in section 4.6.2, the mean relativassgvity of the time derivative of a state
equals the relative sensitivity of the similar stadt time instant;. A mean relative
sensitivity of the energy consumption rate of 2igates that the total energy consumption
for the total simulation horizon increases with 2#ten the input parameter increases with
1%. This property is only valid if the relative séivity equations contain time invariant
scaling factors as in Eqgs. (4.3) and (4.4).

Clearly, a mean relative sensitivity measure akqn (4.7) might result in small
values around zero although considerable posithae rregative variations in sensitivity
might exist in the time period considered. Therefdtq. (4.7) was modified to an absolute
relative sensitivity measure:

X S X
‘SZ‘ N+1kZ:(;‘SZ (th [-] (4.8)
As demonstrated by Chalabi and Bailey (1991) and Manten and Van Straten (1994),
the relative sensitivity of the model outputs mhauctuate strongly on a daily base. These
variations are of interest in this analysis. To m#hke seasonal impact readily visible Egs.
(4.3) and (4.4) were smoothed:

1 i=Nsmooth

X.Smootiy¢ ) — “(t.), t =t + A, 1 4.9
SZ b(k) 2NSm00th+1J__Nszlif ( ]) : ‘ J [] ( )
j = _NSmooth' Smooth+ l NSmooth

whereNsmoomiS the integer part of:
N 127t [] (4.10)

wheretsmoon(S) is the smoothing period.

Smooth Smooth
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4322 A multi-variate sensitivity analysis

A multi-variate sensitivity analysis was used teritify the combined effect of input
parameters on model output. In this study, “a combieffect” means that a simultaneous
increase of two parameters has a different impaciodel output than the sum of their
individual impacts on model output. For this pumpothe multi-variate sensitivity analysis
according to Abusamet al. (2001) was implemented. Essentially, this approach
approximates the sensitivity response surface witHinear regression meta model.
Potentially, the parameters of this meta model abeeoss correlations in the parameter
sensitivity. The approach consists of the followstgps.

Firstly, model output was generated for a rangeadfies of the selected set of
input parameters. To limit the number of simulasioreeded to determine the regression
coefficients of the linear regression model, a radised second-order composite design
around the nominal parameter vector was used (BoDré&per, 1987). For 2nput
parameters, this design requires 9 simulation @is+ 2n + 1 with n the number of
evaluated input parameters).

Then, the following linear regression meta-modelswitted on the simulated
model output and the associated input parametéussia

y(t;) =b, +bp, +b,p, +by,p° +b,,p," +by,p,p, [ (4.11)
wherey(t) is the model output at the end of the simulationzont;, b are the regression
coefficients,p; andp, are the scaled parameters for the input paramatelisted in Table
4.1. To determine the regression coefficients, (Bd.1) was reformulated in vector-matrix
notation as:

by

A 1 py P PL Ph (Pupo) b,

v=co v=|¥2| c=|l P P p; p;,z (pll.oz)z’ o| 2
: Do : : : : b,

Y 1 po Pon P2 Pin (pips), b,

b,

(4.12)

wheren is the total number of simulation runs. Subsedygetite regression coefficient

vectord was estimated by:

6=(c'c)’cTy (4.13)
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The significancef < 0.10 of the regression coefficients was calculatedilie T-test as
described by Montgomery and Peck (1992). Finahg, significant regression coefficients
of this meta-model were analysed because they icoimttormation about the impact of
both single and combined input parameters on theéehmutput. For example, a significant
regression coefficiertt;, indicates a combined effect of the scaled inpuaip@tersp; and
p> on model output.

Table 4.1 The original parameter levels and thenmalised parameter values for the combined

sensitivity of the final crop yield towards some eladputs for the greenhouse in Almeria and Texas.
The coded levels accompanying the original parametkies were based on the normalised second-
order composite design around the nominal parametetor of Box and Draper (1987).

Almeria Original parameter values

Coded Ievelxz-\/z x=-1 x=0 x=1 =\/§ Normalised parameter values

Trioar 0.3272 041 061  0.81 0.8928 P=(Trpar-0.61)/0.2
Tamir 03272 041 061 081 0.8928 p=(Tgmr-0.61)/0.2
Triem 0.1172 0.2 0.4 0.6  0.6828 p=(Tgpg-0.61)/0.2

CO,o 299.3 320 370 420  440.7 p=(CO,y,-370)/50

Tar vemon 2017 21 23 25 2583  P=(Tay yvemon 232
Texas

T AR 0.7793 0.8 0.85 0.9  0.9207 p=(Tgeppr- 0.85)/0.05
COuair exion 517.16 600 800 1000 1082.84=(COuar exton- 800)/200
Tair venton  20.17 21 23 25 25.83  p=(Tair venton- 23)/2
4.3.3 Two case studies: Almeria, Spain and Texas, USA

To show how the sensitivity results depend on drease design and climate conditions,
the SA was performed for two different greenhoussighs under different climate
conditions: a low-tech greenhouse in Almeria, Spaid a high-tech greenhouse in Texas,
USA. These different designs were caused by loliadate conditions and represent the
current state of greenhouse production systemslimeda and Texas. In this section the
assumptions concerning the sensitivity analysislystare presented. This includes the
greenhouse parameters, outdoor climate, greenhdimate management and the crop
conditions as well as the parameters studied is¢heitivity analysis.
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4331 Greenhouse design in Almeria and Texas

The low-tech greenhouse was located in Almeria,ir536°47'N, 2°43'W and 150 m
above sea level). The 3-span multi-tunnel greerdauas covered with a PE foil. Sole
means for greenhouse climate management were rabfs@e ventilators and seasonal
whitewash. The high-tech greenhouse was locat@@xas, USA (30°21'N, 104°00'W and
1470 m a.s.l.). The Venlo-type greenhouse was eolveiith a single glass layer and was
equipped with pipe heating, GOnjection, roof ventilation and with a thermal sen.
Details of the two greenhouse designs are presémi&ppendix C (see section 4.6.3).

4.3.3.2 Outdoor climate, greenhouse climate management andcrop
conditions
Details of the outdoor climate, the greenhouse atimmanagement and the crop conditions
for both greenhouses are presented in Table 4.2.b&th locations the same growing
period (August T to July ) and climate set-points were used to assure iffarehces
between sensitivity results of both locations wenty caused by greenhouse design and
outdoor climate. However, the seasonal whitewas$ agplied earlier in Almeria than in
Texas based on real data. The climate controksfyas described in Fig. 4.2.

Tout_ThScr_on  Tair_vent_off Tair_boil_on Tair_vent_on
I I
I I
«— Vents are open if:
I - COupir < CO2air_vent_off
Thermal screen :

or:
is used at night- I - RHA"|> RHair_vent_off

time | |
I I I
Vents are always Vents are always
: closed : | : open
| | Boileris | |
I I on I I

Temperature —m02 m 83 >
Fig. 4.2 The climate control strategy based upamate set-points for both greenhouses.,@@s
supplied whenever the G@oncentration in the greenhouse was below the Gfdcentration set-
point for enrichment. Values of the climate senfmare listed in Table 4.2.
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Table 4.2 Overview of the average outdoor climdte greenhouse climate management and the crop
conditions for the greenhouses in Almeria and TeXds last column presents if a Sensitivity
Analysis was performed on the presented measuresvdlhes between the brackets represent the
standard deviation. The dots indicate that the agganying climate control techniques were not used
in the greenhouse.

Almeria, Spain Texas, USA S::asli}ltis\fii;y

Outdoor climate (D)

I giob_sur(MJ Mm% day™) 17.3(7.1) 17.8 (6.0)

Tout(°C) 17.6 (5.3) 15.7 (9.4)

VP, (kPa) 1.3 (0.4) 1.0 (0.6)

RHou: (%) 65.4 (17.7) 52.6 (25.6)

Tsiy (°C) -0.4 (7.6) -4.7 (12.6)

Tsoou(°C) 18.0 (2.6) 16.2 (3.7)

Viging (M %) 3.0 (2.3) 2.9 (2.1)

Greenhouse climate management (U)

Whitewash

August £'— September 15 August £'— September 15

April 16" — July £ May 16" — July £

Tair_vent_on 23 23
Tair_vent_off 17 17
RHair vent_on 90 90
COuair vent_off 200 200
Tair_boil_on * 18
Tout_Thscr_on * 10
COzair_Extco2_on * 800
Crop conditions

LAI_start 0.3 0.3
LAI_max 2.5 2.5
Start growing period Augusf'2002 August 2007
End growing period July®12003 July 12008
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4.3.3.3 Simulation of the model

The model was simulated by solving the differenégliations with a variable time step
ODE solver of Matlab 78 The output interval of the simulatixt , was 3600 s and the
smoothing periodtsmeon Was chosen pragmatically to be 7 days which el 0’ s.

4334 Sensitivity analysis

Both cases were investigated with the followingethstep procedure. First the model was
simulated with the outdoor climate data. Not intthdto be an in depth validation,
evaluation of the produced output offered valuabgght into the ability of the model to
produce at least realistic output. Secondly, a Isingriate sensitivity analysis was
performed. Followed, thirdly, with the multi-vargasensitivity analysis.

The parameters evaluated in the single-variateitsgtysanalysis are listed in the
last column of Table 4.2 and in the last columnhef table presented in Appendix C (see
section 4.6.3). For some greenhouse design paremete sensitivity analysis was
performed since they were related to other greestalesign parameters. Specifically,
since the sum of the transmission, reflection alpsbeption coefficients must always be
one, the following assumptions for all the covefels, i.e. the roof, whitewash and thermal
screen, were made: a) when analyzing the impattteophotosynthetically active radiation
(PAR) and the near infrared radiation (NIR) trarssion coefficient, the absorption
coefficient for NIR and PAR remained the same; egaently a change in the PAR and
NIR transmission coefficient resulted only in a mpa of the PAR and NIR reflection
coefficient, b) when analyzing the impact of the fafrared radiation (FIR) emission
coefficient, the FIR transmission coefficient remed the same, and c) when analyzing the
impact of the FIR transmission coefficient, the EiRission coefficient remained the same.

For the multi-variate sensitivity analysis the rasg@nd normalised values of the
selected parameters are presented in Table 4.thaygeith the accompanying coded levels
based on the composite design procedure of BoxDaager (1987). To reduce the number
of potential parameter combinations, only a limiteet of parameters was selected for
analysis. Only those combinations were selecteavfoch a combined effect on final crop
yield was expected. Solar radiation, temperatute @@, concentration mutually influence
the photosynthesis rate. Since a combined impathesfe climate variables on crop yield
was expected, the PAR transmission of the coverpégature set-point for ventilation, the
outdoor CQ-concentration in Almeria and the GQoncentration set-point for GO
enrichment in Texas were selected as input parasaeBooman and Schrevens (2007)
revealed that solar radiation intensity and airgerature had a combined effect on fruit
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weight. Therefore, for the greenhouse in Almetig, input parameters influencing the solar
radiation and air temperature were selected, narttedyPAR, NIR and FIR transmission of
the greenhouse cover.

4.4 Results and discussion

In section 3.1 results are presented of the nonmmalel simulations for both cases. Then,
results are presented of the single and multi-targensitivity analysis of the model in
sections 3.2 to 3.6. Results are discussed in wieimformation available from literature

and implications for greenhouse design are predente section 4.4.7 the applied

sensitivity analysis is discussed.

4.4.1 Nominal simulation results

Obviously, the value of a sensitivity analysis deggon the quality of the model to which
the analysis is applied. For a detailed descripéind validation of the greenhouse climate
model and crop yield model, see chapter 2 and@otively. Additionally, in this research

we checked that the order of magnitude of the stedl crop yield (Fig. 4.3a, b) and the
indoor climate (Fig. 4.3c-f) of both greenhousesaveepresentative for the conditions
observed in Almeria, Spain and Texas, USA.

As might be expected, the final crop yield in thghhtech greenhouse in Texas
was considerably higher than in the low-tech greesb in Almeria which had a much
more growth-limiting climate management (Fig. 4ejc- Specifically, the indoor
temperature, global radiation and £€»ncentration were more favourable for crop growth
in the high-tech greenhouse than in the low-tegeghouse. The low harvest rate in winter
in Almeria was caused by the negative effect of-gptimal mean temperatures on
simulated tomato yield and low light levels as digsd in chapter 3.

The final simulated tomato yield in Texas (68 kgsh weight per f was in
agreement with the grower’s observation. The fagialulated tomato yield in Almeria (24
kg fresh weight per M) overestimated slightly the measured productiod&®6 — 20.8 kg
m? obtained in a ‘raspa y amagado’ greenhouse undeth&mn Spanish conditions
(Callejon-Ferreet al, 2009). This overestimation was caused by theebetentilation
performance of the simulated greenhouse comparétketbmited ventilation of a ‘raspa y
amagado’ greenhouse and because the simulatioideoad a longer growing period than
used in Spanish practice.
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Fig. 4.3 Simulated crop yield (a), harvest rate, @)d the simulated monthly mean indoor values of
the global indoor radiation (c), greenhouse air fmature (d), CQ concentration during day period
(e) and the relative humidity (f) in the low-teale@enhouse in Spain (solid line) and in the highitec
greenhouse in Texas, USA (dotted line) from Autjist July £'.
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4.4.2 Impact of greenhouse design parameters

The calculated mean relative sensitivities wereemed in Table 4.3 — Table 4.8 based on
their impact on harvest rate. These tables presentnormous amount of relevant
information about the impact of parameters on dgnease performance. In this chapter
only the most relevant findings will be discuss&ar both greenhouses, the spectral
properties of the greenhouse roof and the seasdritdwash had the highest impact on the
harvest rate (Table 4.3 and Table 4.4), even aications with relatively high outside
global radiation levels.

Table 4.3 The mean relative sensitivity of the bsirwate, water use rate and indoor climate
variables towards the greenhouse design parame®grayith the highest impact on harvest rate for
the low-tech greenhouse in Almeria. The”0” indicatihat the mean relative sensitivity was lower
than 0.005. Only the 10 design parameters with fighdst impact on harvest rate are presented.
Note that the presented mean relative sensitivitfdbe harvest rate, energy use, water use and CO
use, equal the relative sensitivities of the statebe end of the production period.

Harvest rate Water use dan Thir COuir VP
T apaAR 0.77 0.44 0.07 0.04 0.02 0.03
T shscrPerPR 0.27 0.15 0.02 0.01 0.01 0.01
TriER -0.24 -0.18 -0.06 -0.04 -0.01 -0.04
TriNR 0.1 0.19 0.06 0.04 0.02 0.03
Prioar 0.09 0.05 0 0 0 0
EriFiR -0.08 -0.05 -0.02 -0.02 -0.01 -0.02
Pshserperpr  0.06 0.02 -0.01 0 0 0
Noiob. A -0.04 -0.02 0. 0 0 0
T spserperi -0.03 0.03 0.02 0.01 0.01 0.01
Prmir -0.03 0 -0.02 -0.01 -0.01 -0.01

Particularly, the PAR transmission of the roof dhéd whitewash were the most important
greenhouse design parameter to improve the harestin Almeria a year-round increase
of the PAR transmission of the roof with 1% restllte a harvest rate increase of 0.77%
whereas in Texas the same PAR transmission increaséied in a harvest rate increase of
0.34%. Such a positive impact of PAR on crop yiels also described by Marceés al.
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(2006). However, increasing the PAR transmissioghtialso result in a higher fruit
temperature which then could negatively affectfth@ quality. This quality aspect was not
included in the model used in this study.

Table 4.4 The mean relative sensitivity of the bstrwate, resource use rate and indoor climate
variables towards the greenhouse design paramegrawith the highest impact on harvest rate for
the high-tech greenhouse in Texas. Only the 1@dgsrameters with the highest impact on harvest
rate are presented.

Harvest Energy Water CO, Tean Tar COunir  VPar

rate use use use

T ripar 0.34 -0.14 024 009 007 003 012 0
Tehsapopr 007 <002 004 001 002 001 003 001
Neiob_ar 006 001 001 001 -0.01 0 -0.03  -0.01
BRrico, 0.06 0 0 0.86 0 0 0.1 0
Lrroar 0.05 004 002 001 0 0 0.01 0

T g 005 -0.16 011 004 004  0.02 0 0
hetevation 002 005 -0.1 0 0.02 001 0 -0.03
Tehsupong <002 -0.03 0 0 0.02 001 0 0
Erirr 001 058 -006 -004 -005 -0.03 -001 -0.08
Eqpsapeme 001 006 001  -001 -0.01 -0.01 0 -0.01

Reasons for the higher impact of the PAR transimisen harvest rate in Almeria were : 1)
the indoor global radiation of the greenhouse imédia was lower than in Texas (Fig.
4.3c) and due to the non-linear response of théoghinthesis to PAR, the increase of the
PAR transmission at the lower PAR levels in Almegifiected the photosynthesis rate
relatively more than at the higher PAR levels ik8®and 2) in Almeria an increase of
PAR transmission favoured both the growing factight and temperature whereas in
Texas an increase of PAR favoured only the amodirdrowing light because heating
already ensured the desired temperature.

Besides cover materials and whitewash with a higt#eR transmission also other
greenhouse design parameters might be adjustedpimve the harvest rate. In the low-
tech greenhouse both an increase of the transmissid emission coefficient for FIR
decreased the harvest rate considerably (-0.24(f8, respectively). This was caused by
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a lower night time temperature. This result wasgneement with Nijskenst al. (1991)
who demonstrated that in an unheated greenhouse treameters had the largest impact
on greenhouse air temperature.

Furthermore, the potential advantage of a NIR-selecwhitewash over a
conventional whitewash (with equal transmissionugal for PAR and NIR) was clearly
demonstrated. At both locations, an increase ofRAR transmission coefficient of the
whitewash favoured harvest rate (0.27 in Almerid &07 in Texas) whereas a similar
decrease of the NIR transmission coefficient ofwhétewash favoured harvest rate (-0.03
in Almeria and -0.02 in Texas) as well. Therefdhe same reduction of solar radiation in
the greenhouse can be achieved by means of a NéRtise whitewash and a conventional
whitewash whilst additionally, the NIR-selective itdwash would increase crop yield.
This was confirmed by Lépez-Mariet al. (2008) who observed under a NIR-selective
whitewash a higher sweet pepper yield than undesreventional whitewash in Southern
Spain from half May to August.

Design parameters that decrease PAR transmisdietyeased in all cases the
harvest rate. For instance, the harvest rate destleaith increasing radiation intercepting
construction elements demonstrated by the assdciatan relative sensitivity of -0.04
under low-tech and -0.06 under high-tech conditiofisis result indicates the need for
“light” structures even in places where light ist merceived to be limiting production.
Furthermore, an increase of the PAR reflection fateht of the floor favoured the harvest
rate (0.09 in the low-tech and 0.05 in the highijemnsiderably. In contrast to this result,
Lorenzoet al. (2005) revealed that increasing the PAR and NfReagon coefficient of the
floor by using mulching decreased the cucumbeudyiielan unheated plastic greenhouse in
Almeria. Specifically, they started their experirhém a relative cold period (autumn and
spring) which resulted, due to less heat storadledrsoil, in lower temperatures. These low
temperatures slowed down plant development andde&klopment resulting in lower crop
yield. With respect to this mechanism, the simulateop yield was affected oppositely
because lower temperatures favoured crop yield runidgn temperature conditions which
occurred at the beginning of the growth period (A&t

The sensitivity analysis gave clear indications uwbehether or not sufficient
climate control systems with sufficient capacitghseen installed. Enough boiler capacity
was installed because an increase of the boileaaiypdid not benefit harvest rate (0, not
shown). However, an increase of the Gfrichment capacity did favour the harvest rate
(0.06). Yet, increasing the G@nrichment capacity would simultaneously increhseCQ
consumption (0.86). This indicates an economicetafl between extra yield and extra
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resource use costs. This result clearly suppoetsidied for multi-factorial optimisation.

Greenhouse design parameters that are candidatesdiaction of resource use
without compromising the harvest rate were cleartlicated in the analysis of the high-
tech greenhouse. For example, energy might be shyeal variety of options including
decreasing the FIR emission coefficient of the (@%8), increasing the NIR transmission
of the roof (-0.16), increasing the gutter height@8, not presented), decreasing the gutter
to ridge height (0.18, not presented), decreasimg NIR reflection coefficient of the
greenhouse floor (0.13, not presented) and decmpatsie boiler capacity (0.20, not
presented). The processes behind some of thesgyemsaving measures are explained
briefly here.

The large impact of the FIR emission coefficientted roof on energy use was in
agreement with results reported by Nijsketsl. (1991). Particularly, decreasing the FIR
emission coefficient resulted in an increase of réftection coefficient for FIR which in
turn decreased the radiation emitted to the skylting in a lower heating demand.

Increasing the gutter height induced a more staaleor climate, due to a larger
buffer capacity of the greenhouse, and therefae entilation for humidity control was
needed resulting in less energy consumption. Siroitegervations have been reported by
Rayaet al. (2006) for Canarian screenhouses. In contraste@sing the height from gutter
to ridge results in a higher convective heat losd more energy consumption due to a
larger surface of the greenhouse cover. This agheement with the results of Chalabi and
Bailey (1991) who demonstrated that an increasthefglass to ground relative surface
indeed decreased indoor air temperature due tglehheat loss. The large difference of
the impact of both gutter and gutter to ridge hemi energy consumption was caused by
the ratio between the greenhouse volume (V) andgteenhouse cover area (A). An
increase of the gutter height increases the ratfowhich in turn favours the buffer effect,
whereas, an increase of the height from gutteodd decreases the ratio V/A which in turn
favours the convective heat loss.

Decreasing the height from gutter to ridge in meafld conditions will negatively
influence the transmission of the cover and theshidrvest rate. The angular transmissivity
of the cover was not modelled, and could possialycel out the observed positive impact
of a lower gutter height on resource consumption.

Decreasing the NIR reflection coefficient of theegmhouse floor might decrease
the energy consumption because it would allow ma@® of daily thermal storage in the
soil. This is in agreement with (Nijskerd al, 1991) who also demonstrated the large
impact of solar absorption coefficient of the flaor energy use.
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4.4.3 Impact of outdoor climate

For both greenhouses, the global radiation, the-€@centration and the temperature had
the largest impact on the mean harvest rate (Tabland Table 4.6). The harvest rate was
positively influenced by an increase of the glotzdiation (1.35 in Almeria and 0.59 in
Texas) and C@concentration (0.62 in Almeria and 0.17 in Texakgreas an increase of
outdoor temperature favoured the harvest rate mefla (0.36) and decreased the harvest
rate in Texas (-0.37).

Table 4.5 The mean relative sensitivity of the bsirwate, water use rate and indoor climate
variables towards the outdoor climate variablesf@,the low-tech greenhouse in Almeria.

Harvest rate  Water use cdn Tair COoair VP
I giob 1.35 0.81 0.21 0.14 -0.01 0.19
COuout 0.62 0.14 -0.01 -0.01 1.02 0.01
Tout 0.36 1.03 0.54 0.70 -0.09 -0.14
VPt 0.22 -0.69 0.13 0.06 0.03 0.52
Toky 0.10 0.05 0.04 0.03 0.02 0.03
Tsoe 0.07 0.05 0.03 0.02 0.02 0.03
Vspeed 0.05 0.08 0.01 0.01 0.01 -0.02

Table 4.6 The mean relative sensitivity of the bstrwate, resource use rate and indoor climate
variables towards the outdoor climate variablesf@,the high-tech greenhouse in Texas.

Harvest Energy Water CO, Tean Tar COumir  VPar

rate use use use

|giob 059 -068 048 029 015 008 014  0.06
Tout 037 -054 015 030 018 024 -045 -0.18
COpu  0.17 0 0 -0.11 0 0 0.46 0

VPou 003 -007 -015 005 003 001 -002 022
Vepeed ~ 0.02 004 004 004 -001 -001 -0.28  -0.06
Tay 002 -026 -001 003 003 002 -001L 0.5
Tooe 001 -015 001 001 001 001 001 001
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The positive crop yield response to an increaggut level was demonstrated by Marcelis
et al. (2006) who found 0.7 to 1% vyield increase for 1¢tliincrease for fruit vegetables
under temperate greenhouse climate conditions. |afye impact of global radiation on
harvest rate can be explained in a similar way as stated above for cover transmissivity.
The climate control of the high-tech greenhouseuetsa lower sensitivity to the outdoor
climate than the low-tech greenhouse. This resutt agreement with Castilla and Montero
(2008) who observed that an advantage of enhammduhology in the Mediterranean was
to add security and stability to extreme outdoorditions.

In agreement with Stanghelliet al. (2008), the potential of CQenrichment in
Mediterranean greenhouses was demonstrated begauiserease of the mean indoor £O
concentration with 1.02 % would favour an harvesdt rincrease of 0.62 % in Almeria
(Table 4.5). However an economic evaluation inalgdinvestment costs must be carried
out to confirm the true potential of G@nrichment.

Additionally, in agreement with Nijskenst al. (1991), the impact of outdoor
climate variables on model outputs was consideraiydper than the impact of design
parameters on model outputs (Table 4.3-Table 4T8)is result demonstrates the
importance of selecting an appropriate greenhaacsaibn with respect to outdoor climate.

4.4.4 Impact of climate set-points

In Almeria, increasing both the relative humidist-point for ventilation RHair_vent_oh
and the temperature set-point above which the veaisbe openedrair_vent_off would
increase the harvest rate (0.12 and 0.07, respégtithrough their positive effect on
canopy temperature at low (night) temperatures I€T4ly). Obviously, one has to keep in
mind that the possible effect of high humidity athmlogies was not modelled.

Table 4.7 The mean relative sensitivity of the bsrwate, water use rate and indoor climate
variables towards the greenhouse climate set-pouht$or the low-tech greenhouse in Almeria.

Harvest \yateruse  Tean Ta COmr  VPar
rate
R vent on 012  -013 008 007 010 0.6
Tair_vent_oft 007 005 003 003  -004 006
Tair_vent_on 007 035 014 012 011 044
COZir vent ot 0 0 0 0 0 0
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In Texas, the impact of set-points on resourcewes® considerably higher than on harvest
rate (Table 4.8). Particularly, an increase oftibating set-pointTair_boil_on increased
drastically energy use (2.77). An increase of tbeperature set-point for ventilation
(Tair_vent_on increased harvest rate and decreased the usk @fsaurces (-0.43 for
energy, -0.32 for water and -0.71 for §O

Table 4.8 The mean relative sensitivity of the &sirwate, resource use rate and indoor climate
variables towards the greenhouse climate set-poihtéor the high-tech greenhouse in Texas.

Harvest Energy Water CO, .~ + = oo yp

rate use use use
Tair_vent_on 0.15 -043 -0.32 -0.71 0.19 0.16 0.34 0.55
Tair_boil_on -0.08 2.77 0.15 0.14 0.39 0.39 0.16 0.27
COuair Extco2_on 0.04 0 0 0.20 0 0 0.31 0
RHair_vent on 0 -0.07 -0.02 -0.09 0.01 0.01 0.10 0.02
Tout_Thser_on 0 -0.20 0 0 0.01 0.01 0.01 0.03
Tair_vent_off 0 -0.02 -0.01 -0.03 0 0 0.02 0.01
COuair vent_off 0 0 0 0 0 0 0 0

This demonstrates the possible advantage of a@esed greenhouse equipped with active
cooling techniques. De Zwart (2008) found that isemi-closed greenhouse under Dutch
and Mediterranean conditions indeed less resowoesd be used and crop yield would
increase. However, to judge if such a system walldvofitable one should perform an
economic evaluation for the local climate conditi@nd price variables.

Regarding optimal greenhouse design, the impactliofate set-points has a
tremendous impact on resource use and therefose thet-points should be optimised as
well because resource costs are part of the cdstion of the greenhouse optimisation
problem. As demonstrated by Vanthaagral. (2008a), climate set-points affects even the
optimised greenhouse design.

4.4.5 Time effect of greenhouse design parameters

The impact of the roof design parameters on hamadstwas time dependent because the
mean sensitivity differed with the absolute sewsiti(Table 4.9). In addition, the upper
and lower percentile values showed that the imp&these design parameters on harvest
rate varied considerably over time.
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Table 4.9 The mean relative sensitivity and theohite relative sensitivity of the harvest rate in
Almeria and Texas towards the PAR transmission, thifsmission and the FIR emission coefficient
of the roof. The percentile values describe theaging of the relative sensitivity: 10% of the dasta
located below the presented value (<10%) or aboeeptiesented value (> 90%). The time dependent
relative sensitivities related to these design paeters are shown in Fig. 4.4.

Mean relative  Absolute relative Lower percentile Higher percentile

Almeria sensitivity sensitivity (.< 10%) qf. . (.> 90%) Qf. ,
relative sensitivity relative sensitivity

TRIPAR 0.77 0.77 0.305 1.265
TRINIR 0.10 0.18 -0.127 0.401
ERfEIR -0.08 0.09 -0.221 0.000
Texas

TRIPAR 0.34 0.34 0.033 0.539
TRINIR -0.05 0.05 -0.119 -0.002
ERfEIR 0.01 0.02 -0.014 0.043

This time dependency is shown in more detail in Big, in which the smoothed relative
sensitivity of the harvest rate towards these design parameters is presented. In Almeria,
the impact of PAR transmission on the harvest flatduated strongly during the growing
period, with a relatively low impact in winter timdn Texas the impact of PAR
transmission on the harvest rate did not decreasegiwinter time (Fig. 4.4).
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Fig. 4.4 The relative sensitivity of the harvesteréowards: the PAR transmission coefficient (solid
line), NIR transmission coefficient (dotted linedahe FIR emission coefficient (dashed line) of the
roof from August 1st to July 1st in Almeria (a) afekas (b)Note that by definition the mean values
of the trajectories of the relative sensitivitiesrespond with the mean relative sensitivities pnése

in Table 4.9
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The low impact of PAR transmission in Almeria dgriwinter time seems counterintuitive
because in winter the inside global radiation isyMew (Fig. 4.3c) and consequently an
increase of PAR inside the greenhouse would fawsop growth in winter time like in
Texas. However, Fig. 4.3c demonstrates that in esfimhe canopy temperature is sub-
optimal with respect to crop production in an urthdagreenhouse in Almeria.
Consequently, due to these low temperatures thedicbnot benefit efficiently an increase
of PAR. This reasoning is in agreement with Maceti al. (2006) who revealed that the
relative positive effect of radiation on crop yieldcreases at low temperatures. In Texas,
where temperature was near optimal for crop growth, impact of PAR remained high
during the winter time.

The impact of some design parameters switched leetvpesitive and negative
values which indicates that selection of thesegteparameters is a trade-off along the
production horizon (Fig. 4.4). For example, a highdR transmission would favour
harvest rate in winter time (higher temperatureesghs it would decrease harvest rate at
the beginning and end of the production period (tigh temperature). This result suggests
that cover materials with adjustable in stead xddi properties are needed so that for each
season the best cover properties can be implemented

4.4.6 Combined effect of two model inputs on crop yield

Combined effects of input parameters on crop yeiere revealed by analysing the
regression coefficients of the derived linear regien meta-model (Table 4.10). As
quantified by the regression coefficiefits of Eq. (4.11), results showed that crop yield
was significantly affected by a combined increagead the PAR and FIR transmission
coefficient of the roof in Almeria (-0.83), b) tH®AR transmission coefficient of the roof
and the temperature set-point for ventilation (dmBIlmeria and -0.06 in Texas) and c) the
temperature set-point for ventilation and f@ncentration set-point for G@nrichment in
Texas (0.27). For both greenhouses no combinedteffethe PAR transmission and €O
concentration on crop yield was found.
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Table 4.10 The regression coefficients, b, of Bgll) to determine the combined effect of model
inputs on crop yield for the greenhouse in Almeasiad Texas. Bold numbers indicate that the
regression coefficients are significant (p < 0.10).

Parameters Regression coefficients

P1 P2 by b, bra D22 bio
Almeria, by = 32.08
TripaAR Temir 9.06 0.83 -1.55 -0.13 0.01
T AR TriFR 9.17 -4.10 -1.55 0.66 -0.83
Tripar Tair_vent_on 8.72 0.31 -1.45 -0.42 0.43
TripaR CO,o 8.70 3.38 -1.44 -0.79  0.01
Tarventon  COhoyt 0.32 3.44 -0.43 -0.81  0.20
Texas, p=68.48
TrpaR Tair_vent_on 1.60 0.96 -0.14 -0.07 -0.06
TripAR COnr gon  1.62 0.98 -0.13 -0.36 -0.06

COur gon  0.92 0.98 -0.06 -0.36 0.27

Tairfventfon

Surprisingly, the combined impact of the PAR trarssion coefficient of the roof and the
temperature set-point for ventilation on crop yields positive in Almeria and negative in
Texas. It seems that at relative lower radiatiod wamperature levels (like in Almeria) a
combined increase favours crop yield. The positteenbined impact of radiation and
temperature on crop yield in Almeria was in agreetmeith results reported by Cooman
and Schrevens (2007) for a greenhouse withoui; @®ichment located at the Bogota
Plateau, Colombia. The saturating impact of aneiase of PAR on crop yield was clearly
demonstrated by the associated negative regressiefiicientsb;;. The impact of the
temperature set-point for ventilation and the ,@Oncentration set-point for GO
enrichment on crop yield in Texas was simulated1fax10 input parameter combinations
(Fig. 4.5).
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Fig. 4.5 The combined effect of the temperaturgsett for ventilation (Tair_vent_on) and the €O
concentration set-point for G@nrichment (CO2air_Ext_CO20n) on crop yield in Texas

The standard deviation between the crop yield eg@thby the linear regression model and
the simulated crop yield presented in Fig. 4.5 Wd¥8. This small standard deviation
showed that a normalised second-order compositgrdesound the nominal parameter
vector was very efficient to determine the regmmssioefficients accurately.

Note that, the combined effects of input parametarscrop yield were only
analysed for several sets of parameter combinafmng/hich a combined effect on crop
yield was expected. Consequently, selecting thesebmations beforehand implied that
unexpected combined effects would not be revealed.

4.4.7 The methodology used for the sensitivity analysis
In contrast to other sensitivity studies (Van Hent Van Straten, 1994; Cooman &
Schrevens, 2007; Nijskeret al, 1991; Chalabi & Bailey, 1991; Nawt al, 1998; Van
Henten, 2003; Vanthooet al, 2008b), the impact of input parameters on crogdyi
resource use and indoor climate was analysed simedusly using a combined greenhouse
climate crop yield model. This enables the selectibgreenhouse parameters relevant for
design optimisation. Additionally, the sensitivib§ the time derivatives of the states was
evaluated which produced valuable information abth# seasonal effects of the
greenhouse design.

As a first approach, this study focused on the uwhpaf greenhouse design
parameters and climate modification techniques rop gield and resource consumption.
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However, to increase the insight in relevant desigpects for greenhouse optimisation
even further, the sensitivity of the net profittbé greenhouse grower to input parameters
should be determined as well. Therefore, we arently incorporating an economic model
into the combined greenhouse climate-crop yield eh@dorder to determine the net profit
as a function of crop yield, investments, resowaesumption and labour.

The significance of the mean relative sensitiviplues with respect to model
accuracy and simulation accuracy is discussed lpriefre. The combined greenhouse
climate-crop yield model predicted the indoor cliemand crop yield with fair accuracy as
described in chapter 2 and 3. Furthermore, sineeptesented sensitivities are based on
changes in state values, the impact of absolutelation errors reduced which in turn
further reduced the sensitivity errors. Simulatiaocuracy was ensured because the
selection of a low maximum relative error of the ®Bolver resulted that model precision
did not influence the sensitivity results.

Although the impact of seasonal effects on seriés/and combined sensitivities
were analysed, the evolution of the combined seitss in time was not analysed in this
study. However, we think it might be possible taleate the combined sensitivities in time
as well by performing the following steps. Firstthe time derivatives of the cumulative
crop yield must be determined for the normalisedosd-order composite design.
Subsequently, the regression coefficients of EdL1{(#have to be calculated for the time
derivatives of the cumulative crop yield at eachetiinstant. Subsequently, the evolution in
time can be analysed by plotting these time variagtession coefficients.

This study analysed the sensitivities around theninal greenhouse design
parameters values. This local SA was suitable lecsthe most relevant greenhouse design
parameters for design optimisation. However, teeine the sensitivities for a broader
range of design parameter values sampling-basesitiséy analysis of Heltoret al.(2006)
or the average local sensitivity evaluated overidewange of parameter values should be
used as performed Chalabi and Bailey (1991).
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4.5 Conclusion

Greenhouse design is an optimization problem tledies on a quantitative trade-off
between the economic return of the crop and thdscassociated with construction,
maintenance and operation of the greenhouse facllid solve this optimisation problem,
we developed a model-based greenhouse design me$iock the number of factors
involved in this optimisation problem is very largeé is beneficial to identify those
parameters that most strongly influence the ecoooirdade-off and consequently the
greenhouse design. A model sensitivity analysis) (SAan appropriate technique for that
purpose.

The objective of this research was to identify thparameters that most strongly
influence a greenhouse design. For that purposensitivity analysis was applied to the
combined greenhouse climate-tomato yield model visca key component of the model-
based design method. To show that the resultseoSth depend on the greenhouse design
and the local climate conditions, the analysis wadormed for a low-tech greenhouse
under conditions encountered in Almeria, Spain anchigh-tech greenhouse under
conditions encountered in Texas, USA. Additional darlier validation experiments,
simulations with real climate data from Almeria afexas indicated that the model was
able to produce realistic data of the indoor clenahd crop yield. Then, a single variate
and a multi-variate sensitivity analysis were inmpénted. Results showed that the outdoor
climate had the strongest impact on the performafitee greenhouse system, followed by
the greenhouse design parameters and finally, tkenpouse climate set-points. This
indicates that the selection of a proper locatwrtlie greenhouse is of utmost importance.

Concerning the design parameters, PAR remains thm fimiting factor for
greenhouse production systems. For both locattemgtop yield can be increased using: a
higher PAR transmission of both the cover and titemwash; a higher PAR reflection
coefficient of the greenhouse floor and by les$thlgbsorbing greenhouse construction
elements. Since the impact of the NIR transmissibithe whitewash on crop yield is
opposite to the impact of its PAR transmission,|R Belective whitewash would increase
crop yield for both locations. For the low-tech gmbouse without a heating system, a
decrease of the FIR transmission coefficient andinenease of the NIR transmission
coefficient of the cover would favour crop yieldedto their positive impact on the canopy
temperature. Furthermore, the single variate geitgianalysis indicated whether sufficient
climate control capacities were installed and wtgobenhouse design parameters must be
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adjusted to save resources. Specifically, for tigh-tech greenhouse, an increase of the
CO, enrichment capacity would favour crop yield andiecrease of the FIR emission
coefficient of the cover would considerably lowée tenergy consumption. The research
revealed clear seasonal patterns in the model teatysifor instance for the PAR
transmission, NIR transmission and FIR emissiorffiment of the cover material. This
suggests that a greenhouse design with adjustablkr parameters will be advantageous
over a design with fixed greenhouse cover parameTdre multi-variate analysis revealed
strong joint effects of parameters on crop yieldjot increase of PAR transmission and
temperature set-point for ventilation favoured ¢hep yield for both greenhouses.

The presented SA techniques were able to quantify eompare the single,
combined and seasonal impact of input parametersthen harvest rate, resource
consumption and indoor climate. The results preskt this study will be used to further
develop the model-based design method which aindesign the best greenhouse with
respect to local climate and economic conditiomsefch location on earth.
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4.6 Appendices

4.6.1 Appendix A
Appendix A explains why, in some cases, the setitsitof the time derivatives of states
had to be determined instead of the sensitivitythef associated states. An example is
presented for the state “cumulative crop yield”.

Fictive values of the cumulative crop yield ane tharvest rate are presented
respectively in Fig. Al.a and Fig. Al.b. Subsedlyerthe relative sensitivity of both the
cumulative crop yield and the harvest rate at tinstants 50 and 80 was calculated using

Eq. (4.3) and (4.4) assuming,,,= 1 andAz=0.1:

Relative sensitivity cumulative crop yield: Relatisensitivity harvest rate:
200-100 1 ~ 4-21

t=50: SX(t )= —2 — =10 =50 S*(t )=—==-=10

‘ S )=700 10c ‘ S 6)="072
280-160 1 » 2-21

t=80: SX(t )= 00— = t,=80: SX(t )= Z=

‘ S 0J="01 1oc ‘ S 1)="7 3

Now it is remarkable that at time instapis 80 the crop yield is sensitive to a parameter
disturbance (SZX (tk)=12) whereas the harvest rate was not influencethisyparameter
(Fig. Al.b) which was presented well by the relatisensitivity of the harvest rate
(Szx(tk)=0). Therefore, we used in this study the harvast sensitivity instead of the

cumulative crop yield sensitivity to reveal the smaal effect of input parameter impact.
400 5

a b

300

200

Harvest rate
w

100

Cumulative crop yield

|

0 20 40 60 80 100 0 20 40 60 80 100
Time Time

Fig. A1 The cumulative crop yield (a) and the acpanying harvest rate (b) for a simulation with a
nominal input parameter (solid line) and for thevidged input parameter (dotted line). Fictive vadue
were presented here to simplify the explanation.
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4.6.2 Appendix B
Appendix B proves that the mean relative sensytigftthe time derivative of a statég< ,

equals the relative sensitivity of a state valuthatend of the production perio&é< (tf ):

s =) b ey

with:

. dX(t S

X(t, )= d(tk)"> X(t,)+ > Xt )t = Xt ) [ B2
k=0

Since all initial conditions of the state variabfes which the mean relative sensitivity of
the time derivatives was determined were zero(BE@Q) can be rewritten into:

k=N 1

> X ()= 2= (x(t,) [ (B3
k=0 At

By definition:

— 1 k=N

X, = X, (t) [1 (B.4)

z
Nom N + 1 =0

According to the relative sensitivity definition Ghalabi and Bailey (1991):

X _ XZNom+AZ (tf )_ XZNom (tf ) Zyom
SABE - ) [1 (B5)

The relative sensitivity of the time derivate dftate is described by:

X Zyom+AZ (tk ) - X ZNom (tk ) Znom
Az X

Si(t) = [l (B.6)

Based on Eg. (4.7) of section 4.3.2.1, the meaativel sensitivity of the time derivate of a
state is described by:

ax - 1 Qux
AP [ (B.7)
Combining Egs. (B.6) and (B.7):
1N X, ot)-X, () z

X — Znom+AZ\"K Znom VK “Nom 5 _
S =N & % [ (B8)
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Re-arrangement of Eq. (B.8):

=t 1 B[Sy 6)-X, () b ©9)
N +1 Xz AZ ~ ZnomtAZ Tk Znom VK
Combining Egs. (B.4) and (B.9) results in:
g =t : Zon| S, wlt)-S %, (6)] BE0
N+1k:0 ZNom k

Eq. (B.10) is rewritten using Eq. (B.3), so that #tatement of Eq. (B.1) is proven:
§ZX e )<ZNom+AZ (tf )_ xZNom (tf ) ZNom
Az X, (t;)

[-]1 (B.11)

110



TTT

4.6.3 Appendix C

The greenhouse design parameters for the low-tesbnpouse in Almeria, Spain and for the high-tereghouse in Texas, USA. The column
sensitivity analysis (SA) presents which greenhdes&gn parameters were evaluated during the geitgiainalysis study. The dots indicate that
the greenhouse design did not contain the acconipgmiesign parameter.

Greenhouse design parameter$)y Parameter Unit Almeria, Spain  Texas, USA SA
Construction
The ratio of the global radiation which is absorlbgd n _ i 0.05 0.1 +
the greenhouse construction elements Glob_Air ' '
Mean greenhouse cover slope 7 ° Arch shaped 22 -
greenhouse
Surface of the cover including side-walls Acoy m? 1.1510° 9.010* -
Surface of the greenhouse floor Ar m? 0.631C° 7.810% +
Convective heat exchange parameter between cover 2,2
and outdoor air that depends on the greenhouse sh%tt?cm WmTK 221 1.86 *
-2 1

Convective heat exchange variables between coveHECouL L W m cover K* 0.95 28

. : Jm°K 6.76 1.2 +
and outdoor air which depend on the greenhouseesﬁ%"”t—2 : ' '

CHECout_3 0.49 1

Height of the greenhouse compartment below the h 3 465 +
thermal screen Alr '
The altitude of the greenhouse Nelevation m 150 1470 +
Mean height of the greenhouse hen m 4.37 5.06 +
Ventilation properties
The porosity of the insect screens Cinsscr - 0.33 * +
The specific roof ventilation area Aroof Acir m? 0.13 0.18 +

The side ventilation area Asiad Arir m? 0.09 * +



Greenhouse design parameter$)y Parameter Unit Almeria, Spain  Texas, USA
Ventilation discharge coefficient depends on ceh ) 0.65 0.65 +
greenhouse shape d

Greenhouse leakage coefficient which depends on ngka . i 110% 1.10% +
greenhouse type 9

Ventilation global wind pressure coefficient dependCGh ) 0.07 0.09 +
on greenhouse shape w

Vertical Qistgnce betyveen mid-points of side walll a he 3 . +
roof ventilation openings ideRoof

Vertical dimension of a single ventilation opening  hyent * 0.97 +
Roof

The FIR emission coefficient of the roof ERFFIR - 0.5 0.85 +
Density of the roof layer DR kg m*® 0.9310° 2.610° -
The NIR reflection coefficient of the roof PRINIR - 0.34 0.13 -
The PAR reflection coefficient of the roof PRIPAR - 0.34 0.13 -
The FIR reflection coefficient of the roof PRIFIR - 0.1 0.15 -
The NIR transmission coefficient of the roof TRINIR - 0.61 0.85 +
The PAR transmission coefficient of the roof TRIPAR - 0.61 0.85 +
FIR transmission coefficient of the roof TRIFIR - 0.4 0 +
Thermal heat conductivity of greenhouse roof ARt W mtK? 0.2 1.05 +
The specific heat capacity of the roof layer Co R J K kg 2.510° 0.8410° +
Thickness of the roof layer hirs m 0.2510° 4103 -
Whitewash

The FIR emission coefficient of the whitewash EshscrPerFIR - 0.9 0.9 +
Density of the whitewash Pshserper kg m?® 1-10° 110° -
NIR reflection coefficient of the whitewash PshscrPerNIR - 0.3 0.3 +
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Greenhouse design parameter$)y Parameter Unit Almeria, Spain  Texas, USA
PAR reflection coefficient of the whitewash PShscrPerPAR - 0.3 0.3 +
FIR reflection coefficient of the whitewash PshscrPerFIR - 0.05 0.05 -
NIR transmission coefficient of the whitewash TshscrPerNIR - 0.6 0.6 +
PAR transmission coefficient of the whitewash TShScrPerPAR - 0.6 0.6 +
FIR transmission coefficient of the whitewash TShscrPerFIR - 0.05 0.05 +
Specific heat capacity of the whitewash Co shscrper J Kl kg? 4.1810° 4.1810° +
Thickness of the whitewash Nshscrper m 0.210° 0.210° -
Thermal screen

The FIR emission coefficient of the thermal screen erpserir - * 0.44 +
Density of the thermal screen PThscr kg m? * 0.210° -
The NIR reflection coefficient of the thermal sanee prhscnir - * 0.7 +
The PAR reflection coefficient of the thermal saeree prhscrpar - * 0.7

The FIR reflection coefficient of the thermal saree prhscrir - * 0.45 -
The NIR transmission coefficient of the thermaksar rrhsenir - * 0.25 +
PAR transmission coefficient of the thermal screen tnserpar - * 0.25 +
FIR transmission coefficient of the thermal screen rhserir - * 0.11 +
Specific heat capacity of the thermal screen Cp, Thscr Jkg'K* * 1.810° +
Thickness of the thermal screen hrhser m * 0.3510° -
The thermal screen flux coefficient Krhser m® m? K%%gl = 0.2510° +
Floor

FIR emission coefficient of the greenhouse floor ¢, - 1 1 +
Density of the floor Der kg m?* 2300 2300 -
NIR reflection coefficient of the floor PEINIR - 0.5 0.5

PAR reflection coefficient of the greenhouse floor pgrpar - 0.65 0.65

SA
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Greenhouse design parameter$)y Parameter Unit Almeria, Spain  Texas, USA
Thermal heat conductivity of the floor - W mtK? 1.7 1.7
Specific heat capacity of the floor CoFir J Kl kg? 0.8810° 0.8810°
Thickness of the greenhouse floor he m 0.02 0.02
Soil properties

The volumetric heat capacity of the soil PCp.s0 Jm*K? 1.7310° 1.7310°
Thermal heat conductivity of the soil layers. Jso W mtK? 0.85 0.85
Heating system

FIR emission coefficient of the heating pipes Epipe - * 0.88
External diameter of the heating pipe ¢ Pipe,e m * 51:10°
Internal diameter of the heating pipe ¢ Pipe,i m * 4710°
Iésgegrm(;)ljstze heating pipe per square meter Ipipe m mi2 * 1.25
Active climate control

Capacity of the external GBource ¢ ExtCO2 mg s' * 4.310°
Thermal heat capacity of the boiler Psoil w * 13.910°

SA
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An economic model to evaluate different
greenhouses under Spanish conditions

The contents of this chapter have been submitteBideystems Engineering as a paper
entitled: A methodology for model-based greenhouse design:4P#&n economic model to
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Chapter 5

5.1 Abstract

An economic model was developed as a key compafenmodel-based method to design
greenhouses for a broad range of climatic and enanoonditions. This economic model
was joined with an existing greenhouse climate-cyighd model to calculate the annual
Net Financial Result (NFR) of a greenhouse. The @itthhis study was to identify—among
ten predefined design alternatives—the greenhoitbetie highest annual NFR for tomato
production under South-Spanish conditions. The chassigns were either the parral
greenhouse, or a multi-tunnel, possibly fitted vatty combination of heating, fogging and
CO, enrichment. Results demonstrated that the muitiel fitted with only a fogging
system was most profitable, followed by the multistel with heating, C@enrichment and
fogging. However, the difference in NFR betweenhsacdesign and a simple parral was
small with respect to the difference in investménsensitivity analysis of the NFR of the
two technology extremes shows that tomato prioe fithction of marketable yield and the
photosynthetically active radiation transmissiontieé cover had the largest bearing on
NFR. With increasing technology level, the NFR defed less on outdoor climate and
more on tomato price. This indicates that a lowrtgeeenhouse diminishes the risk of
variations among price paths in different yearsemghs a high-tech greenhouse covers
better the “weather risk”. The best design was aféected by climate management and the
joint impact of climate modification techniques.€eBe results demonstrated that a model-
based design approach can cope with multi-factdealgn aspects.
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5.2 Introduction

This chapter contains a description of the econanudel. This model describes the annual
Net Financial Result (NFR) as a function of thepcrgeld, the variable costs and the
depreciation and maintenance of the constructiom.démonstrate the feasibility of a

model-based design approach, the economic modeinisd with the greenhouse climate-

tomato yield model to evaluate the economic peréoree of different tomato producing

greenhouses under South-Spanish conditions.

In the South-Spanish province Almeria there arauaB3000 Ha greenhouses of
which 99% are low-cost structures, covered wittsfitaand manual regulation of openings
as the one mean of climate control (Mag#énal, 2008). The low productivity of such
greenhouses is often attributed to the limited reefor climate control (Castilla &
Montero, 2008). Possible improvements of one dedapgtor have been researched
extensively: for instance, air tightness of theegieouse (Lépeet al, 2001), increase of
the ventilation rate (Pérez-Parea al, 2004), increase of the cover slope (Soriabal,
2004), cover type (Magéaet al, 2008), heating system (L6petal, 2008), cooling system
(Gazquezet al, 2008; Mecaet al, 2007; Anténet al, 2006), ventilation design (Pérez-
Parraet al, 2004; Baezeet al, 2009) and C@ enrichment (Stanghellingét al, 2008).
However, most studies determined the effect on yrtvdty, rather than the improvement
of economical performance. In addition, an objextikomparison between different
greenhouse designs cannot be done by analysindaote at a time, since an “optimal”
modification may require concurrent adaptationenfesal design factors.

Therefore, the aims of this work were first to itiBnthe greenhouse with the
highest annual NFR, among a predefined set of ésigd alternatives: a low-tech Spanish
parral and a multi-tunnel fitted with various comdions of climate management tools and
then to select promising design improvements, bgmaef a sensitivity analysis applied to
the combined greenhouse climate-crop yield moddlemonomic model. As starting point
for the predefined set of greenhouses, a parrdl @iy natural ventilation was selected,
because this greenhouse represents the currest €anhtributing factors to the low
productivity of this type of greenhouse have bedaniified as: a) the very open structure
enables insects to enter and decreases the resefficency (Lopezet al, 2001), b)
insufficient ventilation rate (Pérez-Partal, 2004) and c) the low cover slope decreases
light transmission in winter time (Soriaret al, 2004) and may enable falling of the
condensate droplets on the canopy which in turreases the incidence of diseases. The
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first step to improve a greenhouse design is tdnmage the structure rather than to
implement expensive climate modification techniqu@astilla & Montero, 2008).
Therefore, as a second alternative, a multitunnet-eoof greenhouse with only natural
ventilation was selected because this type of dnmeese meets most of the shortcomings
mentioned above. The second step to improve a lgoese design is to select a
“greenhouse technological design package” thas shé local climate, in order to comply
with the demand for year-round supply of high dgwafiroducts (Castilla & Hernandez,
2007). Therefore, the multitunnel with natural viation was gradually equipped with
more (combined) climate modification techniqueshsas CQ enrichment, fogging system
and a heating system.

Previous works have shown that the aspects inflngnthhe NFR are affected by
several factors, such as outdoor climate conditidfenthooret al, 2009), greenhouse
climate set-points (Vanthoat al, 2008a) and the combined impact of design paramsete
(chapter 4). Therefore, we wanted to demonstratthig study that optimal greenhouse
design is indeed a multi-factorial optimisation lgem. This was done by analysing the
impact of the uncertainty in yearly variations aftdoor climate conditions and tomato
price trajectories on greenhouse design. The chaptarganised as follows. An economic
model to determine the annual NFR and the invedsnisndescribed. Then the applied
sensitivity analysis technique is presented, foldvby the set of design alternatives that
ranges from low-tech to high-tech greenhouses. &uently, the three evaluation studies,
i.e. the NFR evaluation of different designs, as@tarity analysis of a low-tech and a high-
tech greenhouse, and the uncertainty analysisesmeribed. Results of the best greenhouse
design and design improvements are presented.\gitta& multi-factorial character of the
design problem is presented and implications on rttadel-based greenhouse design
method are discussed.
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5.3 Materials and method

53.1 Description of the economic model

The overall description of the model-based desigrihod is presented in chapter 1. A
greenhouse climate-crop yield model relates theit;yf the method to the economic
indicators of the greenhouse. Specifically, frore tiourly outdoor climate; climate set-
points and selected greenhouse design, the gresmhdimate model (see chapter 2)
determines the hourly indoor climate and resoumressgmption. Subsequently, the tomato
production is calculated by the yield model (seaptér 3) as a function of the calculated
indoor climate. Here the economic model to deteenthe net financial result (NFR) and
total investments, as a function of the crop yigktjiable costs and the selected greenhouse
design is described.

The economic state variables needed to describeNffie are added to the
combined greenhouse climate-crop yield. The timévdtives of these state variables are
presented by a dot above the state symbol andetated economic parameter values are
presented in Table 5.1. To compare the differemeghouse designs, the annual net
financial resultQuer (€ m? year') was used:

t=t;
QNFR (tf )= _QFixed + J-QCropYieId - QVardt [€ m_z yeafl] (5-1)

t=ty
wheret, (s) andt; (s) are the beginning and the end of the prodogiieriod respectively,
Qrixed (€ m? year") are the costs related to the tangible as&isyvied (€ M? year') is the
economic value of crop yiel@Qy.. (€ m? year') are the costs related to the crop (i.e. plant
material, fertilizers, crop protection and othepmrassets), resource use (in this study
defined as water, fossil energy and £@nd labour. An overview of the cost aspects is
presented in Fig. 5.1. The individual cost aspamsexplained in more detail hereafter.
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Table 5.1 An overview of the costs-related variahised in this study

Parameter explanation Parameter Unit Value Source
Average conversion factor from tomato dry mattenpyem kg{FM} 15.9510° Based on (Magéet al,
to fresh matter mg{DM} * 2008)

Fraction of crop transpiration needs to assure  #prain % 30 Based on practice
sufficient irrigation

Marketable fraction of harvest TEMsold - - See Table 5.2
Energy content of gas MFuel Jm? 31.6510° Known

Interest rate Minterest % 3.5 Cajamar

Cost of short-term borrowing Hinterest_short %0 1 Cajamar

Labour cost coefficient that describes impact of  #apour kg h kg‘l{FM} 0.01 Based on (Peréet al,
the production level on labour cost 2003)

Labour cost coefficient that describes the impact #apour m2 h m? 0.27 Based on (Perét al,
of plant related labour on variable labour cost 2003)

Annual maintenance cost coefficient of NMaintenancei 70 year' - See Table 5.5
construction elemerit

Annual depreciation coefficient of construction  #pepreciation;i %0 year' - See Table 5.5
element.

Unaccounted fraction of greenhouse constructionsgem % 2.5 Assumed

costs

Sales cost coefficient for sorting and selling the  #7sges % 9 Cajamar

tomatoes

Fraction of first class tomatoes in marketabledyiel #1om1 % - See Table 5.2
Transport cost per kg tomatoes HTransport € kgt 0.02 Cajamar
Greenhouse floor area Acyr m? 10000 Assumed

Harvest rate of tomatoes expressed in dry matterpm mg{DM} s™ - Output tomato yield model

Heat supply to the greenhouse air Hsiowair W m? - Output climate model
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Heat supply to heating pipes Heoiipipe
CO, supply rate MCexair
Transpiration rate MVeanair
Fog supply MVeogair
CO, costs Oco2
Gas costs OFuel
Initial investment of construction element Qinvest,i
Labour costs OLabour

First class tomato price which is time dependent rom:
Second class tomato price which is time dependegtqm.
Water costs Owater
Plant material

Plant density

Fertilizer

Crop protection

Waste treatment

Remaining materials

mg m?s*
kg m? st
kg m? st
€kg!

0.35
0.36
0.3

Output climate model
Output climate model
Output climate model
Output of climate model
Cajamar

Cajamar

See Table 5.5
Cajamar

Cajamar

Cajamar

Cajamar

Cajamar

Based on practice
Cajamar

Cajamar

Cajamar

Cajamar
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5.3.1.1 Economic crop yield
The economic tomato yield is described by:
QCropYieId = ,7FMsoId/7DMFM qTom (t) DM Har (t) [€ m—2 S-1] (5-2)

wherernevsod () is the marketable fraction of harvesyry is the conversion factor from
dry matter to fresh matter (kg{FM} mg{DM}), grom (€ kg?) is the price of tomatoes,
DM, (mg{DM} m? s*) is the harvest rate of tomatoes expressed imdiger, which is

an output of the tomato yield model.

The tomato priceom (€ kg?) depends on the ratio between first class andnseco
class tomatoes and is time-variant due to changirige trajectories throughout the
production period:

— ”ToniLqTonIL(t) + (100_ ”Tonl)qTom‘Z(t)
Grom(t) = Toc
wheretrom: (€ kg) andaromz (€ kg™) are respectively the price of the first and selcoass
tomatoes, angrom: (%) is the ratio of first class tomatoes which eleghs on the greenhouse
design and which was assumed to be time invanmatttis study.

To calculate the costs related to the harvesteduatnaf tomatoes the mass crop
yield is described by:

Yield = 7750y DM ., (t) [kg {FM} m?s?] (5.4)

[€kg'] (5.3)

5.3.1.2 The fixed costs
The annual fixed costQrieq (€ M?year') are described by:

i=N
QFixed = anterest + ZQCOnstr,i + QRem [€ m—2 yea'ﬁ] (5'5)
-y

whereQjnerest (€ m? yeafl) is the annual average interest payment of tte tovestmenti
(-) represents the greenhouse construction elemef},is the total number of greenhouse
construction elementQconstri (€ m? year’) are the costs related to the maintenance and
depreciation of construction elemdntand theQgem (€ M? year') are limited remaining
costs related to the greenhouse construction.

The annual average interest payment of the totasiment is based on a linear
depreciation of the greenhouse with no rest valikeaend of the economic lifespan, and is
therefore described by:
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n = Qinvesti
— Ninterest nvesti € m? it 5.6
Qucree 100A ; 5 [€ m?yeaf'] (5.6)

Where /), erest (%0 yEAT) is the interest rateds, () is the greenhouse floor area, and

Oinvest, (€) is the initial investment of construction element
The annual costs of the maintenance and depretiatithe construction elements
is described by:

_ nMaintenane,i + nDepreciatbn,i 2 21
QConstr,i - mlnvesti [€ m year] (5-7)

1OOAFIr

where #uaintenance.i (%0 yea'rl) determines the annual maintenance costs of cmtisn
element, #pepreciation,i (%0 year') determines the annual depreciation of constrnatiement
i. The remaining costs related to the greenhousstieanion are described by:

i=N
QRem = nRemz QConstr,i [€ m—2 yeafll (5-8)
oy

wherenrem (%) is the unaccounted fraction of greenhousetcoction costs. In view of the
huge variability among conditions, costs relatedhi® rent or purchase of the greenhouse
area were not taken into account here.

5.3.1.3 The variable costs
The variable costs presented in Fig. 5.1 are destiby:

QVar = QPIant + QNater + QCOZ + QFueI [€ m* 5-1] (5'9)
where Qplam (€ m? s are plant costs that depend on crop yié@mater, Qcoz and

QFueI (€ m? s%) are the costs related to the consumption of watebon dioxide supply

and fossil fuel, respectively, denoted in this gtad ‘resource costs’. The electricity costs
were not taken into account because they are rielglifpr the greenhouse designs under
consideration (Magaet al, 2008). Obviously,

QVar (to) = QPIant (to) [€ m? yeafl] (5.10)
where Qplant(to)are the plant costs that do not depend on cropl,yied. plant material,

fertilizers, crop protection, waste treatment a@chaining materials which are presented in
Table 5.1.
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The plant costs that depend on the crop yieldlalgour, transport, sales, and short term
interest are described by:

QPIam = qLabour (,7Labour_kg weld + ”Labour_mz )

_2 _1
Yield + Msales +’7Interest_Short : [€ m*yeai] (5.11)

+ ”Transport’]FMsold 10c QCropYieId

whereqapour (€ h'l) is the labour costg apour kg(h kg‘l{FM}) is the labour cost coefficient
that describes the impact of the production lewvellabour costsapour mz2 (h m?) is the
labour cost coefficient that describes the impécplant related labour (no harvest) on
labour costyrransport (€ kg‘l) is the transport cost per kg tomatogges(%) is the sales cost
coefficient describing the costs of sorting andirsglthe tomatoes, anglnerest short(%) is
the cost of short term borrowing.

The cost of the use of individual resources isuated with:

Q\Nater = 103 q\Nater((l-l_ nfﬁj IleCanAir + IleFogAirJ [€ m—2 S-1] (5-12)
Qcoz =10° Aco2MCoeyini [€ m? s (5.13)
QFueI = M (H BoilPipe +H BIowAir) [€ m—2 S-1] (5-14)

Fuel

whereqwaier (€ M) is the water pricejprin (%) is a fraction of crop transpiration needs to
assure sufficient irrigationMVeanar (kg m? s?) is the transpiration rate of the crop,
MViogar (kg mi® %) is the fogging rategeo, (€ kg?) is the CQ price, MCeyair (Mg M?s™)
is the CQ enrichment rategre (€ M) is the fuel pricesre (J M) is the energy
efficiency of the fuelHggipipe (W m'z) is the heat supply to the heating pipes Blagdair
(W m?) is the heat supply from the indirect air heatethie greenhouse air.

The total investment for a greenhouse is descililyed

i=N
anvest = Z qlnvesti [€ m-Z] (5-15)
i=1
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) Structure
Crop yield, - Greenhouse structure
Ocroprieid - Cover material
- Soil type
) Climate systems
Tangible assets - Computer
T Heating
- Indirect air heater
Maintenance and - Boiler (+ condensor)
Net financial _ deprec'iation - Heat distribution system
Fixed costs - Tangible assets Cooling
result, - | o
OFived - Natural ventilation
Onrr Interest payments - Fogging system
- Investments Screens
- Whitewash
- Thermal screen
Plant costs, Qpjun: - Structure for thermal screen
- Plant material CO; enrichment
- Fertilizers - CO; storage tank
- Crop protection - CO, distribution system
- Other crop assets:
—) o Waste treatment Fertigation
o Remaining materials - Fertilizer dosing system
o Short term interest - Water collection tank
o Transport costs - Drip irrigation system
Variable costs, | | o Sales costs
Ovar - Labour costs Crop protection
- Crop protection machinery
Resource costs Others
L Water, Qwaer - Emergency power supply
- CO;, Ocor - Internal transport system
- Fossil fuel, Orer - Remaining costs

Fig. 5.1 An overview of the costs aspects relatethéonet financial result, g, of the grower. The
costs aspects are divided in economic crop yielde,Qeia the fixed costs, Q.q and the variable
costs, Qar-
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5.3.2 Sensitivity analysis of the economic model states
The economic relative sensitivity is described by:
SX (t )= >(ZNom+AZ (tf )_ >(ZNom (tf ) ZNom

2 Az 10C

whereX are the economic stateQirr Qcropyiels Qwater Qcoz Qruel 8N Qpiany Zuom is the
nominal input parameter valu&z is the input parameter deviatiop(,Zn .2, 1S the economic

¢ m? year' %] (5.16)

state value at input parameter deviation xrzlnd is the state value after the nominal input

parameter value. This is an adjustment of the iveladensitivity equation presented in
chapter 4 in view of the need to express the deitgibf the economic states to the input
parameters i€ m? yeai* %*. The economic relative sensitivity can be intetguleas the
change of the value of the economic model statenvdreinput parameter increases with
1%.

The input parametez includes the greenhouse design paramélershe climate

set-pointdJ and economic parameter valugs
z=P,0U 0Q [] (6.17)

The input parameters were deviated using a fixetugmtion factor, h=0.01, resulting in
an absolute increase of the input parameters:

ARy =[Py yom
AU=hU, [ (5.18)
AQ = h IzDNom

Since time invariant deviations of the input paetens were preferred, the time
variant economic parameter®, such as the tomato price, were deviated withxadfi
fraction of the mean value.
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5.3.3 Different greenhouse design and climate management

5.3.3.1 Simulated different greenhouse designs

The ten different configurations that were simudatere described in Table 5.2. All
simulated greenhouse designs were covered withglesPE layer (Triplast) and were of
rectangular shape of 200 x 50 m resulting in arfl@a of 1.6L0° m?. The average cover
transmission without a thermal screen was 57% dtidathermal screen was 54%. Plants
were grown in the soil-a typically artificial layst soil called ‘enarenado’ (Fernandeiz
al., 2005)—-and irrigated by a drip irrigation system.

Table 5.2 The different greenhouse technologicaigtepackages studied here. The parral represents
the current situation. The standard multitunneligeswith whitewash (W) was extended with various
combinations of C@enrichment (C); fogging (F); air heating (H_) andiler-pipe heating (H). All
greenhouses were equipped with natural roof and \séaéilation.

Multi-tunnel
Parral W wC WF WFC WH_ WH WHC WHF WHFC

Heating

Indirect air heater X
Pipe heating

Thermal screen

Cooling

Whitewash X X X X X X X X

Fog system

CO,-supply

Pure CQ X X X X
Economic parameters

Marketable fractiol g5 g5 95 95 95 95 95 95 95 05
HEMsolds (%)

Istclasstomatoes g5 70 70 80 80 80 90 95 95 95
Tom (%)

The parral had side ventilation in the 2 long si(86 of floor area) and continuous roof
ventilation in one side of each span (5 %), resglth a total ventilation area of 13% of the
floor area, which is approximately the mean vetitifa area of this type of greenhouse in
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Almeria (Céspedest al, 2009). The multi-tunnel had side ventilation e 2 long sides
(6%) and continuous roof ventilation in one sideeath span (22.5%) resulting in a total
ventilation area of 28.5 % of the floor area. Tiemtiation openings of both greenhouses
were covered with insect nets, which reduced theutzted ventilation by 45%.

The designs evaluated in this study as present@dhie 5.2 were described with a
combination of letters each denoting a climate tication technique i.e. whitewash (W),
CGO, enrichment (C), fogging (F), indirect air heatelr § and a boiler heating system (H).
Two types of heating systems were evaluated: adotheating system with a relative low
heat capacity of 50 W m(Pg. = 0.50 MW) and a heating set-point of 12°C; artwbier
heating system with a heat capacity of 116 (R, = 1.16 MW) and a heating set-point
of 16°C, the heat distribution system being metgllipes filled with hot water. A 100%
aluminium thermal screen was in all cases assatiaitd this type of heating. The capacity
of the CQ enrichment system was 50 kg £88" h" (¢eqco2=1.3910" mg s') and the

capacity of the fogging system was 0.5F I (¢ rog = 1.39 kg water§.

5.3.3.2 Greenhouse climate control

The control strategy for air temperature is presgim Fig. 5.2, and the related climate set-
points are given in Table 5.3. The set point for,@@richment was a function increasing
with outside global radiation and decreasing withdew aperture (Magéaet al, 2008),
see section 5.7 for a detailed description. Theuapressure deficit of the greenhouse air
was controlled by the fogging system, which wastadvdd on whenever the vapour
pressure deficit insid&/Poer rog o(kPa), was larger than 1.5 kPa (Gazgeeal, 2010).

Tout_ThScr_on  Tair_vent_off Tair_boil_on Tair_vent_on
I I I I
I I

«— Vents are open if:

I - COspr < CO2air_vent_off

I or:

I

I I
I I
I I
I I
Th | .
erma’ screen [ - RHar > RHair_vent_off [
k [l A

is usec_l at night- | .
time | ¢ | s
I I I I
: Ventsc?gzeadlways: i : Vents :,;Z nalways
| | Boileris | |
| | o | |

Temperature —m02 m 83 >
Fig. 5.2 The greenhouse temperature control stiatiegsed upon climate set-points. Values of the
climate set-points are listed in Table 5.3
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Whitewash was applied in all cases at the beginmihghe production period till 15
September (50% decrease of the global transmissidarch (25% decrease of the global
transmission) and 15 April (50% decrease of théagléransmission) which is a commonly
used approach in Almeria by growers. In the presafi@ fogging system growers tend to
use a lighter whitewash (Gazquet al, 2008). Accordingly the fraction of radiation
intercepted by the whitewash was reduced in thss ¢t@a 50% of the values given above.

Table 5.3 Overview of the greenhouse climate managesnd the crop conditions used for the
economic analysis of the different greenhouse dssig

Parameter Value

Greenhouse climate management
August £'— September18(50% decrease)

Whitewash March P — April 15" (25% decrease)
April 16"— June 38(50% decrease)

Tair_vent_on(°C) 23

Tair_vent_oif(°C) 20

RHair_vent_oft(%) 90

COsuir_vent_ot(PPM) 200

Tair_boil_on (°C) 12'/16

Tout_ Thser or(°C) 18

COzpir_Eximax (PPM) 850

COuair_extmin (PPM) 365

| tob_wax (W 111%) 500

Uvent_max(-) 0.1

VPoet Fog_okPa) 1.5

Crop conditions

LAI_start 0.3

LAI_max 2.5

Start growing period, August ' 2008

End growing period July 1" 2009

The” indicates that this climate set-point was appliedthe heating system H_.

131



Chapter 5

5.34 Three design evaluation studies

Three simulation studies were performed: 1) an eson evaluation based on one climate
period and average price trajectories; 2) a seitgitanalysis of the economic states to
selected input parameters and 3) an uncertaintlysisaof NFR to outdoor climate and

price trajectories.

The climate data used here were recorded from 892609 in Almeria (36°48'N,
2°43'W and 151 m above sea level) and the prigedtaries for the same years are from
the Fundacién Cajamar (Anonymous, 2009). For aflétsimulation studies, the economic
crop yield depends on the marketable fractigr.d,) and on the fraction of first class
tomatoes #rom). Based on experience and on experimental residiltslagan, Lopez,
Escudero, Pérez-Parra (2007), both fractions werdendependent on greenhouse design,
see Table 5.2. The economic parameters neededeoniliee the annual costs are presented
in Table 5.5. The remaining information needed &fgrm each simulation study is
presented briefly in this section.

5.34.1 Economic evaluation based on one climate period araverage price
trajectories

The NFR was determined for the growing period fraogust £' 2006 to July ¥ 2007,

since the outdoor climate was slightly more modethan the other two (see Table 5.4).

Table 5.4 Overview of the average outdoor climaté tomato price in Almeria from August o
July T for three successive growing periods. “Tout < 5%t lower &' percentiles (the measured
temperature is 5% of the time lower than this vahr) “Tout > 95%is the upper 8 percentile (the
measured temperature is 5% of the time higher thanvalue).

Period Tout Tout Tout Global RH Vwind  Gom: Orom2
<5% >95% radiation

(C) (0 (C) (MInfday) (%) (ms) (€kg’) (Ekg)

2006-2007 17.7 9.1 27.4 16.9 69.72.9 0.60 0.33
2007-2008 17.8 10.2 27.7 171 67.73.3 0.54 0.29
2008-2009 17.2 8.3 28.1 17.2 67.93.3 0.51 0.28

The weekly tomato price of the first and second<lang life tomatoes were averaged over
the three considered production years to deterrfieetime variant tomato price of Eq.
(5.3) as presented in Fig. 5.3.
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Table 5.5 The economic parameters needed to deterthe annual costs of the maintenance and
depreciation for all construction elementscfy,; of Eq. (5.7): the investments,gs; the
depreciationypepreciaion, and the maintenanogyaintenace;i

. qlnvest,i qlnvest,i nDepreciation,i Maintenace,i QConstr,i
Construction element €m?) (€ (%yead) (byead) (€myear)
Construction
Parral structure 8 6.67 2 0.69
Multi-tunnel structure 18 6.67 2 1.56
Soil type: Enarenado 0.69 33.33 0 0.23
Simple climate computer 8000 15 8 0.18
Cover and screens
Triplast cover 1.38 33.33 5 0.53
Whitewash 0.09 100 0.09
Thermal screen XLS 2 20 5 0.50
Structure for thermal screen 3 10 5 0.45
Heating system
Boiler heating: 1.16 MW 82000 7 1 0.66
Indirect air heater: 0.5 MW 40000 15 2 0.68
Metalic pipe heating Spain 6 7 0.5 0.45
Fogging system
System air-water: 500 g frh* 3 10 5 0.45
CGO, enrichment system
Pure CQ: 50 kg Ha" h* 3120 100 0 0.31
CGO, delivering system 0.34 10 5 0.05
Irrigation
Fertilizer dosing system 30000 10 5 0.45
Water collection tank 13500 5 1 0.08
Drip irrigation system 1.4 10 5 0.21
Crop protection
Crop protection machinery 1500 15 5 0.03
Emergency power 9000 5 5 0.09
Remaining
Internal transport system 26580 10 5 0.40
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Fig. 5.3 The weekly price of the first class (sdlite) and second class (dotted line) long life
tomatoes averaged over the three successive pilioducycles between 2006 and 2009 (Source:
Anonymous, 2009)

5.3.4.2 Sensitivity of analysis of economic states to inpytarameters
The sensitivity of the economic states to some tirgarameters was determined for the
parral and for the high-tech multitunnel (equippégth all climate modification techniques,
WHFC) for the climate period and price trajectodssabove.

As the economic crop yield is the only revenue,ébenomic parameters of Egs.
(5.2) and (5.3) might have a large impact on tlenemic states; therefore the sensitivity of
the results to these parameters needs to be esdl\W&fith respect to the greenhouse design
parameters and climate parameters set-points, ke&l ren results presented in chapter 4
showing that transmission of the cover and whitéwé&sr photosynthetically active
radiation (PAR); near infrared (NIR) and far infdr(FIR) radiation; the ventilation area
and temperature set-point for ventilation have m@daimpact on vyield. Therefore the
sensitivity of the NFR to all these parameters wraluated. Finally, for the multi-tunnel
the sensitivity to all capacities of the climate dification techniques and corresponding
climate management set-points were evaluated ds wel

5.3.43 Uncertainty analysis of NFR to outdoor climate andrice trajectories
The impact of the uncertainty in yearly variatiafsoutdoor climate and tomato price on
the NFR was analysed for all greenhouse designslpgetermining the NFR for three
different years (2006 — 2007, 2007 — 2008 and 20@®09, Table 5.4), each combined
with the average price trajectory, 2) determining NFR for one year (2006 — 2007), and
the three price trajectories (2006-2009), 3) deiteimg the NFR for the three different
climate periods and related price trajectories dhaletermining the NFR for one year
(2006 — 2007), and three constant tomato pric€58f€ kg, 1€ kg* and 1.5C€ kg™.

134



The economic model

5.4 Results and discussion

In this chapter the NFR of the different designevwaluated, the evolution of the NFR
along the production period is analysed and delsigommovements are suggested based on
the sensitivity analysis. Subsequently, the impdidhe uncertainty in yearly variations of
outdoor climate and tomato price on NFR and greeséaesign is presented.

54.1 Evaluation of different greenhouse designs

541.1 NFR evaluation of different designs

The crop yield model has been successfully valdlatechapter 3 for both the parral and
the multitunnel with all means of climate modificat, under Spanish conditions. The total
simulated water and G@onsumption agree with measurements of Mag&l. (2008) in a
multi-tunnel. The fact that their gas consumpticasvhigher than the simulated one can be
explained by their higher heating set-point. Thenemic analysis of the different
greenhouse designs is presented in Table 5.6.ddte components presented there, i.e. the
economic crop Yield, fixed costs, variable costd &FR are discussed in this section.
Some strict assumptions related to the depreciati@intenance, the unaccounted fraction
of greenhouse construction and the short term lbang costs, have resulted in negative
NFR values. Be aware that this will not influenhbe tesults because this study focussed on
the comparison between greenhouse designs radreothabsolute NFR values.
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Table 5.6 Economic analysis of the different grezisle designs determined for the growing period 200®/ with a mean weekly price over the
years 2006-2009. The parral with whitewash (W) esents the most common current situation. The atdnchulti-tunnel design with
whitewash (W) was extended with various combinatiohCQ enrichment (C); fogging (F); air heating (H_) ampe heating (H). All
greenhouses were equipped with natural roof and sahtilation.

Multi-tunnel
Parral w wcC WF WFC WH_ WH WHC WHF WHFC
Crop Yield (kg nf) 21.88 2399 2578 2645 2815 2771 2835 31.89 3431. 35.03
Crop Yield € m? year?) 977 11.01 11.86 1233 1315 1365 14.89 17.22 216.418.47
Total investments& m?) 2154 3179  32.46 3486 3553 35.89 51.47 52.14 5454. 55.21
Fixed costs€ m? year) 3.43 4.50 4.88 5.01 5.39 5.26 6.95 7.33 7.46 7.85
Variable costs§ m? year') 6.59 6.82 7.82 7.17 8.25 9.31 8.88  10.18 9.28  10.65
Water costs 0.17 0.18 0.18 0.21 0.21 0.18 0.19 0.19 0.22 0.22
CQ costs 0 0 0.78 0 0.87 0 0 0.78 0 0.88
Fossil fuel 0 0 0 0 0 1.94 1.34 1.34 1.32 1.32
Labour costs 2.77 2.82 2.92 2.96 3.06 3.03 3.07 3.27 3.24 3.45
Remaining plant costs 3.65 3.82 3.94 4.00 411 4.16 4.28 4.60 4.50 4.78
Net financial result§ m2 yeaf‘l) -0.25 -0.31 -0.84 0.15 -0.49 -0.92 -0.94 -0.29 20.3 -0.03
Mean tomato price§(kg?) 0.45 0.46 0.46 0.47 0.47 0.49 0.53 0.54 0.52 0.53
Marginal tomato pric€ kg™) 0.46 0.47 0.49 0.46 0.48 0.53 0.56 0.55 0.53 0.53
Water use crop (I /) 670.7 7161  717.1  759.4  759.9 727.3  743.0 7438 .9786 787.1
Water use fogging system (In 0 0 0 93.4 93.3 0 0 0 101.5 101.5
Energy use (thm?) 0 0 0 0 0 5.10 3.52 3.53 3.47 3.47
CO, use (kg rif) 0 0 5.23 0 5.77 0 0 5.23 0 5.85
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Economic crop yield

The simulated economic crop yield increased conaflg with increasing technology from
9.77€ m? yeaf" for the parral to 18.4% m? yeaf* for the multi-tunnel equipped with all
climate modification techniques. Starting from imple multitunnel (revenue 11.@1m?
year) the economic crop yield increased 08%5? yeai* by using CQ enrichment and
3.88€ m? year! by using a heating system. The joint effect, 622 year, would be
some 30% more than the sum of the two, which fadlékem the fact that when using only
one climate modification technique, either temp@etor CQ concentration became the
limiting factor for crop growth. Using a multivat&sensitivity analysis, results in chapter
4 have shown such a positive combined impact ofgaegn CQ concentration and air
temperature for a climate-controlled glasshousEeixas.

Fig. 5.4a presents the trend in time of the effefcthe climate modification
techniques on crop yield. During winter, harvesswaximal in a heated multi-tunnel with
CO, enrichment, followed by a heated multi-tunnel ahé unheated one. The €O
enrichment system enhanced the harvest rate méimhy December to May, since the
relatively small ventilation requirement resultedai higher C@ set-point (see section 5.7)
and CQ concentration inside. On the other hand, the foggystem boosted crop yield
from March through June, mainly thanks to the higlight transmission (milder
whitewash) and the lower air temperature.
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Fig. 5.4 The seasonal impact on the harvest rajeata the economic state variables (b). Fig 5.4a
The harvest rate for the six different greenhoussighs: the parral (thin solid line), the W (dotted
line), the WH (dashed line), the WHC (dashed dditeg and the WHFC multi-tunnel. Fig. 5.4b The
time derivatives of the economic states for the Witi@i-tunnel: the net financial result, (thick sbli
line); the economic crop yield (thick dotted linghye water costs, (dashed line); the £Ebsts
(dashed dotted line); the fuel costs (thin solit)i and the plant costs (thin dotted line).
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The fixed costs

The fixed costs and total investment costs augrdem@nsiderably with increasing
greenhouse technology level (Table 5.6). Two inwesits “jumps” occurred: 1) the change
from parral to multi-tunnel costs 10.25 m? and 2) fitting heating into a multi-tunnel
(including thermal screens and metallic heatingegjposts 19.0€ m2 The extra annual
fixed costs caused by G@nrichment system (0.38m? yeaf') or a fogging system (0.51
€ m? year') are relatively small, which entails a smallekriban a heating system (2.85
m? year").

The variable costs

The variable costs increased with technology lemainly due to a higher resource costs
(Table 5.6). Labour and remaining plant costs arhtmA4.5% of the total annual costs of
the multi-tunnel with whitewash, heating, foggingdaCQ supply (WHFC), whereas
resource consumption accounts for a relatively kfredtion: heating (7.1%); C{(4.8%)
and water (1.2 %).

The NFR

Table 5.6 shows that the multi-tunnel with only dowg system, WF, was the most
profitable (0.15€ m? year"), followed by the multi-tunnel with all climate mdification
techniques, WHFC, (-0.08 m? yeaf'), the parral, (-0.2% m? year'), the multi-tunnel
with CO, enrichment and heating, WHC, (-0.£9n? year") and the multi-tunnel without
climate modification techniques, W, (-0.&L.m? yeaf'). Fogging was most profitable,
since the yield increase thanks to the applicatiba thinner whitewash and to a lower
incidence of extreme air temperatures, easily bffise relatively low costs of a fogging
system.

According to Table 5.6, the differences in NFR betw the parral and a multi-
tunnel structure equipped with a fogging systeM49€ m2year’, which may seem small
with respect to the daunting difference in invesimef 13.32€ m. The investment pay-
back time does indeed exceed the planning horizomost growers. In addition, Table 5.6
shows that if one is prepared to invest in a hgadystem for a multi-tunnel, then it would
be certainly worthwhile to fit a CQenrichment system as well. Specifically, the NFRo
greenhouse with a GQenrichment and heating system (WHC, -029n? year') was
considerably higher than a greenhouse with eitl@r @ richment (WC, -0.88 m? year')
or a heating system (WH, -0.€4m? year").
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The time derivatives of the economic states detsgirttie profitable periods (Fig. 5.4b). For
the multi-tunnel equipped with all climate modifica techniques, the time derivative of
the NFR had two local maxima: the income per weels \igh at the beginning of
December and highest at the beginning of April. The peaks were caused by a higher
tomato price and not by a higher harvest rate,hasvs by the similarity with the price
trajectory (Fig. 5.3), whereas the harvest rat¢hef WHFC multi-tunnel (Fig. 5.4a) was
rather stable. The weekly income at the end ofpttweluction period was small, which
explains why most growers stop cultivating everdieathan assumed here.

5.4.1.2 Improvements of low-tech and high tech greenhouse tincrease NFR

A sensitivity analysis of the economic states wasied out to demonstrate how the parral
(Table 5.7) and the multi-tunnel with heating, £éhrichment and fogging (Table 5.8)
could be improved to increase the NFR. For botlemneuses the tomato price and the
marketable fraction had the largest impact on NH&s result indicates that a small change
in price trajectories will influence the NFR corssidbly, which demonstrates the need for
negotiating a good tomato price. In addition, tHeR\bf a high-tech multi-tunnel (WHFC)
is twice as sensitive to changes in prices thah dhahe parral (166& Ha' year* %
versus 892 Ha'year! %, respectively). Consequently, a high tech grees@ouill be
more profitable when tomato prices are high and viersa.

The parral greenhouse
The economic parameters and the PAR transmissitotbf cover and whitewash had the
largest impact on the NFR followed by the NIR anR Eansmission of the cover and the
temperature set-point for ventilation (Table 5.Based on these results the following
recommendations to improve the NFR of the parrahkiclv are in agreement with
experimental results — are given: 1) increase thetibn of marketable crop yield and of
first class tomatoes, which can be done by makieggreenhouse more airtight (L6petz
al., 2001), 2) increase the PAR and NIR transmissfadh@greenhouse, which can be done
by incrementing the cover slope (Soriaebal, 2004) and by washing the greenhouse
cover frequently (Monteret al, 1985), 3) use whitewash with a higher PAR trassion
and a lower NIR transmission, 4) decrease the FARsmission of the cover which will
increase the plant temperature during night and gitigher crop yield, and 5) increase the
temperature set-point for ventilation.

The impact of the side and roof ventilation on NWRs relatively low compared
to other design parameters. However, as these pagesrcan be adjusted more easily than
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others, they might be good candidates for adjustnearez-Parrat al. (2004) already

suggested that an increase of the ventilation dgpaé a parral would favour crop
production, thanks to lower air temperature, high€s concentration and a lower relative
humidity.

Table 5.7 The sensitivity analysis of the economadel states to some economic crop yield
parameters, greenhouse design parameters and dis®ttpoints for the parral greenhouse. The
sensitivity values are expressecEiria’® year® %2,

Economic parameter values, Q Qurr  Qcropyield Qwater Qpiant
Orom 892 991 0 99
EMsold 837 978 0 141
HTom1 295 328 0 33
Greenhouse design parametersg, P

TRIPAR 586 811 6 219
TShScrPerPAR 107 170 3 60
TRINIR 84 116 3 29
TRIFIR -70 -94 -1 -23
Asiad Arir 17 24 1 6
TshScrPerNIR -8 -11 -4
Aroof Afir 6 9 0 3

Greenhouse climate set-points, U
86 100 -4 18

Tair_vent_on

The multitunnel with heating, CO, enrichment and fogging

For the WHFC multi-tunnel, the economic parametguts, the PAR transmission of the
cover and the climate set-points for heating anttildion had the largest impact on NFR
(Table 5.8). Accordingly, the NFR of the WHFC muilinnel can be improved by: 1)
increasing the PAR transmission of the cover, asriteed for the parral and 2) decreasing
the heating set-point and increasing the ventilaiet-point. Furthermore, the NFR was
insensitive to the capacities for the heating syst€Q, enrichment systems and fogging
systems indicating that these capacities werecserfi.
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Table 5.8 The sensitivity analysis of the economadel states to some economic crop yield
parameters, greenhouse design parameters and dusettpoints for the high-tech, WHFC, multi-
tunnel. Sensitivity values areéhHa™ year® %™

Economic parameter values, Q Qnrr Qcropyield  Qwater  Qcoz Qruel Qpiant

Orom 1668 1854 0 0 0 186
HEMsold 1593 1848 0 0 0 255
NTom1 728 809 0 0 0 81
Greenhouse design parameterg, P

TRIPAR 1067 1422 7 48 -46 346
TRINIR 35 -45 4 -16 -57 -11
Psoil -31 -2 0 0 30 -1
TshscrPerPAR 30 55 1 5 0 19
Asigd Agir 15 35 1 11 0 8
TShScrPerNIR 7 7 1 -1 -1 1
ARoo/AFIr 7 9 1 -2 0 3
TRIFIR -4 7 -1 3 7 2
¢ ExtCO2 4 26 0 16 0 6
¢ Fog -1 -1 0 0 0 0
Greenhouse climate set-points, U

Tair_boil_on -830 -45 3 -12 808 -14
Tair_vent_on 339 485 -7 158 -115 110
TouthhScrfon 71 32 0 -3 -44 8
COuair_ExtMax 41 95 0 32 0 22
VPDef_Fog_On 18 11 -7 -2 0 2
Uvent_max 14 44 0 19 0 11

The sensitivity results can increase our underatgndf the factors influencing the NFR.
For instance, an increase of the PAR transmisdidheocover by 1% from 54% to 54.54%
resulted in a NFR increase of 1067Ha" yeaf® which was mainly caused by the extra
revenue (142Z Ha' year') thanks to the effect of an increased photosyighese. This
causes plant related variable costs to increasg €34a’ year') and the consumption of
CO, and water (48 and € Ha' year', respectively) as well. In addition, more solar
radiation decreased the heating requirement raguilti less fuel costs (-46 Ha' yeaf?).
Additionally, the potential of a semi-closed greeabe under Spanish conditions was
demonstrated, since an increase by 1% of the texnyerset-point for ventilation resulted
in a higher NFR (33% Ha' yeai') caused by higher revenue (483HA™ year’), lower
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heating costs (-118 Ha* yeaf') and lower water costs (& Ha' year'). The main cause
of the increase in crop yield was the higher,@0ncentration that could be maintained in
the greenhouse.

5.4.2 Impact of outdoor climate and price trajectory ofRN

A change of outdoor climate resulted in anothet gesenhouse design (Fig. 5.5a), which
demonstrates that greenhouse design is a multsfattoptimisation problem. In more
detail, for the ‘cold’ growing cycle of 2008-200©et best greenhouse design was equipped
with all climate modification techniques (WHFC mlinnel) whereas for the ‘temperate’
cycles 2006-2007 and 2007-2008 the multi-tunnelimspd with only a fogging system
was most profitable. This dependency is expressethé NFR variance between these
different outdoor climate periods which decreaseanf1.14 for the parral to 0.08 for the
WHFC multi-tunnel. Indeed, it is obvious that tHali4y to manipulate the inner climate,
causes the NFR to be less affected by outdoor tiondj as observed by Castilla and
Montero (2008), who suggested that the main adgentaf enhanced greenhouse
technology could be to add security and stabildythie greenhouse production in the
Mediterranean area. It was already discussed ligaparral can compete with a high-tech
multi-tunnel. However, the NFR of a parral depestlengly on outdoor climate (Fig. 5.5),
which increases the economic risk of the growere Bble point of a heating system,
therefore, would be to decrease the “weather” 1@sid the related chance of negotiating
better prices. Similarly, also a change of priegetttory resulted in another best greenhouse
design (Fig. 5.5b). In particular, with relativébw tomato prices (2007 — 2008 and 2008 —
2009) the best performing greenhouse was equippgdonly a fogging system whereas
with relatively high tomato prices (2006-2007) thest greenhouse was equipped with all
climate modification techniques. With increasinghieology level, the NFR depended thus
more on price trajectories, as shown by the NFRamae that increased from 0.18 for the
parral to 3.15 for the WHFC multi-tunnel, a trendflecting the increase in yield.
Consequently, a higher price will benefit the NFRadigh-tech greenhouse more than the
NFR of a low-tech greenhouse, as shown by Fig..5l'tdrefore, in a regime of high price
uncertainty a low-tech greenhouse is the bestdimte the NFR depends less on tomato
price trajectories than that of a high-tech greeisko Finally, a change of both the yearly
outdoor climate conditions and price trajectoriesuited in even another best design (Fig.
5.5¢). In particular, the dependence of NFR onlyeautdoor climate conditions and price
trajectories went up with the technology level, ethivas mainly caused by the high tomato
prices in 2006-2007.
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Fig. 5.5 The impact of yearly variations of the dadr climate (a), the tomato price (b), both the
climate and the tomato price (c) and the impadadtlifferent constant price trajectories (d) on the ne
financial result and optimal design.

Fig 5.5a The impact of different outdoor climateipés: 2006 — 2007 (blue), 2007 — 2008 (purple),
2008-2009 (yellow) and the accompanying NFR varidnesveen these different outdoor climate
(black line with triangles). The applied price trafjery was the weekly prices averaged over the
period 2006-2009.

Fig. 5.5b The impact of different price traject@i2006 — 2007 (blue), 2007 — 2008 (purple), 2008-
2009 (yellow) and the accompanying NFR variance betweese different price trajectories (black
line with triangles). The applied outdoor climate vg6 — 2007.

Fig. 5.5¢c The impact of different production pesowith related outdoor climate and price
trajectories: 2006 — 2007 (blue), 2007 — 2008 (peyp2008-2009 (yellow) and the accompanying
NFR variance between these different production per{black line with triangles).

Fig. 5.5d The impact of different constant pricajectories: 0.50€ kg* (blue), 1.00€ kg (purple)
and 1.50€ kg* (yellow). The applied outdoor climate was 2006 —7200
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5.5 General discussion

The presented results are discussed with respébeioimpact on the development of the
model-based greenhouse design method. First theteffi model description is presented,
followed by the effect on the greenhouse desigimogation.

5.5.1 Model description

The combined greenhouse climate-crop yield moded aiready validated in previous
studies and demonstrated in this study to predith ¥air accuracy the crop yield and
resource consumption for Southern Spanish conditibhis combined model was extended
here with an economic model and was able to stiecinost profitable greenhouse design
for such conditions. The advantage of this desag instead of practical experiments is
that the NFR of different greenhouse designs carddtermined quickly, for different
climate years and different price trajectorieshwfte same assumptions.

However, using a design tool implied that sevessluaptions had to be made to
calculate the NFR for the different greenhouse giesiunder consideration. Firstly, the
fractions of marketable and of first class yiel@dsois and nrom: respectively) depend on
greenhouse design (Table 5.2) and have a largecingpaNFR (Table 5.7 and Table 5.8).
The values chosen for these parameters were basedrawer experience and on
experimental results (Magaet al, 2007) and were assumed to be time invariant, lwhic
may be too optimistic. In practice, such fractialepend on diseases, such as blossom end
rot (Gazquezt al, 2008) or phytophthora incidence, and extreme famperatures which
in turn depend on indoor climate, which followsrfraveather as much as from greenhouse
design. Making these parameters functions of thericlimate would be an improvement,
but unfortunately the present knowledge body idrfam adequate.

In addition, costs related to the irrigation systeriimate computer, emergency
power and internal transport system were assumbd tmual for all greenhouse designs in
order to compare objectively the impact of greersgostructure and climate modification
techniques on NFR. However, in practice some greesds may be equipped with less or
cheaper construction elements than others.
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5.5.2 Greenhouse design optimisation

In order to limit this study to a “manual desigrtiopsation”, ten alternative designs were
selected. However, an enormous amount of greenhdesign and climate management
alternatives exists, which demonstrates the neead afomore efficient optimisation
algorithm. When solving this problem using the nidukesed design method, four aspects
will affect the optimisation result. How to copetlvithese aspects is discussed shortly
hereafter.

First, regarding the large impact of the climataryen the best design, it would be
preferable to use one reference climate year thiatams the dynamic pattern of climate
variables averaged over a long period, as was Hyprigreuer and Van de Braak (1989) for
the Dutch climate. Such a reference year wouldadispf the need for calculations with
climate data of several years. Second, similarltheoclimate reference year, a “reference
price trajectory” would be helpful. A word of caani is needed, since the life-span of the
optimised greenhouse is in all cases several y€hesefore a good reference period should
span much more than one year. As this does not &=ssible, a sensitivity analysis of the
NFR of the greenhouse designs to these uncertpint jparameters is required. Such an
analysis tells how robust the optimal greenhousigdeis with respect to uncertain factors
such as prices and weather. Third, the combineadingf climate modification techniques
on NFR might be larger than the sum of their indiil impact as revealed by the joint
affect of CQ enrichment and heating on NFR (section 5.4.1.kijs Tesult stresses the need
to optimise the set of climate modification techm@q simultaneously instead of
sequentially. Fourth, the sensitivity analysis edgd the considerable impact of climate
set-points on NFR (Table 5.8), indicating an effentthe optimal design as well. In a
previous study, Vanthooet al. (2008a) indeed have shown that a change in climate
management would result in a different optimal ghemise design which in turn indicates
the relevance to select appropriate climate-sattpoi
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5.6 Conclusion

We have shown that a greenhouse climate-crop ymedel, extended with an economic
module can be used to select the greenhouse withhigthest annual NFR among a
predefined set of design alternatives for South®panish conditions and to evaluate
possible design improvements of existing greenh@uResults demonstrated that for the
given climatic and economic conditions, a multiiehwith only a fogging system would
be most profitable (0.16 m? yeaf'). However, the difference in annual NFR betweerhsu
a structure and a simple parral structure is s(Badl0€ m? year') with respect to the big
difference in investment (13.32m?), so that the investment pay-back time would edcee
the planning horizon of most growers. In additiinwas shown that if one is prepared to
invest in a heating system for a multi-tunnel, tliewould be certainly worthwhile to fit
CO, enrichment as well.

A sensitivity analysis of the NFR and related dastors was carried out to find
the factors with the largest bearing on profittet two extremes: the parral and the multi-
tunnel with heating, C®enrichment and fogging. In both cases the tomaicepthe
fraction of marketable yield and the PAR transnoissof the cover had the largest impact
on NFR. In addition, the NFR of the low-tech gremme would grow with NIR
transmission of the cover, with a decrease of thetfansmission of the cover and with an
increase of the temperature set-point for ventitation the other hand, the NFR of the
high-tech greenhouse would gain by lowering thetihgaset-point and raising the
ventilation set-point.

With respect to sensitivity to uncertain factorscls as weather and prices, we
have shown that with increasing technology leved, annual NFR depends less on outdoor
climate and more on tomato price. These resultganel that 1) to diminish the risk to
fluctuating price trajectories one should operatelow-tech greenhouse with low
investments, whereas 2) a high-tech greenhousedwoaler better the “weather risk”,
which should in turn allow for a higher tomato grid=inally, 3) a high tech greenhouse
would be more beneficial at high tomato priceswotild suffer more at low price levels.

Our results prove that the best greenhouse desigirongly affected by four
factors: weather, price trajectories, joint impattclimate modification techniques, and
greenhouse climate management. A model-based demthod can cope with these multi-
factorial design aspects and is therefore a s@itapproach to solve the resulting multi-
factorial design problem. Obviously, such desigprablem becomes unmanageable as
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soon as more alternatives are considered. Therafotee more general, the design method
must rely on a more efficient algorithm which vl presented in chapter 6.

Acknowledgements

We thank all the staff of the experimental statitias Palmerillas” of the Fundacion
Cajamar, particularly Antonio Céspedes, for pravidiall data and for their kind co-
operation while the first author was a guest ait thetitute. The economic parameters were
kindly provided by Ana Cabrera from the Economiadis Institute of the Cajamar
Foundation Fundacién Cajamar and the staff from Algeifood Business Division of
Cajamar (Agricultural Credit Cooperative). Thiseagch is part of the strategic research
programs "Sustainable spatial development of etesys landscapes, seas and regions"
and "Sustainable Agriculture” that are funded kg filrmer Dutch Ministry of Agriculture,
Nature Conservation and Food Quality.

147



Chapter 5

5.7 Appendix

Appendix A The calculation of the CG set-point for CO, enrichment

The CQ set-point increases linearly with global radiatit,, until a defined maximum

CO;, set-point,CO, 5, eemax: IS reached and, simultaneously, the,Gé-point decreases

linearly with the aperture of the ventilation opegs, U, .

COZAir_ExtOn = f (I Glob) |:g(UVent) |:qCC)ZAir_ExtMax - COZAir_ExtMin) + CO2Air_E><tMin

[ppm] (A.1)
I
&’ lGIob < IGIob_Max
I Glob_ Max
f (I o) = [ (A2)
:L IGlob 2 IGIob_Max
u en
1- # 'UVent < UVent_Max
Vent_Max
9Uven) = [ (A3)
0’ UVent 2 UVent_Max

where g (W m'z) is the outdoor global radiation)yey (-) is the window aperture,

CO,ur Exvax (PPM) is the maximum CQOconcentration set-pointCO, 5 geiniS the
minimum CQ concentration set-point (PPM)eiob_max (W m?) is the outdoor global
radiation at which the maximum G©oncentration set-point could be reached Eagl; max

(-) is the window aperture at which the £€bncentration set-point equals the minimum
CGO, concentration set-point (ppm).
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Chapter 6

6.1 Abstract

An optimisation algorithm, as an essential partaofmodel-based method to design
greenhouses for a broad range of climatic and en@ngonditions was described. This
algorithm—a modified controlled random search ugdagallel computing—maximised the
annual Net Financial Return (NFR) of a tomato gnolae selecting the best alternative to
fulfil the following eight design elements: type gfeenhouse structure, material of the
cover, outdoor shade screen, whitewash propettiesnal screen, heating system, cooling
system and a CQOenrichment system. As an example, the algorithm agplied to two
locations with different climatic and economic cdiwhs, i.e. Almeria and The
Netherlands. Due to the warm climate with high atidn levels in Almeria, a greenhouse
with a relatively large specific ventilation are20¢6 compared to 14% for Dutch
conditions), seasonal whitewash and a low-capaliigct air heater (50 W htompared to
200 W n¥ for Dutch conditions) was selected. In contrast, the relatively cold climate
with low radiation levels of The Netherlands, a #@luminium thermal screen and no
whitewash would give the best result. The desigthot produced realistic greenhouses
and related annual NFR, indicating that the metberdorms well. An analysis of the close-
to-best greenhouses showed that for both locati@isucture with high light transmissivity
considerably enhanced the greenhouse performanegeas an outdoor shade screen,
geothermal heating and mechanical cooling wouldnbé economical. These results
demonstrate the feasibility of a model-based desigproach that produces suitable
greenhouse designs for given climatic and econaondlitions.
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6.2 Introduction

When the current state in greenhouse design isidemesl, most studies have focused on
optimising the design for a specific location, twey considered only a single design
parameter. Specifically, Engel (1984) has optimistep by step the roof geometry,
insulation level and the size of the heat stordg@noenergy passive greenhouse for use in
the Southern California area; Amir and Hasegaw&8%) @ptimised the structural design of
a greenhouse with respect to mechanical propextidKaciraet al. (2004) have optimised
the vent configuration. However, for strategic demi making of greenhouse configuration
for world-wide climate conditions, a systematic ag@rh that integrates physical,
biological and economical models is the most pramgisvay as suggested by Baille (1999).
Therefore, we describe in this study an optimisatdgorithm, as an essential part of a
model-based method to design greenhouses. Theisatiom aims to maximise the annual
net financial result by modifying the greenhousesigie. The design method focuses to
select the best alternative to fulfil the followirgght design elements: (i) the type of a
greenhouse structure, (ii) the material of the cpfi#) the presence and type of an outdoor
shading screen, (iv) the presence of a whitewashitanproperties, (v) the presence and
type of a thermal screen, (vi) the type of a hepsipstem and its capacity, (vii) the type of
a cooling system and its capacity and (viii) thpetyof a CQ enrichment system and its
capacity.

The aim of this study is to integrate an optimmatalgorithm into the model-
based design method to select the best set of lypase design elements from of a large
number of alternatives. To demonstrate the fedisibif this approach, the greenhouse
design is optimised for two different locations: n#dria, Spain and De Bilt, The
Netherlands. The chapter is organised as follovrst,Fa description of the optimisation
problem is presented. Second, an optimisation éfgoris selected and briefly discussed.
Third, the assumptions for the Spanish and Dutctimigation studies are presented.
Fourth, the optimisation results are presented disdussed with respect to literature
results.
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6.3 Material and method

6.3.1 Description of the optimisation problem

6.3.1.1 Model overview
An overview of the design method is shown in chafiteThe greenhouse climate model is
described in chapter 2, the crop yield model inptéia3, and the economical model in
chapter 5. Therefore only a concise descriptiothese models is presented here.

The various models consist of a set of differerg@ations:

X = f(X,U,D,P,t) [ (6.1)
whereX is the state vector containing the indoor climaeables, the crop variables and

the resource consumption variabIeX, denotes the derivative of the state vector with
respect to timeyJ is the climate control vector containing the cliemaontrol valve settings,
D is the outdoor climate vectd?,is the model parameter vector an@) is time.

6.3.1.2 The integer greenhouse design vector

This optimisation focuses on the following eightsige elements: (i) the type of a
greenhouse structure, (ii) the material of the cpi#) the presence and type of an outdoor
shading screen, (iv) the presence of a whitewashitanproperties, (v) the presence and
type of a thermal screen, (vi) the type of a hepsipstem and its capacity, (vii) the type of
a cooling system and its capacity and (viii) thpetyof a CQ enrichment system and its
capacity (Fig. 6.1).
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Fig. 6.1 Functions (coloured boxes) and design elem (text blocks and pictures below the
accompanying functions) used to manage the greesghalimate (transparent boxes inside the
greenhouse). The coloured arrows represent theouarenergy and mass fluxes (legend at the bottom
right). The selection of alternatives to fulfil tHellowing eight design elements: the type of
greenhouse structure, the cover type, the outdbades screen, the whitewash, the thermal screen,
the heating system, the cooling system and thee@fichment system.
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To optimise this set of design elements, an intggeenhouse design vector as shown in
Fig. 6.2a was defined, which consists of eightglesiements:

| ={e,e,,....}  withl<e <nlandj=12..8 [l (6.2)
where each design element is denoted by an intiggign variableg that can be fulfilled

by nd alternatives as described in Table 6.1. For exantpe particular realisation of the
integer greenhouse design vector as presented.i®2b is thus represented as:

| = {21125341} [[1 (6.3)
1: No
1: PE film 1: No 2 - 5: Direct air heater 1: No
2: Double PE film 2: 75% transmission 6 - 9: Boiler heating 2 - 5: Pure CO, supply
a 3: Glass 3: 50% transmission 10: Geothermal heat 6 - 8: Industrial CO,
nd =8 3 3| Indoor
Structure Cover Whitewash thermal
screen
1 - 4: Multi-tunnel 1: No 1: No 1: No
5 - 8: Light structure 2: 46% transmission 2:100% PE 2 - 4: Fogging
3: 25% transmission 3: 50% PE, 50% Alu 5 - 8: Pad and fan
4:25% PE, 75% Alu 9-12: Mechanical cooling
5:100% Alu

n/=8 3 3 S
2 1 2 5

Fig. 6.2 An overview of the integer greenhouse aegagtor (a) with an example (b). Fig. 6.2a Each
coloured box represents a design element that coeldxecuted by several alternatives as presented
in the light-blue boxes. The number of alternatit@sulfil a design elementdnis presented in the
upright corner of coloured boxes. Fig. 6.2b An egherof a integer greenhouse vector which can be
interpreted using Table 6.1 and represents: a mulinel structure type 2 covered with a PE film
and equipped with: no outdoor shade screen, a sedsemwhitewash with a transmission of 75%, a
100% aluminium thermal screen, a direct air heatéth a capacity of 1.0 MW, a fogging system with
a capacity of 600 g fih and no CQ enrichment. Detailed information about the spegifioperties
and/or capacities of the design elements is preskimt Table 6.1.

From Fig. 6.2 and Table 6.1 it can be inferred thé integer vector presents a multi-
tunnel structure type 2 covered with a PE film agdipped with: no outdoor shade screen,
a seasonal whitewash with a transmission of 75%0@% aluminium thermal screen, a
direct air heater with a capacity of 1.0 MW (equéve to 100 W rif), a fogging system
with a capacity of 600 g fhh* and no C@enrichment.
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Table 6.1 The economic parameters needed to deterthe annual costs of the maintenance and
depreciation for all design elements as describadchapter 5: the investments,gs; the
depreciationypepreciaiion, and the maintenanogyaintenace;

DeSign element Q qlnvest,i qlnvest,i NDepreciation,i /Maintenace,i QConstr,i
£Em? € % year" % yearr € m?year"

Structure (j=1)

Multi-tunnel 1Ha, 0% Vent 1 15.00 7.0 2.0 1.35
Multi-tunnel 1Ha, 29% Vent 2 18.00 7.0 2.0 1.62
Multi-tunnel 1Ha, 45% Vent 3 21.30 7.0 2.0 1.92
Multi-tunnel 1Ha, 77% Vent 4 30.14 7.0 2.0 2.71
Venlo 1Ha, 0% Vent 5 29.00 7.0 0.5 2.18
Venlo 1Ha, 14% Vent 6 32.00 7.0 0.5 2.40
Venlo 1Ha, 20% Vent 7 33.25 7.0 0.5 2.49
Venlo 1Ha, 38% Vent 8 47.50 7.0 0.5 3.56
Covers (j=2)

PE Film, Spain 1 1.38 33.3 5.0 0.53
PE Film, Netherlands 1 4.00 12.5 5.0 0.70
Double PE film, Spain 2 2.38 33.3 5.0 0.91
Double PE film, Netherlands 2 5.00 12.5 5.0 0.88
Glass 3 5.00 7.0 0.5 0.38
Outdoor shade screen (j=3)

No 1 0.00 0 0 0
OLS 50 Abri, 46% transmission 2 3.81 20.0 5.0 0.95
OLS 70 Abri, 25% transmission 3 3.97 20.0 5.0 0.99
Structure shade screen 13.30 10.0 5.0 2.00
Whitewash (j=4)

No 1 0.00 0 0 0
Whitewash 75% tr Spain 2 0.07 100.0 0 0.07
Whitewash 75% tr Neth 2 0.80 100.0 0 0.80
Whitewash 50% tr Spain 3 0.09 100.0 0 0.09
Whitewash 50% tr Neth 3 0.82 100.0 0 0.82
Indoor thermal screen (j=5)

No 1 0.00 0 0 0
100 % PE 2 1.50 20.0 5.0 0.38
50% Aluminium/50 % PE 3 4.06 20.0 5.0 1.02
75% Aluminium/25 % PE 4 4.24 20.0 5.0 1.06
100% Aluminum 5 5.58 20.0 5.0 1.40
Structure thermal screen 2.97 10.0 5.0 0.45
Heating systems (j=6)

No 1 0 0 0 0
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DeSign element q qmvest,i qlnvest,i MDepreciation,i /Maintenace, i QConstr,i
£Em? € % year" % yearr € m?year"
Direct air heater: 0.5 MW 2 16725 15.0 2.5 0.29
Direct air heater: 1 MW 3 29225 15.0 2.5 0.51
Direct air heater: 1.5 MW 4 44850 15.0 2.5 0.78
Direct air heater: 2 MW 5 57350 15.0 2.5 1.00
Boiler: 1.16 MW 6 60000 7.0 1.0 0.48
Boiler: 1.74 MW 7 66000 7.0 1.0 0.53
Boiler: 2.32 MW 8 80400 7.0 1.0 0.64
Boiler: 3.48 MW 9 92400 7.0 1.0 0.74
Geothermal 7 MW 10 6000000 4.0 5.0 54.00
Heating pipes, 1 pipe per m 5.45 7.0 0.5 0.41
Cooling systems (j=7)
No 1 0 0 0
Fogging: 200 g A h* 2 550 10.0 5 0.83
Fogging: 400 g A h* 3 7.00 10.0 5.0 1.05
Fogging: 600 g M h* 4 10.00 10.0 5.0 1.50
Pad and fan: 50 fm?2 h'* 5 354 10.0 5.0 0.53
Pad and fan: 100 fm? h* 6 507 10.0 5.0 0.76
Pad and fan: 150 m? h! 7 6.60 10.0 5.0 0.99
Pad and fan: 200 tm? h! 8 8.14 10.0 5.0 1.22
Mechanical cool: 0.5 MWe/unit 9 240000 7.0 2.0 2.16
Mechanical cool: 1 MWe/unit 10 480000 7.0 2.0 4.32
Mechanical cool: 1.5 MWe/unit 11 720000 7.0 2.0 6.48
Mechanical cool: 2 MWe/unit 12 960000 7.0 2.0 8.64
CO; supply (7=8)
No 1 0 0.0 0 0
Pure supply: 50 kg Hah* 2 3120 10.0 0 0.03
Pure supply: 100 kg Hah* 3 3120 10.0 0 0.03
Pure supply: 150 kg Hah* 4 4320 10.0 0 0.04
Pure supply: 200 kg Hah* 5 4320 10.0 0 0.04
Industrial CQ: 100 kg H& h* 6 20000 6.7 2.0 0.17
Industrial CQ: 150 kg H& h* 7 21000 6.7 2.0 0.18
Industrial CQ: 200 kg H& h* 8 22000 6.7 2.0 0.19
CO, distribution system 0.34 10.0 5.0 0.05
Remaining costs for irrigation, crop protectiorteimal transport, sorting, packaging etc.
Spain 11.13 10.0 5.0 1.67
The Netherlands 38.73 10.0 5.0 5.81
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6.3.1.3 Performance measure
The performance measure to be maximised is thectegbeannual net financial result
(NFR) of the grower, described by:
t=t;
mIaXJ (tf )= _QFixed + J-QCropYield - Q/ardt [€ m yeafl] (6'4)
t=ty
whereJ (€ m? year?) is the annual net financial result of the grovigts) andt; (s) are the
beginning and the end of the production period eespely, Qryeq (€ M? yeai') are the
fixed costs related to the tangible ass@&opvieid (€ m? yearl) is the economic value of
crop yield,Qu.r (€ m? year') are the costs related to the crop (i.e. planenst fertilisers,
crop protection and other crop assets), resoureg(insthis study defined as water, €O
fossil fuel and electricity) and labour. A more alktd description of the individual cost
elements can be found in chapter 5. Labour costsis®d of fixed cost related to crop
maintenance plus a fraction that was linearly eelab crop yield. The cost of the use of
individual resources was calculated with:

Q\Nater = 103 q\Nater((l-l_ %ﬂjMVCanAir + IleFogAir + MVPadAirNetJ [€ m_z S_l] (6-5)

100
Qcoz =10° (qCOZ_ExtMCExtAir * Ocoz_ind MCIndAir) [€m?s'] (6.6)
QFueI = M (H BoilPipe +H BIowAir) [€ m—2 S-1] (6-7)
Fuel
QEIec :% (PPad + PFog + PGeo + I:)Mech) [€ m’ S-1] (6-8)

wherequater (€ m'3) is the water priceypain (%) is a fraction of crop transpiration needs to
assure sufficient irrigationMVeanair (kg m? s?) is the transpiration rate of the crop,
MViogair (kg mi* %) is the fogging rateMVeagaimer (kg m> s7) is the water added to the
inlet air of the pad and fan systemo, gx (€ kg‘l) is the price of pure CO MCgyair
(mg m?” s is the CQ enrichment rate of pure GOGcoz nd (€ kg?) is the price of
industrial CQ, MCpaar (Mg m? s) is the CQ enrichment rate of industrial GOGryel

(€ m®) is the fuel pricegre (I n1°) is the energy efficiency of the futdggipipe (W M) is
the heat supply to the heating pipEgiwair (W m?) is the heat supply from the indirect air
heater to the greenhouse dig. is the electricity price€ kWh'l), Ppag Prog: Pceo and
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Puvech IS the electricity consumption of the pad and $gstem, the fogging system, the
pump of the geothermal source and the mechanicalingp system respectively.
Calculation of electricity consumption rates isgaeted in section 6.6.1.

6.3.1.4 Impact of extreme humidity levels on tomato qualityparameters

As presented in chapter 5 the economic crop yeeldeiscribed as a function of crop yield
mass and two quality parameters i.e. the fractidiirst class tomatoes and the marketable
fraction. A description of the impact of indoorrokite on these quality parameters was not
integrated in the design method. Therefore, agsh fipproach two quality filters were
developed to describe the impact of humidity on iterketable fraction and fraction of
first class tomatoes. These quality filters weresdohon real climate data and quality
parameters as described in section 6.6.2.

6.3.2 The controlled random search optimisation algorithm

6.3.2.1 Description and implementation of the algorithm

The controlled random search (CRS) method of P(k®77) was used to solve the
optimisation problem. Such a derivative-free globatimisation method was required
because the performance measure will have many fbagima and its gradient is not
continuous. In addition, the CRS allows efficienargdlel computing, it is easy to
implement, it is a robust optimisation method ahdré is no need to fine-tune many
algorithm parameters. Because of the time neededlt® the optimisation problem (Table
6.2), a solution based on parallel computing isdedeto achieve manageable CPU times.
Furthermore, due to its population-based natume,otlitput of the CRS method produces
valuable information about the close-to-best design

Table 6.2 The number of design alternatives, tieeded to evaluate all design alternatives and the
time needed for design optimisation under consé@iand unconstrained conditions.

Location Number of designYears needed to evaluate all designDays needed for

alternatives alternatives by one computer parallel optimisation
Spain 5.40.0° 26 2
Netherland 8.640° 41 3

The" indicates that a single simulation time of 25 n@suvas assumed.

The” indicates parallel optimisation with 50 computersiaan optimisation algorithm that evaluates
at most 1% of all design alternatives to come ugh &isolution. For the Spanish case fewer designs
were evaluated because the SDpply from industry was not optimised.
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The original CRS method of Price (1977) iterativehproves a candidate populatiénof
best guesses for a number of continuous designmedeas This populationconsists ofN
continuous design vectors constituting eachno€ontinuous design variables and the
accompanying performance measure values. After iadtion, a new design vectbris
created based oft and the performance measukeis evaluated. If), is higher than the
lowest performance measure value An the design vector associated to the lowest
performance measure is replaced Ibynd the lowest performance measure value is
replaced byj,.

The original CRS was developed for continuous ojtition problems whereas
the greenhouse design optimisation is approachexh asteger based problem. However,
according to Lampinen and Zelinka (1999), poputatiased methods developed for
continuous problems could solve discrete optimisaproblems provided that the discrete
parameters are represented as floating point vauea when the problem is inherently
discrete. The performance measure is thus evaluanted the floating-point parameter
values are rounded to, but not overwritten by,rthearest allowable discrete values (Price
et al, 2005). The original CRS algorithm was thus medifito assure that the integer
design problem was efficiently solved. In addititm,speed up the optimisation process, a
new design vector could only be evaluated oncehleymodel. Specifically, only design
vectors which are not stored in populat®nnor in the memory stadR will be evaluated
A detailed description of the modified CRS algaritis presented as software steps below:

Steps 1 to 3 are performed to initialise the optinsiation parameters
1. DefineN, the number of design vectors. Price (1983) pregbkas a function of the

total number 0h=8 design variabledN=25n.

2. Choose randomli{ sets ofh design variables over the search dom&and store the
design vectors in the firstcolumns of theN x (n+1) population matriXA.

3. Initialise Counter = Oand the memory stadkas an empty x (n+1)vector. The
memory staclB is used to store the evaluated design vectoraecmimpanying
performance measures.

4. |Initialise the maximum number of iteratioBsuntefy,,.

Steps 4 to 8 determine the performance measure vaufor each individual in the
population A.
5. Update the variable countéounter = Counter +1

6. If Counter< N, proceed with step 7. Gounter > N go to step 8.
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7.

Obtain the design vectdylocated at row numbéounterof matrix A. DetermineJ;,
the value of the performance measuré afid storg), in the common matriR at row

numberCounterand column number+1. Proceed with step 5.

These steps are performed to improve the populatioA

8.

10.
11.
12.

13.

14.

15.

16.

17.

18.
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Choose randomlg + 1 distinct sets of the design vect®s R,... R from the

populationA. Determine the centroi@ of the pointsRy,...R,. Then determine the next
design vectot such thatl = 2G - ﬁnﬂ. Wherel ,G, Rﬂ represent the position

vectors in then-space.

Roundl to the nearest allowed integer values so thattizetifiedl, is obtained. Keep
the originall in the floating-point parameter domain.

Is I, consistent with the constraints? If not go to fejf so, proceed with step 11.
Update the variable countéZounter = Counter +1

Exist I in the quantified population matri, or in the memory stadB? If not,

proceed with step 13, if so, obtai]]q from A or B and go to step 14.

Evaluate the performance measure to deterd1,ig1ethe value of the performance

measure a;.
Determine fromA the design vectot,, which has the lowest performance measure

valueJ,

If qu < J,, proceed with step 16. Lﬂlq >J,, go to step 17.

Storely andJIq in theB matrix. IsCounter> Countef,,? If so, maximum number of

iterations reached and exit optimisation algorithfirmot, go to step 8.

Replace im, the design vectdr by | and the performance measU[ebyJ,q .Thusl

and notly is stored inA as recommended by Lampinen and Zelinka (1999) aice €t
al. (2005). Store the quantified design vedtgand its performance measuken B.
Is Counter> Countef«? If so, maximum number of iterations reachedolf go to

step 8.
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This modified CRS algorithm was implemented in aaflal processing program that used
50 personal computers (each equipped with a 300@ Mt¢l core 2 DUO processor with 2
GB internal memory). These computers could simelasly: readN andCountef;q,; read
and write the matrices, B and theCountervariable. Each computer evaluated a particular
performance measure by solving the differentialatigns of the model with a variable time
step ODE solver as included in Matlab ®.After each evaluation, the common variables
and matrices were modified, a new greenhouse deggndetermined as described by the
modified CRS algorithm and this designh was evahliafdl greenhouse design evaluations
in the parallel computation process were synchezhia time as to guarantee an objective
search. The number of integer design vectors iptpilation matribA was set toN = 250
which was larger than Price’s (1983) proposition Ni25-8=200 as to increase the
probability that a global maximum was found. Basedthe consistent convergence of the
performance measure during optimisation, the maminmumber of iteration€ountefay
was set to 7500.

6.3.2.2 Analysis of the results of an optimisation run

As the CRS method is a population-based optimisatiethod, the exit-population offers
interesting additional insights. The population ggEenhouse designs can be evaluated
using distribution curves and sensitivity analysishniques.

The distribution curves show for the set of closdést greenhouse designs the
frequency of all alternatives to fulfil each desiglement. In this study, the set of close-to-
best greenhouse designs consisted of greenhousekifth the NFR differed less thath€
m? year' compared to the NFR of the best greenhouse @nctiipter denoted withNFR
< X € m? year'). The frequency of each alternative was expresséd wf the resulting
population size In this study the distribution curves of the desiglements were
determined for two sets of best greenhousesANER < 0.25€ m? year' and ANFR <
1.50€ m? year".

The sensitivity analysis shows the impact of aérlatives to fulfil each design
element. The sensitivity was defined as follows. &ach alternative, a sub-population was
created that existed of only designs equipped thih specific alternative. Subsequently,
the mean of the NFR of this sub-population was rd@teed and shown in the sensitivity
analysis. When evaluating the impact of one altdéreathe other alternatives to fulfil the
remaining seven design elements were thus allowedhty. This single-variate analysis
was used to reduce complexity when analysing thienggation results.
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6.3.3 Two cases: Almeria, Spain and De Bilt, The Nethwaita

To demonstrate how the optimised design dependdoocal climate and economic
conditions, two locations were selected: Almeripai and De Bilt, The Netherlands. In
this section, the assumptions underlying the ogtition study are presented. This includes
the greenhouse design elements, crop conditiondpouclimate, climate management and
economic parameters.

6.3.3.1 Greenhouse design description

A long tomato growing period was used for both tmres: in Aimeria from August®ito
July *'and in De Bilt from December T30 December L For both locations the standard
climate year was used as described in section.8.ar8l the crop conditions are described
in Table 6.3. Both greenhouses were assumed to &agetangular shape of 200 x 50 m
resulting in a floor area of 1Ha.

An overview of the set of eight greenhouse desigments to be optimised and
their accompanying economic parameters are presé@nieable 6.1. For both locations, the
same possible design alternatives were consideitbdtive exception that CQenrichment
from an industrial source was not considered ptessib Spain. The two possible
greenhouse structures were: a cheap structureawidatively low light transmissivity of
71% (such as an iron arch-shaped multitunnel) andoge expensive structure with a
higher light transmissivity of 95% (such as a Vetylpe structure). Note that the overall
greenhouse transmission depends also on covenwewash, and light absorbing design
elements such as structures to mount the indoomatabor screen. Both structures could
be coupled to four different specific ventilatioreas. The structure with the low light-
transmissivity had side ventilation in the 2 lomdes and continuous roof ventilation in one
side of each span. This structure could only beege) with a film. The structure with the
high light-transmissivity had only roof ventilation

The possible greenhouse cover materials were:ghesiRE film, a double PE film
and a single glass cover. For the movable outdbades screen and for the whitewash,
several alternatives with different light transmasscould be selected. For the movable
indoor thermal screen there were several alterestivith different ratios of aluminium and
PE (influencing the far infrared radiation fluxegor the heating system, a number of
capacities, including zero, of a direct air heatethoiler and geothermal heat could be
selected. A direct air heater supplies heat,, @@d the water vapour directly to the
greenhouse air, whereas a boiler and a geothewwunates both supply heat to the heating
pipes, which, in turn, heat up the greenhouseyagdmvective heat exchange and radiation.
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The boiler system had lower investment costs agtidni variable costs compared to the
geothermal source. The G@roduced by the boiler is also supplied to theegh®use air.
The source to supply GQo the greenhouse could be selected between pDsefr@m a
tank and industrial waste G(all with a number of capacities. At equal capagiure CQ
supply had lower investments cost and higher viiaosts than industrial GOThe
possible cooling systems were: high-pressure fgggiad and fan and mechanical cooling,
all possible with a number of capacities.

A commonly encountered growing system was seleftedeach location. In
Almeria, plants were assumed to grow in soil wherega The Netherlands plants were
grown in substrate above a white foil. Therefohe, teflection coefficient for visible light
of the floor layer was higher in The Netherlandartlin Spain. A closed irrigation system
with disinfection unit was used in The Netherlamdsch resulted, compared to Spain, in a
lower fraction of crop transpiration needs to assufficient irrigation.

6.3.3.2 Local climate

Variations between different outdoor climate ydzasge a significant impact on the NFR as
demonstrated in chapter 5. Therefore, a standandaid year representing long term
climate data was created using the algorithm baseBreuer and Van de Braak (1989) as
presented in section 6.6.3. This algorithm selécis the long term series climate data,
each single month with the closest match to thennmanthly values of temperature and
global radiation sums. Spanish climate data ofpieod 2004 — 2009 and Dutch climate
data of the period 1989 — 2009 were used to detersiich standard climate years. Fig. 6.3
presents the monthly mean values of the daily dglofdiation as a function of monthly
mean outdoor temperature for Almeria and for D¢. Bil
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Fig. 6.3 The monthly mean values of the daily dlabdiation as a function of the monthly mean
outdoor temperature for Almeria (solid line withags) and for De Bilt (dashed line with triangles).
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6.3.3.3 Greenhouse climate management

The climate control valve settings are determinedaafunction of the climate control
strategy and the applied climate set-points. Foh baxations the same greenhouse climate
set-points were used, as presented in Table 6.3%nBgure that differences between
optimisation results were only caused by climatid @conomic conditions. However, the
period for which a seasonal whitewash could beiagphas longer in Spain than in The
Netherlands. The strategy for controlling the amperature is presented in Fig. 6.4. The
set point for C@enrichmentCO,4;r exion iNcreased with increasing outside global radratio
and decreased with increasing ventilation rate wiwas based on Magéa al. (2008) as
described in section 6.6.4. The outdoor shade sonees used when the outdoor global
radiation was higher thages shser on

Tout_ThScr_on Tair_heat_on Tair_vent_on Tair_cool_on
|

| I
¢——1 Vents are open if:
- CO2ar < CO2air_vent_off
or:

|
| Active cooling
| mechanisms on

Thermal screen
is used at night-

- RHai > RHair_vent_off
;
time T

|
|
I
| Vents are closed
— Vents are open | if pad and fan or
|
[
|

|
Heating |

mechanisms on |
.

mechanical
cooling is used

|
|
|
|
|
|
5
A
I
|
|
|
|
|
.

Temperature ——>
Fig. 6.4 The greenhouse temperature control stratieased upon climate set-points. Values of the

climate set-points are listed in Table 6.3.

6.3.3.4 Economic conditions

The performance measure was calculated using thatieqs presented in chapter 5 and
section 6.3.1.3. The economic parameters neededet@rmine the annual fixed costs
related to the tangible assets are presented ile Bab. Similar costs for the tangible assets
were used for the two locations, except for thendiland the whitewash, for which the
investments costs were higher in The Netherlands th Spain. Since different growing
systems were used, each location had differentiréngacosts. The economic parameters
to determine the variable costs are presented e T&4. For Almeria, the weekly tomato
price of the first and second class long life tomeat (Anonymous, 2009) were averaged
over four successive production periods betweer 20@ 2010. For Dutch conditions, the
4 week period price of the first and second classsttomatoes of Vermeulen (2010) were
averaged over four successive years i.e. 2006 9.200
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Table 6.3 Overview of the outdoor climate, the ghesise climate management and the crop
conditions used for the greenhouse design optiiisat

Almeria, Spain De Bilt, The Netherlands
Greenhouse climate management

August £'— September 15
(full whitewash)
March F— April 15"
(50 % whitewash
April 16— June 3

(full whitewash)

June f'— August 18

Whitewash (50 % whitewash)

I giob_shser_o W N 650 650
Tair vent on(°C) 24 24
RHair vent on(%0) 85 85
COzair_vent_min(PPM) 200 200
COzair_vent_ma{PPM) 3000 3000
Tair_heat_on(°C) (night/day) 17/19 17/19
Tair_cool_on(°C) 26 26
Tout_thser_or(°C) 14 14
COunir_exivax (PPM) 1000 1000
COunir_xtmin (PPM) 390 390

I Glob_max (W 1) 500 500
fVentExtCOZJ\Aa>(m3 m?® st 6.9510° 6.9510°

COair_Extcoz_oPPM)

Function of global radiation Function of global radiation

and ventilation rate

and ventilation rate

Crop conditions

LAI_start 0.3 0.3
LAI_max 2.5 2.5
Start growing periody August ' December 18
End growing periodt; July 10 December %
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Table 6.4 An overview of the costs-related variahised in this study

Parameter explanation Parameter Unit Almeria Source De Bilt Source
The average conversioadtor from tomat 1 s Based on 6 .
dry matter to fresh matter 7IDMFM kg mg 15.9510 Magénet al.(2008) 18.1810°  Based on practice
A fraction qf .crop.tr.ans.p iration needs to NDrain % 30 Based on practice 0 Closed system
assure sufficient irrigation
Marketable fraction of harvest — i i anctlon of indoor i anctlon of indoor
climate climate

Energy content of gas NFuel Jmd 31.6510° Known 31.6510°  Known
Interest rate Minterest % 35 Cajamar 5 Vermeulen (2008)
The cost of short-term borrowing Minterest_Short % 1 Cajamar 1 Vermeulen (2008)
The labour cost coefficient that describes Based on Peréat
impact of the production level on labour  #anour kg h kg* FM 0.010 al. (2003) 0.0043 Vermeulen (2008)
cost ’
The labour cost coefficient that describes Based on Peréat
the impact of plant related labour (no NLabour m2 h m? 0.270 0.825 Vermeulen (2008)

A - al. (2003)
harvest) on variable labour cost
The annual maintenance cost coefficient of -
design elemerit Avainenancei %0 year - See Table 6.1 - See Table 6.1
The annual depreciation coefficient of -
design elemen'? Depreciation, i % yearl - See Table 6.1 - See Table 6.1
The material costs for packaging NPackage € kg* 0 Part of sales cost 0.009 Vermeulen (2008)
The unacpounted fraction of greenhouse rem % o5 Assumed o5 Vermeulen (2008)
construction costs
The sales cost coefficient for sorting and o .
selling the tomatoes Nsales % 9 Cajamar 2.75 Vermeulen (2008)
The fraction of first class tomatoes in NTom1 % - Depends on indoor - Depends on indoor
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marketable yield
The transport cost per kg tomatoes

Greenhouse floor area

Pure CQ costs

Industrial CQ costs

Electricity costs

Gas costs

Initial investment of design elemeint
The labour costs

Time variant first class tomato price
Time variant second class tomato price
Water costs

Plant material

Plant density

Fertiliser

Crop protection

Waste treatment

Remaining materials

Substrate

HTransport

AFIr
Ocoz_Ext
Qco2_ind

OElec

Cruel

Qinvest,i
QLabour
qToml
qTom2

anter

€ kg

m2

€ kg?
€ kg?
€ kwh*
£€ms
€
€nt
€ kg*
€ kg*
€m
€ plant?

€ m? year*
€ m? year*
€ m? year*
€ m? year
€ m? year

0.02

10000
0.20

0.13
0.38

54

0.25
0.45
25
0.6
0.35
0.36
0.3

climate

Cajamar

Assumed
Cajamar
Not selected
Cajamar
Cajamar
See Table 6.1
Cajamar
Cajamar
Cajamar
Cajamar
Cajamar
Practice
Cajamar
Cajamar
Cajamar
Cajamar

Not used

10000
0.10
0.06
0.07
0.25

16.0

0.65
2.5
0.9

0.75
1.15
13

climate

Included in sales
costs

Assumed
Vermeulen (2008)
OCAP

Vermeulen (2008)
Vermeulen (2008)
See Table 6.1
Vermeulen (2008)
Vermeulen (2008)
Vermeulen (2008)
Rain water is used
Vermeulen (2008)
Practice
Vermeulen (2008)
Vermeulen (2008)
Vermeulen (2008)
Vermeulen (2008)
Vermeulen (2008)
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6.4 Results and discussion

For each location, the evolution of the two degigpulationsA are presented in section
6.4.1. Then, in section 6.4.2 the best designslamissed and relevant economic aspects
are described. The close-to-best designs are athiyssection 6.4.3 using distribution
curves and sensitivity analysis. In section 6.4etfgerformance of the model-based design-
method is discussed.

6.4.1 Evaluation of the performance measure during ogation

For both locations, the CRS algorithm was able dlves the multi-factorial greenhouse
design optimisation problem. Specifically, with iieasing iteration number, the
performance (NFR) of the design populatidrincreased (Fig. 6.5). Two different start
design populations yielded the same maximum NFR wiinilar end design populations
and each time the mean NFR of the design populatimverged to the same maximum
NFR. Therefore we can claim with some confidencat @ global maximum NFR was
found. The highest NFR was reached after 3000titars for the Spanish case, whereas the
Dutch one required some 5000 since there were nhesgn alternatives, as presented in
Table 6.2. These numbers indicate that the evaluatif less than 1% of all design
alternatives was sufficient to come up with theegit®use with the highest performance in
both cases. The optimisation was stopped after t8@dlions because it was expected that,
due to the flat trajectory of the NFR, the desigald not be improved much further.
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Fig. 6.5 The evolution of the net financial resofitthe design population ‘A’ in Almeria (a) and in

The Netherlands (b). For both figures, the solidelirepresents the maximum NFR of the first
optimisation run, the dotted line represents theximam NFR of the second optimisation run, the
dashed line represents the mean NFR of the firsimigstion run and the dashed-dotted line
represents the mean NFR of the second optimisation r
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6.4.2 Evaluation of the best greenhouse design for botiditions

6.4.2.1 The best design as a function of local conditions

Table 6.5 shows that the best greenhouses wergeadép Spanish and Dutch climate
conditions as presented in Fig. 6.3. For the nedhtiwarm climate with high radiation
levels in Almeria, a greenhouse with a relativelyge ventilation area (20% compared to
14% for Dutch conditions), with seasonal whitewéshieduce the indoor temperature and
fitted with a direct air heating of small capadi/5 MW compared to 2.0 MW for Dutch
conditions) was selected. In contrast, whitewasts wat selected in view of the low
radiation levels in The Netherlands, and a therswiten was selected to increase the
heating efficiency for the relatively cold climatéor both conditions, a structure of high
light transmissivity was selected to benefit as Imas possible from outdoor radiation. £O
application was worthwhile only for Dutch conditiynthanks to the lower ventilation
requirement (and thus a higher £8upply set-point, see section 6.6.4) and the targe
difference between the average tomato price angahable CQ price in The Netherlands.
Specifically, this difference was in The Netherlarii73 - 0.06 = 0.6€ kg* and in Spain
0.56 - 0.20 = 0.3€ kg™.

Table 6.5 The optimised greenhouse design in Atnaeril The Netherlands.

. OutdoorWhite Indoor Heating
Location Structure Cover
screen wash screen MW

CO, supply NFR
kg Ha® h! € m? year'

Almeria Light, 20% Glass No 50%tr No Dirair: 0.5 No No -0.11
NetherlandLight, 14% Glass No No 100% AlWDirair: 2.0 No Ind 200 -9.41
The" indicates the specific ventilation area of theegreouse

Cooling

For Spanish conditions the annual NFR was -& b1’ year* and for Dutch conditions the
annual NFR was -9.44 m? yeaf', which agreed reasonably well with Vermeulen (2008
who determined an annual NFR of -11.06m? yeaf' for a similar greenhouse. These
negative values indicate that growers, under tiom@nic conditions considered, could not
make a living at both locations. For Spain, sonsuaptions related to the depreciation,
maintenance and the short term borrowing costs tiglve resulted in negative NFR
values. For The Netherlands, it is known that ogitgwers with a co-generator to sell
electricity (not considered in this study) havenear money in spite of the relatively low
tomato prices of the last years. However, thesatnagvalues will not have affected the
optimisation outcome, since in this study the ahikER was maximised.

The selected best greenhouse for Almeria agressmahly with the greenhouses
encountered in practice. Whitewash (and not otleading means) was selected, which
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agrees with an economic analysis of Gazqe¢zal. (2008) who demonstrated that
whitewash in combination with sufficient ventilaticarea was the most cost-efficient
cooling treatment for sweet peppers under Soutlganish conditions. Moreover an
outdoor shade screen, an indoor thermal screelC@dupply were not selected, and they
seldom are found in Almeria greenhouses. However, kesults suggest that the
performance of the commonly encountered parralrireeses might be improved by; (i)
using a high-light transmissivity structure, covksgith glass, which would increase light
transmissivity from 57% to 75%; (ii) increasing theean ventilation area from 13% to
20%; and (iii) by installing a low-investment hesgisystem with a limited capacity. The
use of a higher light transmission (Soriagtaal, 2004) and higher specific ventilation area
(Pérez-Parraet al, 2004) to increase crop yield was already dematestr As cover
material glass (rather than the much more widelglia@ single PE film) was selected,
mainly for its lower annual costs (0.88m? year' compared t®.53€ m? year') and for
the slightly higher light transmission (82% comphte 81%). This result indicates that a
greenhouse with more advanced technology mighehbsilfle provided that enough funds
are available for the required additional investm&pecifically, the investment cost of the
selected design is 52.4 m? which is much higher than the 21.84m? required for a
common parral greenhouse. This large differenc@vastment cost was probably caused
by our choice of not constraining the investmerteptal.

For Dutch conditions the optimised greenhouse desigs quite similar to the
common greenhouses, with exception of the heatystes. The design method suggests
that a direct air heater would give a higher NFRereas a boiler with pipe heating system
is used in practice. Simulations revealed thatrectliair heater had a higher heat efficiency
than a boiler-pipe heating system. The lower héfitiency of the boiler-pipe heating
system was caused by higher heat losses from trer ¢ outside (due to the far infrared
radiation (FIR) from pipes to cover) and becaus¢hefhigher ventilation demand due to
higher humidity levels caused by a higher trangipinarate (due to the FIR from pipes to
canopy resulting in a higher canopy temperaturgwéber, in reality, the boiler-pipe
heating system has several advantages: the pipedeaised as internal transportation
system; the heat can be buffered enabling a smhbéder capacity and higher GO
efficiency of exhaust gasses. In addition, thedliegr heater might exhaust flue gasses and
increases spatial climate differences which bothhinhegatively affect crop growth. Since
these processes were not described by the modeleshilts of the design optimisation are
not surprising.
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6.4.2.2 Relevant cost aspects that determine the NFR

Both locations had the same four main costs aspextfixed costs, labour, energy and
plant related costs (Table 6.6). The contributibrwater, electricity and Coto the total
costs was small. Although the greenhouse climatéefrand tomato yield model were both
successfully validated in chapters 2 and 3 to asseliable NFR values the crop yield
value, labour costs and energy were compared witleg described in literature.

Table 6.6 The simulated economic costs that deterthie NFR of the optimised greenhouse in Spain
and in The Netherlands.

Location Spain Netherland
(€ m?year') (€ m? year?)
Crop Yield 22.50 41.73
Fixed costs 6.43 14.57
Variable costs
Labour 3.63 17.73
Energy 6.54 9.48
Water 0.21 0.00
Electricity 0.00 0.21
CG, 0.00 0.34
Plant related costs 5.80 8.81
Net financial result -0.11 -9.41

In Spain, the calculated marketable tomato yieldi®@f3 kg nf was considerably higher
than the marketable tomato yield of 23.8 kg measured in a high tech greenhouse by
Maganet al. (2007). The higher simulated crop yield was causgda 50 days longer
simulated production period (using a simulated potidn period similar to the measured
one would have resulted in a simulated crop toryitl of 32.1 kg rif) and by the higher
light transmission of the optimised greenhouse esiitchad less light absorption design
elements i.e. no shading screen and no thermadrsciieo check the order of magnitude,
simulation results were compared with values oletifor a sweet pepper crop by Magén,
Lépezet al. (2008). They found similar amounts for labour sog.3€ m? year versus
the simulated labour of 3.68 m? year') and energy costs (4.3 m? year versus the
simulated gas consumption of 6.84m” yeai'). The simulated labour costs were higher
because of the higher production and simulatedcgats were higher because no thermal
screen was used. These results indicate that fani§p conditions the method produced
realistic model output. In The Netherlands, thewated costs agreed with fair accuracy

173



Chapter 6

with the national greenhouse statistics of Vermeu|2008) indicating that for Dutch
conditions the method produced realistic model atstps well. In particular: the crop yield
(56.5 kg nt and 57.5 kg M, measured and simulated, respectively), labour7¢l6 m?
year' and 17.73€ m? year') and energy use (43.4°n87.9 mi gas). Consequently, as
described before, the negative simulated NFR agreedonably well with the NFR
presented by Vermeulen (2008). The higher econamdp yield in The Netherlands was
caused by the higher average tomato price of .k§' compared to 0.56 kg™ in Spain,
and by the higher marketable yield of 57.5 k§ year' compared to 40.3 kg fryeaf* in
Spain. The lower crop yield in Spain was causedhaylower light transmission of the
greenhouse due to the appliance of seasonal wtsteveamd by not applying GO
enrichment.

6.4.3 Evaluation of the close-to-best greenhouses
For this analysis we combined the population ofegt®use designs obtained during the
two optimisations runs for each case.

6.4.3.1 Southern Spanish conditions
For Spanish conditions, the distribution of the igleselements alternatives of the
greenhouses for which the NFR differed less tBah25 n¥ year' from the NFR of the
best greenhous@FR < 0.25€ m? yeaf) is presented in Fig. 6.6. This figure shows that
there were only minimal differences among the ckosbest greenhouses which indicates
that the optimisation converged to an optimum.

Allowing for larger differencesANFR < 1.50€ m? year") resulted obviously in a
broader spectrum of design elements (Fig. 6.7)ci8pally, compared taA\ANFR < 0.25€
m? yeaf', a light structure with a specific ventilation aref 14%, a single PE film, no
appliance of whitewash and a direct air heater witapacity of 1.0 MW were also feasible
designs solutions. In addition, the broad spectofithe alternatives related to the indoor
screen and the GGsupply, indicated that the effect of these fact@s marginal. The
sensitivity analysis presented in Fig. 6.8 shovesithpact of all alternatives to fulfil each
design element on the NFR. Alternatives for whioh &ccompanying mean NFR was high
indicate that these individual alternatives enhdribe overall performance of a greenhouse
significantly. Since the design element alternatiwgth a high NFR were present as well in
the set of close-to-best greenhouse designs (Fégaled Fig. 6.7), it is expected that a
global maximum was found.
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Fig. 6.6 The frequency of the design element atares expressed in % of the best 12 designs for
which theANFR < 0.25€ m? year® (i.e. all greenhouses for which the net financiauie differed
less thar€ 0.25 n? with respect to the best greenhouse) for Spanistitions. The indices on the x-
axis correspond with the design element alternatpresented in Table 6.1.
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Fig. 6.7. The frequency of the design element radtidres expressed in % of the best 781 designs for
which theANFR < 1.50€ m? year® for Spanish conditions.
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Fig. 6.8 For all 8 design elements and associatiéer@atives individually, the mean average of the
NFR belonging to the greenhouse designs that werémeph with a particular alternative for
Spanish conditions. All designs evaluated by the @&3ithm were used for this analysis.
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As follows from the observation above, the NFR was sensitive to the selection of an
alternative to fulfil the indoor screen and C€upply as demonstrated by the relatively flat
response of the NFR to these alternatives. Thergfocussing first on the optimisation of
the design elements for which the NFR is sensiiivehanges in the selected alternatives,
would in this case mean focusing on the greenhatrseture, cover, whitewash and a
heating system. Given the applied assumptions eenfouse floor area and economics,
techniques with an extreme low NFR, i.e. geotherimedting and mechanical cooling
should be discarded from the alternatives to bamiged under the given conditions.

Additionally, a high light transmissivity structureather than a low light
transmissivity structure was preferable (Fig. 618)e large positive impact of a higher light
transmission on yield and resulting NFR was alreddynonstrated by the sensitivity
analysis of a Spanish greenhouse performed in eh&ptHowever, as indicated by the
selection of a whitewash with a transmission of 5@%igher greenhouse transmission was
not favourable in summer conditions to increase Ni#R. This result indicates that the
impact of the cover transmission on NFR varies wilsons, which was already pointed
out in chapter 4.

6.4.3.2 Dutch conditions

For Dutch conditions, the design element distrimifANFR < 0.25€ m? year" revealed
that also a thermal screen constituting of 75% alium and 25% PE, a direct air heater of
capacity 1.5 MW and several capacities of ,GDpply from the tank or industry were
feasible alternatives as well (Fig. 6.9). The destement distribution cANFR < 1.50€
m? yeaf* demonstrated that cooling and C€upply could be fulfilled by several feasible
alternatives (Fig. 6.10). Although these coolinght@ques did not have a significant impact
on simulated crop yield and variable costs, thelection resulted from their low annual
fixed cost (Table 6.1).
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Fig. 6.9 The frequency of the design element atires expressed in % of the best 14 designs for
which theANFR < 0.25€ m? year® for Dutch conditions. The indices on the x-axigespond with
the design element alternatives presented in Téalile
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Fig. 6.10 The frequency of the design elementradtéres expressed in % of the best 245 designs for
which theANFR < 1.50€ m? year® for Dutch conditions.
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Fig. 6.11 For all 8 design elements and associatiéernatives individually, the mean average of the
NFR belonging to the greenhouse designs that werpgeg with a particular alternative for Dutch
conditions. All designs evaluated by the CRS algoritvere used for this analysis.
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Since the impact of design element alternativesN&iR differed considerably between
Spanish (Fig. 6.8) and Dutch conditions (Fig. 6.thE) need to adjust greenhouses to local
conditions is demonstrated once again. Specificéltlg different trajectories of the mean
NFR for the indoor screen and heating system inelécahat in the relatively cold
Netherlands an indoor thermal screen and a largngecapacity are more relevant than in
Spain. As presented before, for both locations gh Hight transmissivity structure was
obviously the best. However, the NFR differencewleetn a high light and a low light
structure is much larger in The Netherlands tha8pain which in turn indicates that light
in the Netherland is a much more limiting growthtéa, as expected

6.4.4 Discussion of the model-based design method

In contrast to chapter 5 and other greenhouse nlestigdies (Engel, 1984; Amir &
Hasegawa, 1989; Kaciet al, 2004), a broad set of design elements were oggiinusing

a model-based greenhouse design method. For SpamisButch conditions, this method
adjusted the greenhouse designs to the local dimiatl economic conditions in order to
obtain a maximum NFR. Additionally, the distributiccurves and sensitivity analysis
revealed the impact of design elements on greemrhdesign and related NFR. Although,
the design method was able to optimise greenhoesers for different climatic and
economic conditions, several issues need to besasleld to improve the performance and
generality of the model-based design method. Thdified CRS algorithm was able to
solve efficiently the multi-factorial greenhouse sim optimisation problem as
demonstrated in Fig. 6.5. Although the CRS was ldg@esl for continuous design variables,
the modified CRS could solve the integer greenhalestgn problem because the discrete
optimisation parameters were represented as flpatimt values as proposed by Lampinen
and Zelinka (1999). It might be expected that ofhegulation-based optimisation methods
like simulated annealing and a genetic algorithmidde used as well (Dréet al, 2006).
Provided that these more elegant optimisation #lgos also may benefit from parallel
computing, these methods might decrease optimisétite compared to the modified CRS
algorithm. Even though two optimisation runs witlifetent start sets found the same
optimised greenhouse, like all other optimisatiogtimds, the CRS could not guarantee a
global maximum.

The performance of an optimisation depends maimiyttoee factors. First, the
optimisation takes into account only processes wlie included in the models. In our
project, the focus was to optimise a limited setle$ign elements. Therefore, optimisation
of the structural design, climate control, heatfémsf fertigation systems, labour and
logistics was not carried out. Consequently, faragle the positive effects of a boiler-pipe
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heating system on heat storage, labour and logistgre not incorporated and therefore
these advantageous of this heating system couldeaptimised by the design method.
The generic nature of the design method allowsdkaign elements, key components and
model aspects can easily be adjusted or added.n&etbe accuracy of the models
determines the confidence limits of the NFR andseguently the performance of the
optimisation. In spite of the validation, the grbense climate model and tomato yield
model might be improved as discussed in chaptard?3arespectively, which might also
influence the optimised design. Furthermore, sitar@ato quality aspects are not only
affected by humidity levels but also by other cliivaariables (Adamst al, 2001), model
performance might be improved by replacing the tongguality filter described in section
6.6.2 by a more detailed description of the qualgpects.

Third, the selection of the performance measuretamahdary conditions have an
impact on the optimised design. In this study, gheeises were optimised by maximising
the annual NFR per square metérni? yeaf’) under the boundary condition of a fixed
greenhouse area (1 Ha). The investment potentislngaconstrained, because in this way
we were able to find out the best performing greesks in given market and climate
conditions. In this way, for instance, local autties could find out whether productivity in
a region could be improved through subsidies oremtfinancial stimuli. Results
demonstrated that the investments cost of thedgresnhouse was higher than for the local
commercial parral greenhouses which indicates these financial stimuli might be
beneficial under these conditions. It might be reséing as well to optimise both the
surface and greenhouse design by maximising theaarFR € year') with a limited
investment potential as boundary condition. Becaighe modular structure of the design
method, the performance measure and boundary camglitan be adjusted easily to the
demands of the designer.

As demonstrated in chapters 4 and 5 the greentimsate set-points, economic
input parameters and outdoor climate have a swamifi impact on NFR. In addition,
Vanthooret al.(2008a) have shown that the choice of climate s#titp even affected some
optimal design parameters. These results indichs thanges of economic input
parameters, outdoor climate data and climate set-gmarameter might influence the
optimised design. The design optimisation horizaaswne year whereas the optimised
greenhouse will have a lifespan of approximately yiEars. Therefore, these input
parameters should be determined in such a waythiest represent, with the currently
known information, the future input parametersexdtb
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6.5 Conclusion

The aim of this study was to integrate an optinsatlgorithm into the model-based
design method to select the greenhouse designwibald yield the largest annual Net
Financial Return for a tomato greenhouse for déffiéerclimatic and economic conditions.
This aim was fulfilled. A modified CRS optimisati@igorithm using parallel computing
was able to select the best set of alternativdalfib the design elements for Almeria and
Dutch conditions.

Specifically, due to the relatively warm climatethwihigh radiation levels in
Almeria, a greenhouse with a relatively large Matibn area (20% compared to 14% for
Dutch conditions), seasonal whitewash and a retifow capacity of the direct air
heating (0.5 MW compared to 2.0 MW for Dutch coiudis) was selected. In contrast, for
the relatively cold climate with low radiation ldgen The Netherlands, whitewash was not
selected and a 100% aluminium thermal screen wpbedp Only for Dutch conditions
CO, enrichment was applied. The design method produeatistic designs and related
annual NFR which indicates that a robust and rididesign method was developed.

A population-based optimisation method offers thmpartunity to analyse the
close-to-best greenhouses. The distribution cuofahe close-to-best greenhouse designs
and a sensitivity analysis of the mean NFR to thsigh element alternatives revealed: a)
the relevant design elements and associated diiersdor optimisation and b) whether
there are many different greenhouses with an alsiostar NFR. For both locations, the
selection of a high-light transmissivity structuvgth sufficient ventilation area was
important and an outdoor shade screen, geothermading and mechanic cooling were not
feasible for the given conditions. Additionally,rf®&panish conditions, one should also
focus on the optimisation of the cover materialjtesiash and heating system to increase
the NFR whereas for Dutch conditions, the indooesc and heating system have a large
impact on performance.

With these results, all four key components ofrttadel-based design method i.e.
the greenhouse climate model, the tomato yield madthe economic model and an
optimisation algorithm were successfully integraf€his design method is able to describe
the economic performance of a greenhouse as aidanof outdoor climate, climate
management and greenhouse design. The modifiedalgf@8thm adapts the greenhouse to
given conditions so that the maximum net finanoéslult will be obtained. To the best of
our knowledge, it is the first time that this mfhictorial optimisation problem is addressed
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and a partial solution of the more complex problsmabtained. These results demonstrate
the feasibility of a model-based approach towamdeighouse design for a wide variety of
climatic and economic conditions.
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6.6 Appendices

6.6.1 Appendix A: Calculation of electric consumption olimate
modification techniques

MV__ .
g = ProgVV Fogair [Wm? (A1)
10007 ogpump
PGeo = ,7GeoH GeoPipe [W m_z] (A-Z)
PMech = U MechCooI(1+ ”MechCooI)PMechCooI/ A:Ir [W m_z] (A'3)
PPad = CPad fPad2 [W m_z] (A-4)
where
Cong = —PPadMaxz W $m“] (A.5)
PadMax
- n\/entsR/entMax -2
Poaamax == Wm*] (A.6)
AFIr
f j— n\/ents fVentMax [m3 m—2 S—l] (A7)

PadMax —
AFIr

wherepeyg (Pa) is the static pressure of the fogging sysigsgeump (-) is the efficiency of
the fogging pumpyce, (J J%) is the electrical energy needed to pump the geothl heat,
Umechcool (-) IS the control valve of the mechanical coolimgchanismyjyechcoo (-) IS @
fraction to account for pump costs of the mechdricaling systempPyechcoo (W) is the
electric power of the mechanical cooling systéa, (m?) is the greenhouse floor area,g
(W $m™) is the fan characteristic in terms of electri@ignsumptionfs.q (Mm* m? s?) is the
ventilation flux due to the pad and fan systd.guax (W m?) is the maximum electric
consumption of the fans expressed per square metenhousefpagvay (M° M2 sY) is the
maximum air flow of the fanens(-) is the total number of fanByenmax (W m'z) is the
maximum electric power of one fan, afidnmax (m3 st fan‘l) is the maximum air flux of
one fan.
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6.6.2 Appendix B: Determination of the fraction of firstlass

tomatoes and marketable fraction as a functioruafitity

Kdrner and Challa (2003) indicated that the crapagh and development is affected by the
24 hour running mean value of the vapour pressifference (VPD,) and that botrytis is
affected by the 48 hour running mean value of tiative humidity of the greenhouse air
(RH4). Based on these data, we assumed that the fragfidirst class tomatoes can be
described as a function of VBPand that the marketable fraction can be descrdsed
function of RHg These two functions are each described by a zmgefunction as
presented in Fig. B1
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Fig. B.1a The fraction of first class tomatoes asiiaction of the 24 hour running mean value of the
vapour pressure difference (VR Fig. B.1b The marketable fraction as a functafrthe 48 hour
running mean value of the relative humidity (gH

The boundary conditions at which the quality paremsewere still maximal werd/PDp,

= 0.3 kPa (Kdrner & Challa, 2003yPD,ox = 1.5 kPa Las Palmerillas CajamBtair,,=
35% greenhouse grower A aRiHair,.= 85% greenhouse grower B. The slopes of these
functions were estimated by fitting the estimatedlily parameters on the measured values
as a function of the measured indoor climate iovetech and high-tech greenhouse. It was
assumed that for the current approach, these gu#érs estimated sufficiently accurate
the fraction of first class tomatoes and marketé#daletion (Table Al).

Table A1 The estimated quality parameters and tbasored quality parameters (between brackets)
for two greenhouses located in South Spain

Quality parameters Low-tech greenhouse High-teelkmnouse
First class tomatoesyom: (%) 69.9 (65) 92.5 (95)
Marketable fractiongwsod (%) 90.1 (90) 95.2 (95)
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6.6.3 Appendix C: The algorithm to calculate a standdirdate year
The algorithm to generate a standard climate year lased on Breuer and Van de Braak
(1989) and adjusted to produce a standard yearhidsta close match with the mean
monthly values of temperature and global radiatoms. To produce the standard year the
following steps were performed:

1. Determine the monthly mean values of temperatudegbobal radiation averaged

over all the climate years}v_gj , Wherei denotes the month indices gndienotes

the climate variables under consideration.
2. Determine for each climate ye#r,the monthly mean values of temperature and
global radiation,X; ;

3. Determine for each month,for each climate variablg and for each climate year,

- - X~ Xk
k the normalised deviatio® ;, =|— Y
&ik stdi>g’j )

4. Determine for each month, the year with the smaiemimed standardised
=N
deviation for all climate variablesfeay = mkln Z;‘ S’j’k
J:
5. Create the standard year by appending the yednghgtsmallest monthly

standardised deviation

STDyear= (JanuaryYeay), FebruanyfYear).........Decembefrear,))
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6.6.4 Appendix D: The calculation of the GGset-point for CQ
enrichment
The CQ set-point increases linearly with global radiatit,, until a defined maximum

CO;, set-point,CO, 5, eemax: IS reached and, simultaneously, the,Gé-point decreases

linearly with the total ventilation rate of the grenouse, f,o 701!

COZAir_E)(tOn = f (I Glob) Eg( fVentTot) |:QCC)ZAir_ExtMax - COZAir_ExtMin) + COZAir_ExtMin

[ppm] (D.1)
l lob
| = ' IGlob < IGIob_Max
Glob_ Max
f(lain) = [ (D.2)
11 IGlob 2 IGIob_Max
1_ fVentTot f < f
f ’ "VentTot VentExtCQ2_ Max
VentExtCQ2_ Max
9( fuencror) = [ (©.3)

O’ fVentTot 2 fVentExtC(I_Max

where lgon (W m?) is the outdoor global radiationf,,,o (M* mM? s%) is the total
ventilation rate, CO,,; gavax (PPM) is the maximum COconcentration set-point,

CO,pr £xminiS the minimum CQ concentration set-point (ppksion_wax (W %) is the
outdoor global radiation at which the maximum L€bncentration set-point could be
reached andf,q e max (M M2 sY) is the total ventilation rate at which the €O

concentration set-point equals the minimum,@@ncentration set-point (ppm).

185






Chapter

Conclusion, discussion,
future perspectives

recommendations and



Chapter 7

7.1.1 Conclusion

To design greenhouses that are adapted to logahktiti and economic conditions, the
model-based greenhouse design method presentdd.i.F was developed. This method
determined the greenhouse performance as a funefionultiple design factors using a
greenhouse climate model, a tomato yield modeleaneconomic model.

Economic variables

Structure 1 Total
Cover type Outdoor climate Indoor climate: investments
T ———— . I——
Shade screen Climate management Grec?nhouse Tcan, CO2air, RPAR Tgmato Crop yield .
climate yield Economic |Net financial

‘Whitewash Greenhouse design model Tair, VPAir model model result
Thermal screen

Heating system

Resource use:

Cooling system water, energy, CO2, electricity

CO; enrichment

Investments
Net financial result maximum? | Greenhouse
N design
NO: AdJUSt_ optimisation
greenhouse design

" Sesan s optimal

Fig. 7.1 An overview of the model-based greenhoeseggd method. This method selects the set of
alternatives to fulfil the eight design elementeganted at the left-hand side that would yield the
largest annual net financial result. The methodsisis of four key components, i.e. the greenhouse
climate model, the tomato yield model, the econanodel and the design optimisation algorithm.

The applied performance measure is the annualimatdial result.

To the best of our knowledge, it is the first tirtleat this multi-factorial optimisation
problem is addressed in detail and partly solvetk Presented method selected the best
greenhouse under given local climatic and econaroiditions, as demonstrated by two
cases i.e. South Spain and The Netherlands (Chéptdihe best greenhouse for Almeria
(South Spain) had seasonal whitewash and was esflipjth a relatively large ventilation
area, whereas for Dutch conditions a greenhoude aviower ventilation area, a higher
heating capacity and thermal screen was found tbdbest.

In both cases, the derived greenhouse designssesyiesl reasonably well the
current greenhouse state-of-the-art, which incie@sg confidence in the robustness and
reliability of the design method. Furthermore, tessdemonstrated that for a wide range of
climatic conditions the models used were suffidiemtccurate to be incorporated in the
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model-based design method. In particular, the dreese climate model predicted the
indoor climate with reasonable accuracy for fodfedént greenhouse designs, under three
climatic conditions: a temperate marine climatéediterranean climate and a semi-arid
climate, as shown in Chapter 2. The tomato yieldlehsimulated the tomato yield with
fair accuracy for a wide variety of temperatureimegs, as shown in Chapter 3. Calculation
of the annual net financial result gave reliablénestes of current economics as shown in
Chapters 5 and 6.

Given these results, the objective of this thess Wlfilled. A design method for
protected cultivation systems has been developadotioduces greenhouse designs adapted
to local climatic and economic conditions. As destosted for South Spain and The
Netherlands, this method produces very differehilbée greenhouses for both locations.
As the underlying models were validated thorougfdy a wide variety of climatic
conditions, the design method might be expectgadduce reliable greenhouse designs for
other locations as well. Since the focus was omatiic and economic conditions and
techniques that influence the aerial climate, aigasolution of the greenhouse design
problem was obtained. Consequences of this apprmwrell as other aspects of the design
method will be discussed hereafter.

7.1.2 Discussion and recommendations

7.1.21 Adaptation of greenhouses to local conditions

Results generated by the design method gave inmlsatvhy and how the optimised
greenhouses were adapted to local climate and edoremnditions. The outdoor climate -
particularly the global radiation, temperature @@, concentration — affected the crop
yield and resource consumption enormously for atieeth greenhouse in Spain and a high-
tech greenhouse in Texas (Table 4.5 and 4.6) wihiticates that these climate variables
will affect greenhouse design as well. Indeed giteenhouse designs were adapted to these
climate conditions as demonstrated for South SpathThe Netherlands in Chapter 6. The
relatively low radiation levels and temperatureTime Netherlands (Fig. 6.3) resulted in a
greenhouse with a structure of high light transimigs without whitewash, a heater
capacity of 2.0 MW and a thermal screen. In contithe relatively high radiation levels
and high temperature in Spain resulted in a greestn@overed with seasonal whitewash
(but high transmissivity of the cover, for the veintmonths) and equipped with a larger
specific ventilation area (20% against 14% in Thetherlands) to reduce greenhouse air
temperature. In addition, to avoid low night tengtares, this greenhouse was equipped
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with a heater capacity of 0.5 MW, although a thdrsaaeen did not prove economical.

Economic conditions strongly affected the greenbodesign as well. Changing
tomato price trajectories resulted in another “bgstenhouse as indicated fig. 5.%. In
particular, or Southern Spanish conditions, a hagth greenhouse would be beneficial at
high tomato prices but not for low prices. In agneat with this, the higher tomato prices
in The Netherlands (0.78 kg compared to 0.5€ kg™ in Spain) yielded a greenhouse
with more technology than in Spain.

7.1.2.2 Definition of a greenhouse design optimisation prdem

In this research, the performance of a greenhowsggnl was expressed in terms of
maximisation of the expected annual net finanaasult. Given the generic nature of the
design method, this performance measure can bé eapiaced. Alternatives might be
another economic performance measure, minimisatibthe resource consumption or
maximisation of the yield.

Since an economic performance measure was selectinls study, the design
parameters could not be optimised. Specificallgreenhouse design can be considered to
exist of as a set of design elements that eachistasfone or more design parameters. For
example, the design element ‘cover material’ cdastf the following set of design
parameters: the transmission-and absorption cosife for PAR, NIR and FIR, the
thickness, thermal heat conductivity, the spediéiat capacity and the density of the cover.
It might be interesting to search for optimal valuef these design parameters. Yet,
allocating costs to individual design parametersaither complex especially when the
accompanying design element does not exist (e.gov@r material with a high PAR
transmission coefficient and low NIR transmissiaefficient). Consequently, these costs
should be estimated based on rough assumptiondwisult in a huge price uncertainty
Therefore, since the costs of design elementsraoevk (Table 6.1), this study focussed on
optimisation of the set of alternatives to fulfilese design elements. However, if another
performance measure would be selected e.g. yieldinmsation, the set of design
parameters can be optimised as well since thenosts meed to be allocated to design
parameter changes. In this way the “net worth” ofigen modification of a design
parameters is determined, which is useful inforamatior producers of greenhouses to
indicate the potential additional revenue of thewgr. The economic potential of
adjustable parameters over time can be determisededl if the greenhouse design is
defined as a set of adjustable parameters. For @raiie resulting extra revenues of an
adjustable NIR transmission coefficient of the qosa@n be calculated then.
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Besides the selection of a limited set of desigmelnts, and fixing the greenhouse
area to 1 Ha, no other constraints were used snstinidy. Whenever needed, other relevant
optimisation constraints such as maximum levelsinvestments, greenhouse area or
resource use can easily be applied to the desigimocheDesign solutions that violate these
constraints will then be discarded from the besbégreenhouse designs.

The impact of the performance measure and optimisatonstraints on the
greenhouse design optimisation was discussed ipt€h&. For the Spanish optimisation
case, the selected greenhouse had higher investnagrdt a higher technology level
compared to the commonly encountered ones. Thierdifce was probably caused by the
applied performance measure that maximises theahrmmt financial result (NFR) per
square meter and by using an unlimited investmetergial. In practice investment levels
will be limited. Therefore, it might be interestirig evaluate how the best greenhouse
design will be affected by: (i) another economicaf@enance measure, for instance
minimisation of the payback period or maximisatiohthe return on investment; (ii) a
constraint on the investment level; and (iii) opation of the greenhouse area. Performing
such an evaluation might answer the following twteiesting design questions. Would
another economic performance measure result itaflytalifferent “optimal” greenhouse?
And, should a grower under particular conditiongest in a small high-tech greenhouse or
in a large low-tech one? These are questions #ed to be addressed in a follow-up to this
project. The design method can answer these quesgwovided that the effects of
economy of scale on investment costs and a cailcotabdf the pay-back period and return
on investment will be integrated in the economiaeio

7.1.23 Different ways to solve the greenhouse design prah

As discussed in the previous section greenhousgrdean be defined in three ways: as a

set of design elements; as a set of fixed desiganpeters and as a set of adjustable design
parameters. In this section, optimisation techrsgare discussed to solve these different

design problems.

The present method focused on finding the optin@hhination of possible
alternatives to fulfil the eight design elements. Chapter 6, this discrete design
optimisation was defined as an integer optimisatwoblem and was solved with, a
gradient-free global optimisation method that cootihbe with the discontinuous design
parameters. For this purpose, the population-besettolled random search (CRS) method
of Price (1977) was modified and applied to theiglesmethod. Selecting the best
optimisation algorithm for this problem was outsitie scope of this research. It might be
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expected, that other population-based optimisat@thods like simulated annealing and
genetic algorithms can solve this problem as wetE6 et al, 2006). Provided that these
more elegant optimisation algorithms allow paratieinputing as well they might decrease
optimisation time compared to the modified CRS &tm.

The design method can also optimise individual glesparameters. This

continuous optimisation problem can efficiently $mved by gradient-based optimisation
algorithms. Since these algorithms require difféeénequations with continuously
differentiable right-hand sides, the models havenba@eveloped in this format. By joining
the set of differential equations, the models weasily combined with each other. These
differential equations were solved by an ordinaiffecential equation solver of Matlali.
To implement these equations in software code,emaiting or linearization was needed.
Additionally, evaluation of the model performan@avealed that the differentiable right-
hand sides speeded up the simulation compared rtedifferentiable ones (results not
shown).

To optimise the adjustable design parameters dwe &ind to determine their
economic potential, these parameters should beidmesl as dynamic parameters. This
optimisation problem can thus be considered as reamic optimisation problem. This
problem can be solved using a dynamic optimisatitgorithm in a similar way as the
dynamic climate control optimisation described gn\Strateret al. (2010).

7.1.2.4 How to reveal relevant design aspects?

The applied population based optimisation algorithmeduces insight into the set of
greenhouses most suitable for the local conditimnd reveals the most relevant design
elements for that specific location. For instaresfructure with a high light transmissivity
and sufficient ventilation area is of importancéartorease the performance of a greenhouse
both in South Spain and The Netherlands (Fig. 6.82). In addition, for both locations,
applying a geothermal heat source and mechaniaaingois not economic for a 1 Ha
greenhouse.

The impact of the individual design parameters amalysed as well. A single-
variate sensitivity analysis pinpointed the desjgarameters that were candidates for
adjustment to increase the net financial resulec8igally, Table 5.8 shows that for a high
tech greenhouse in Almeria Spain, the PAR transamissoefficient had the largest impact
on net financial result: if the cover PAR transndascoefficient would increase by 1%, the
annual NFR would increas€ 1067 per Ha. For both a low-tech and a high-tech
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greenhouse, the optical properties of the covervelmitewash, and the ventilation rate had

the largest impact on the net financial result. désts were allocated to design parameter
modifications due to its complexity (see sectioh.Z.2), and therefore the single-variate

analysis indicated only the extra gross revenuea parameter modification and not the

accompanying costs. The impact that some paramederde modified easier than others

(resulting in lower costs of a specific parametedification) was thus not captured by this

approach.

Sensitivity results also demonstrated that the ghpd the cover properties on
tomato yield varies with the season (Fig. 4.4), chhindicates that, at least for some
parameters, adjustable properties might give beésults than fixed design parameters.
Sonneveldet al. (2011) already indicated that adjustable cover erigs might be
beneficial for greenhouse performance. Neverthelesse research is needed to identify
the most promising parameters and to develop nadgesith dynamic properties.

The impact of economic parameters, outdoor clincateditions and climate set-
points on NFR was revealed by the single-variatesisigity analysis. Table 5.8 shows that
for the conditions of Almeria, the NFR of a higlehegreenhouse was highly sensitive to
economic input parameters, i.e. tomato price, malte tomato fraction, ratio of first class
tomatoes, and the heating and ventilation set-poimt addition, Table 4.5 and 4.6
demonstrate that the crop yield and the resourgeswroption were most sensitive to
outdoor climate conditions both for a low-tech gresuse in Almeria and a high-tech
greenhouse in Texas. The impact of the uncertamtsearly variations of outdoor climate
and tomato price on the NFR was analysed (Fig. &%l revealed that the selection of a
specific year affected the “best” design for Alnaeconditions.

7.1.25 Design optimisation under uncertainty of input parameters

Results presented in the previous section indidhtd changes of economic input
parameters, outdoor climate data and climate sSet-pgmrameters might considerably
influence the optimised design. Since the lifespa greenhouse is much larger than the
design optimisation horizon of one year, the seacof the input parameters is of utmost
importance. These input parameters must be detechimsuch a way that they represent
as best as possible the future input parameters thit currently known information. The
most common approach to solve design optimisatiaeuuncertainty of input parameters
is to apply stochastic optimisation algorithms (8als, 2004). These algorithms would
solve the optimisation problem for many differemtss of stochastic price trajectories,
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climate trajectories and climate set-points. Thisetof algorithms will thus come up with
the best greenhouse design under input uncertaidtwever, applying stochastic
optimisation algorithms to the model-based desigthad will result in huge CPU times.
Therefore a less time consuming approach to dimmitie impact of price trajectories,
outdoor climate and climate management on besgdésiproposed.

Averaging the tomato price over the last four sesie production periods as was
done in Chapter 6, reduced its uncertainty. Howesarce future price trajectories are
uncertain, it would be better to repeat the optatiis procedure for a worst case and best
case price scenario. Then, the greenhouse thabrperfbest for these different levels
should be selected. A standard climate year basedlonger climate period was applied to
the design method (Chapter 6). To create a ‘me@ndsard year, extreme climate months
were not selected which might influence the optati@ procedure. Therefore, it would be
better to incorporate extreme events in a statifficound fashion in the standard climate
year, or to use an optimisation time span and autdibmate for several years.

In this study, the climate control valves settimgere determined as a function of
the control strategy and climate set-points. To entdle optimised design independently of
the applied climate management strategy, theseesakettings should be optimised
simultaneously with the design. Research on thggdesf cold storage facilities (Lukasse
et al, 2009), elevators and car suspension systemsyF2003) has shown the feasibility
of this approach. Though dynamic optimisation d@felte control was already researched
intensively (Seginer, 1989; Ooteghem, 2007; Vantelgn1994; Van Strateet al, 2010),

a combined control and design optimisation problém greenhouses has not been
addressed. If the climate management will signifisaaffect the optimised greenhouse
design, greenhouse design must be considered asmbired design and control
optimisation problem. Solving such an optimisatwablem will require an enormous CPU
time. Another approach to limit the impact of thBosen climate management is to
optimise the static climate set-points in steathefactual control actions and treat them in
a similar way as the design elements. These climetgoints can then be added to the
integer design vector (Fig. 6.2) and optimised imirailar way. This static optimisation
approach will solve the optimisation problem fagtean the combined design and control
optimisation approach because the static climat@aats do not vary in time whereas the
dynamic control valve settings do. However, whetimising the climate-set-points, the
selected control strategy undesirably would sffiéet the greenhouse design.
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7.1.2.6 How to improve the reliability of the design metho®

In this section the reliability of the method issfi discussed in terms of accuracy of the
used models and then in terms of the generalithefdesign method. Due to the generic
nature of the design method, the proposed impromesner adjustments can easily be
integrated into the method. Since our aim was i@hkbg a design method that focussed on
the optimisation of a set of elements, aspects thigtht be relevant may have been
simplified or on purpose neglected. Since the amurof the models influences the

confidence limits of the NFR and hence the optitisaprocedure, some issues that might
improve the accuracy of the models are discussesl he

The greenhouse climate model and crop yield modakwalidated separately,
because data to validate them simultaneously weravailable. However, as presented in
Fig. 7.1, there are several input-output interatibetween both models. Specifically, the
crop yield model used the calculated indoor climageinput and crop growth processes
affected the indoor CQOconcentration, temperature and humidity of theegh®use air.
Therefore, it would have been better to jointlyidale these models. A more thorough
validation might improve the model confidence everther. Since crop yield is strongly
affected by the canopy temperature, it would beebeial to validate the canopy
temperature and related variables such as thepiratien rate, and the temperatures of the
cover and of the soil. Since photosynthesis andureg use have a major impact on the
annual net financial result they should be validats well.

The greenhouse climate model predicted the air ¢éeatpre with fair accuracy
even for extreme climate conditions by using thendpiration and stomata model of
Stanghellini (1987) that was validated for a motiexepour pressure differences. To come
up with realistic transpiration rates under stresaditions, one parameter affecting the
stomatal reaction to vapour pressure differenceadissted. The good model performance
was probably caused by the negative feedback bates®opy transpiration and air vapour
pressure. Since this approach is not fully-gendhe, performance of the transpiration
model might be improved by either adjusting the eicg description or by using a more
generic stomatal model such as the model of Bl@tguiet al.(2009).

Modules to relate climate variables to each tomgitowth and development
process such as fruit set, fruit growth, fruit dlmer and membrane integrity were not
available and thus not integrated in the yield nhotlee literature review shown in chapter
3, indicated that extremely low and high tempeedguronsiderably affect the crop yield.
Therefore, to approximate non-optimal temperatuffecess on tomato growth and
development processes, two lumped temperature-depergrowth inhibition functions
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were used. To improve the model accuracy and peence these two functions should be
replaced by modules that relate climate varialdesach tomato growth and development
process based on principles of plant physiologyotporation of these growth and
development processes into the empirical tomatéd yweodel will be a complex task.
According to Yin and Struik (2010), combining pholsigical modelling and genetic
mapping into gene-based modelling could be a pawentthod to resolve these complex
environment-dependent processes. They suggestedothturther progress, crop models
must be upgraded based on understanding of thesplicated phenomena at lower
organisational levels.

The yield model predicted the dry matter tomatddy@nd to transform this into
fresh matter yield, a constant dry matter contems$ wsed. Since the dry matter content of
tomatoes is affected by many factors such as @attronductivity of the growing medium
(Van Strateret al, 2006), outdoor climate variations (Segetal, 2009) and non-optimal
temperatures (Adamet al, 2001), model performance can be improved by nat&ty
these effects. To relate fresh matter yield to eotn crop yield, a simple humidity-
dependent quality filter that determined the maakkt tomato fraction and the ratio of first
class tomatoes was used. This approach gave aneddsoprediction of economic crop
yield, as discussed in chapters 5 and 6. Nevedbeteich a filter had a considerable impact
on economic crop yield as shown in Table 5.7 aB8d Bherefore, uncertainty in the quality
parameters will influence the determination of N&l might affect the optimisation result
as well. Therefore, a better description of theliguaf fruits and tomato plants as a
function of (extreme) climatic conditions (Adane$ al, 2001) and diseases should be
incorporated into the method. The impact of fettmaon yield was not integrated in the
yield model but was assumed to be non-limitingdap growth. To describe this impact,
the nutrient model of Van Stratenal. (2006) might be used.

A simple function that described labour costs daration of crop maintenance
and tomato harvest was applied. Although, laboumagation was outside the scope of
this research, a more detailed description of labmsts would be beneficial since it
significantly contributes to the annual NFR

Factors that were not incorporated in the modetthadesign method and which
might improve its generality are described hereaff® keep this study manageable we
focussed on: (i) the impact of climate and econooieditions on greenhouse design; (ii)
the design elements that influence the aerial ¢émiae. the type of greenhouse structure,
the cover type, the outdoor shade screen, the wadte, the thermal screen, the heating
system, the cooling system and the,@@richment system; and (iii) tomato as model crop.
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However, the particular choice of the protectedivation system depends on
more factors according to Van Hentenal. (2006) as described in the list presented in the
introduction section. Some factors of this list &s@mcorporated in the model-based-design
method. Specifically, tomato price, transportatomsts and climate were input parameters
of the method and the scarcity of resources, uelsf electricity, water, labour and
materials was discounted in the associated prices.

The design method did not take into account sagabitions. According to Von
Elsneret al. (2000), these conditions do influence the adoptate of greenhouses. For
instance, a greenhouse grower with insufficientesysknowledge will probably not adopt
successfully a high-technology greenhouse. Althongthincorporated, the design method
could partly deal with the knowledge level of theower. Generally, with increasing
knowledge level, the technology level and maximunwestment level of a grower will
increase. Using the maximum investment level asnogdtion constraint, it might be
expected that the optimal greenhouse will match ttie technology level of the grower.

The influence of legislation on greenhouse degigieims of food safety, residuals
of chemicals, the use and emission of chemicakotip water and air were not integrated
into the design method. Provided that these aspeetsodelled, the current design method
could cope with legislation aspects by considetirem as optimisation constraints.

Integration of irrigation systems, labour systenmsl dogistics systemsvould
increase the generality of the design method. Aamete of the consequence of ignoring
labour aspects on greenhouse design optimisatiedigaussed in Chapter 6. Specifically,
since beneficial effects of a pipe heating systemabour and some negative effects of a
direct air heater were not incorporated, the desigithod selected for Dutch conditions a
direct air heater and not the much more commorebgipe rail heating.

To extend the set of eight design elements, sewavdules should be integrated in
the greenhouse climate model. A module that dessitbe light transmission as a function
of season, latitude, orientation, shape, greenhdireensions and type of cover material
might enable the optimisation of the greenhouseeiaad dimensions in more detail. Such
a module might be based on models developed byikazd. (1978), Critten (1983; 1988)
and De Zwart (1993). Since radiation-diffusing mials seem promising in areas with high
solar radiation, differentiation between direct atiffuse radiation would allow diffuse
properties of cover materials to be optimised. mabde this, the cover transmission module
and photosynthesis module must be modified and thetldirect and diffuse component of
the global radiation should be measured. To desctitect and diffuse indoor radiation as a
function of outdoor radiation values, the reseavtiCabreraet al. (2009) can be used as

197



Chapter 7

starting point.

Modules of other climate modification techniquestsas co-generation of heat
and electricity, application of assimilation liglatn active heat buffer, a heat pump and a
solar heat collector might be incorporated as wedl optimisation purposes, there is no
need to integrate the effects of extreme outdooditions such as earthquakes, heavy
precipitation and wind on greenhouse design if @igenhouse structures are selected that
comply with the local construction norms.

The climate model considers the greenhouse air“peréectly stirred tank”. This
will limit the evaluation of design elements andgegsses that are affected by or affect
spatial climate differences. Particularly, optintisa of the location of the ventilation
openings and the evaluation of undesirable spéliabte differences caused by a pad and
fan system, a thermal screen and side ventilatmidcnot be analysed. To analyse and
optimise these design aspects, one should applpuational fluid dynamic models as
was done by Campen and Bot (2003) and Ba¢z (2009).

The present method can obviously be applied alsdgher horticultural crops than
tomatoes. The yield model and the transpiration ehadust then be adjusted to the
characteristics of the desired crop. Since them s¢rong the analogy between algae and
horticultural crops - both organisms need lighinperature and C£to grow (Norskeret
al., 2011; Slegerst al, 2011) - the presented model-based design approagit support
the development of an algae producing system ds wel

7.1.2.7 Model-based design versus methodical design apprdac
Greenhouse design can also be approached by thediel design procedure of Van den
Kroonenberg and Siers (1999), which consist ofdllewing steps: (1) definition of design
objective; (2) a description of the brief of reauments; (3) a system analysis revealing the
required functions; (4) derivation of alternativenking principles for each function; (5)
concept development stage; (6) design evaluationbattle-neck assessment; (7) detailed
description of the selected designs and (8) theydgsototype is built.

The feasibility of this approach was demonstrated/an 't Oosteret al. (2008a)
who adjusted the greenhouse designs to differémiatd zones in Mexico and by Van 't
Oosteret al. (2008b) whodeveloped a concept for a zero-fossil-energy greasd for
Dutch conditions. This approach relies on expedvkdedge because in step 4 and 5 of this
design procedure experts derive alternative workirigciples and propose a limited set of
potential greenhouse designs. Since most expegtetr able to take into account all

198



Conclusion and discussion

aspects of the complex design process, their d@esiswill result in a biased greenhouse
design. To avoid this, the developed design meththg relied on objective mathematical
models. However, the current design method doesackte all relevant greenhouse design
aspects and therefore a synergy with methodicalgdewill offer opportunities for
greenhouse design. Specifically, the design objedti step 1 and the brief of requirements
of step 2 can be applied to the model-based deasigiod by considering them as the
performance measure and the optimisation constra@sipectively. In step 3, experts select
the list of design elements that are expected tbdweficial for the given conditions and
steps 4 and 5 of the methodical design approacheptaced by the design optimisation, as
performed by the model-based design method. She@é¢sign method does not cover all
design aspects, experts can evaluate and selectbdbe greenhouse based on the
optimisation output.

7.1.3 Future perspectives

The present method can support the developmeneehfouses for worldwide conditions,
which will improve the productivity of greenhouserticulture. On the other hand, the
model-based design tool could be used as welllextsthe best location, among a limited
number of options, to construct a greenhouse. iBhég advantage for both policy makers
and growers to pinpoint beneficial locations footpcted horticultural production systems.
Greenhouses for other crops than tomatoes candignge as well, provided that suitable
yield models are available. The design method oditate which properties of greenhouse
design elements must be adjusted by the industdyvarat the resulting extra grower’s
revenue will be. A step further is that the extreemues of adjustable design parameters are
determined. To design greenhouses independentlthefapplied climate management
strategy, the design and climate control shouldoptmised simultaneously. Such an
optimisation approach will theoretically result time absolute best design. In view of the
current evolution to a more sustainable agricujtitds important to observe that the
present design method can also be used to seleeblgguse modifications which would
reduce the resource consumption of a greenhousaddition, the impact of changing
economic parameters on the net financial result@nthe best greenhouse design can be
evaluated as well, which gives an indication howeghouses should be adjusted to
changing price input parameters
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Detailed description of the greenhouse climate

model

This model description has been submitted to Biesys Engineering as an electronic
appendix belonging toA methodology for model-based greenhouse design: BaA
greenhouse climate model for a broad range of desand climates

B.H.E. Vanthoor, C. Stanghellini, E.J. van Henter.B. de Visser



Chapter 8

8.1 Introduction

Section 8.2 presents the design elements needeithdfogreenhouse climate model. The
overview and states of the greenhouse climate maaetescribed in section 8.3 and the
lumped cover model is described in section 8.4. Trwalel capacities are described in
section 8.5. The heat fluxes are described in @@@&i6, the vapour fluxes in section 8.7
and the C@ fluxes in Section 8.8. The canopy transpiratioodel is presented in section
8.9. Section 8.10 presents the model equationdefirhplemented design elements and
section 8.11 describes the calculation of unknowmdaor climate inputs. The
Nomenclature is presented in section 8.12 andatbled in section 8.13.

8.2 Greenhouse design elements

The selected functions and design elements fogteenhouse design model are presented
in Fig. 2.1 in chapter 2. The greenhouse desigrtioms: heating, insulation, shading,
cooling, CQ enrichment, humidification and de-humidificatiorens fulfilled by one or
more design elements For example, the functionifgeatould thus be fulfilled by the
following design elements: the direct air heaterids, industrial heat source, geo-thermal
source, and a passive buffer. In view of designpaftected cultivation systems, the
presented design elements are considered to bieienffy generic for a wide range of
locations all over the world. Local particular dodns for energy production, energy
conversion or climate modification such as a coegator, artificial light, an active heat
buffer, a heat pump and a solar heat collectavdiside the scope of the current study.

8.3 Model overview and state equations

8.3.1 Notational conventions

All the state variables, fluxes, inputs, superdsrignd subscripts are listed in the
Nomenclature. All the model parameters and greestaesign parameters are listed in
Table 8.1 and Table 8.2, respectively. For the rj@sen of the state variables and the
fluxes of the greenhouse climate model, the nataticonventions of De Zwart (1996) are
used. The state variables of the model are dermtehimes with capital letters followed by
one subscript, i.€l,. The model fluxes start with a capital letter @md followed by two
subscripts. The first subscript represents thecsoof the flux and the second subscript
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represents the destination of the flux, Heanai- The radiation fluxes start with a capital
letter R followed with the type of radiation and then twabscripts to represent the source
and sink of the specific radiation, iR:ar suncan

8.3.2 Model overview and assumptions

An overview of the states and the energy and miaseds of the greenhouse model is

presented in Fig. 2.2. The model is based on thefimg assumptions:

- greenhouse air is considered to be a “perfecthyestitank” which means that no
spatial differences in temperature, vapour presanck the C@concentration occur.
Therefore all the model fluxes are described paasgimetre of greenhouse floor.

- to describe the effect of the thermal screen orirttieor climate, the greenhouse air is
divided into two compartments: one below and orevatihe thermal screen.

8.3.3 States of the model

The states of the model are all described by difféal equations. The time derivatives of
the states to time are presented by a dot abovetdke symbol. All symbols are defined in
the Nomenclature.

8.3.3.1 Temperature of different greenhouse objects
Canopy temperaturBe,, is described by:

CapCanTCan = IQPAR_SunCan-l_ RNIR_SunCan+ RPipeCan

- HCanAir - LCanAir - RCanCovin - I:\)CanFIr - RCanSky_ RCanThScr

where capa, is the heat capacity of the canofRsar suncaniS the PAR absorbed by the
canopy, Rur_suncanis the NIR absorbed by the canopy. FIR is exchdrigetween the
canopy and surrounding elements i.e. the heatipgsfRsipecan the internal cover layer
Recancov,in the floor Reanpirn the skyRcansky and the thermal scre@Reanthser Heanair is the
sensible heat exchange between canopy and greenaiow@sd_c,n;r iS the latent heat flux

[Wm? (8.1)

caused by transpiration.
Greenhouse air temperaturg, is described by:

C'apAirTAir = H CanAir + H PadAir + H MechAir + H PipeAir + H PasAir + H BlowAir + RGlob_SunAir
- H AirFlr H AirThScr H Airout H AirTop - H AirOut _Pad - I-AirFog
[Wm? (8.2)
wherecap,;; is the heat capacity of the greenhouse air. Skenkdat is exchanged between
the greenhouse air and the surrounding elementtheecanopyHcanain the outlet air of a
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cooling padHpagain the mechanical cooling systetechain the heating pipeBlpipeain the
passive energy buffefpasai, the direct air heateflgowair, the floor Hayre, the thermal
screenHairhses the outdoor aiHaou, the air of the top compartment which is located
above the thermal screéfyrop, and the outdoor air due to the air exchange chbgehe
pad and fan systeffaou pa¢ Roiob_sunairiS the global radiation which is absorbed by the
construction elements and which is released taithandLairoq is the latent heat needed to
evaporate the water droplets added by a foggingsys

The floor layer is the first layer of the greenh®usmderground and its temperature
Tg, is described by:

CapFIr TFIr = H AirFlr + RPAR_SunFIr + RNIR_SunFIr + RCanFIr + RPipeFIr

[Wm? (8.3)
-H FIrSol IQFIrCov,in - RFIrSky - RFIrThScr

wherecaps, is the heat capacity of the flodRpar_sunririS the PAR absorbed by the floor;
RNIR_SunFIriS the NIR absorbed by the ﬂOCRIIPipeFIn RFIrCov,in- RFIrSky and RFIrThScr are the FIR
fluxes between the floor and heating pipes, infecaaer layer, sky and thermal screen
respectively; antHg,so1is the sensible heat flux from the floor to soydal.

Because of the high thermal capacity, the soil diasled into five layers with an
increasing thickness with increasing soil depthe Boil temperaturds, of layer’j’ is

described by:

CapsqTsqi) = Hsqrsdi) “Hsqisdioy =125 wm? (8.4
wherecaps,)is the heat capacity of each soil laykg;.1)se)iS the conductive heat flux
from layer‘j-1' to‘j' andHsegsog+1)is the conductive heat flux from laygr to j+1’ . For

the first soil layer, HSC( i1)so(j)is equivalent to He s and for the last soil layer,
H sq j)sofj+1) IS equivalent to the conductive heat flux from #Hesoil layer to the constant

external soil temperaturbl g ;¢.o,Which is described by Eq. (8.78).

Temperature of the thermal scrébBps.is described by:

CapThSchThScr =H AirThScr + I-AirThScr + RCanThScr+ RFIrThScr + RPipeThScr 0.
[Wm? (8.5)

- HThSchop_ RThSchovin - RThSchky
where caprscr i the heat capacity of the thermal screegisc is the latent heat flux
caused by condensation on the thermal scf@gRinscr Rrhscrcov,in@NdRrmscrsiyare the FIR
fluxes between the thermal screen and the heatipgspinternal cover layer and sky
respectively; andHmscropis the heat exchange between the thermal screérthentop
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compartment air.
The air temperature of the compartment above teenthl screeril+,, in this
study denoted as the ‘top compartment’, is desdribe

Capl’opTTop = HThSchop+ H AirTop - HTopCovin - HTopOut [W m-Z] (8'6)
wherecapr, is the heat capacity of the top compartmenttajp,cov,inis the heat exchange
between the top compartment air and the internakrcdayer andHrqpou is the heat
exchange between the top compartment and the euwsid

The thermal heat conductivity of the greenhouseecds a greenhouse design
parameter which can induce a significant tempeeagradient over the cover. Therefore,
both the internal cover temperature and externaérctemperature have been modelled.
Assuming that the heat capacity of the internal extdrnal cover layer each constitute 10%
of the heat capacity of the total cover constructend assuming that conduction of energy
is the dominant mode of energy transport betweerirtternal and the external cover, the
internal cover temperatufie,,,i» and external cover temperatiiig, .are described by:

CapCov,inTCOV,in = HTopCovin + I-TopC0\4in + RCanCovin + I:eFerov,in

+ I:ePipeCowin + I:eThSchovin - HCov,inCov,e

- - — _ -2
CapCov,eTCov,e - I:aGlob_SunCove + HCov,inCov,e HCov,eOut I:eCov,eSky [W m ] (8'8)

wherecaps,y,in andcape,y e are the heat capacities of the internal and eaterover layer
respectively,Lropcov,in iS the latent heat flux caused by condensatiorthengreenhouse
cover, Reipecov,iniS the FIR exchange between the heating pipesirstadhal cover layer,
Hcov.incov.eiS the heat flux between the internal and extecoakr layer Rgiop_suncov.dS the
absorbed global solar radiation by the cowége, eoutiS the sensible heat flux from the
external cover layer to the outside air @R, csiyiS the FIR exchange between the cover
and the sky.

In this model, besides using a direct air heateat lenergy can be added to the
greenhouse air using hot water heating pipes (Eig). The surface temperature of the
heating pipe systeffeipe is described by:

CapPipeTPipe =H BoilPipe +H IndPipe + HGeoPipe_ RPipeSky_ RPipeCovin

- RPipeCan - RPipeFIr - RPipeThScr_ H PipeAir

wherecapipe is the heat capacity of the heating pigesipipe is the boiler heat flux to the
pipes,Hingripe iS the industrial heat flux to the pipédgeopripeis the geothermal heat flux to
the pipes an®eipesiy is the FIR exchange between the pipes and sky.

[Wm? (8.7)

[Wm? (8.9)
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8.3.3.2 Vapour pressure of the greenhouse air and the airni the top
compartment
The vapour pressure of the greenhous®Bj, is described by:

Cap/PAirVPAir = IleCanAir + IlePadAir + IleFogAir + IleBIowAir
- MVAirThScr - |leAirTop - |leAirOut - |leAirOut_Pad - |leAirMech

wherecap,pair iS the capacity of the air to store water vapdiapour is exchanged between
the air and surrounding elements i.e. the caid@Wy,nai» the outlet air of the palVpagair,
the fogging systenMVeqgai, the direct air heatéWVgowair, the thermal screelVairhscs
the top compartment aMVarop the outdoor aiMVayou, the outdoor air due to the air
exchange caused by the pad and fan syM¥&io, pag @and the mechanical cooling system
MVAirMech-

The vapour pressure of the air in the top compantivier,, is described by:

Cap/PTopVPTop = MVAirTOp —MV. - I\/IVTopOut [kg m—2 S_l] (8-11)

[kg m? s'] (8.10)

TopCovin
where CaR/PTop is the capacity of the top compartment to storeewaipour MVrgpcov,iniS

the vapour exchange between the top compartmenttlamdnternal cover layer and
MVre00utiS the vapour exchange between the top compartamehthe outside air.

8.3.3.3 CO,-concentration of the greenhouse air and the air inthe top
compartment
The greenhouse air G@oncentratiorCO,,; is described by:

(“‘E"QZOZA‘r c‘:OZAir = I\/ICBlowAir + IvlcExtAir + I\/ICPadAir

[mg m?s'] (8.12)
- IvlCAirCan - I\/ICAirTop - IvlCAirOut

where Cap,,, is the capacity of the air to store €QCarbon dioxide is exchanged

between the greenhouse air and surrounding elementke direct air heat® Cgjoyair, the
external CQ sourceMCgyi, the pad and fan systeMCpqgai, the top compartment air
MCairtop and the outdoor aMCajou. MCaircan is the CQ flux between the greenhouse air
and the canopy as described in chapter 3.

The CQ concentration of the top compartment@r,,is described by:

CapCOZTDpCO = MCAirTop - |vlCTopOut [mg m2 S_l] (8-13)

2Top
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where Capcomp is the capacity of the top compartment air to s¥0@®, MCrqpoy is the

CO, exchange between the top compartment air andutside air.

8.4 Lumped cover layers

The model contains four cover layers, i.e. a mavatlitdoor shading screen, a semi-

permanent shading screen, the greenhouse roof emadable indoor thermal screen. These

cover layers have a combined influence on the divepéical properties. i.e. transmission,

reflection and absorption coefficients of the covéo simplify the model, individual

properties of the four cover layers are lumped togre Assumptions concerning the

lumped cover are:

- All four cover layers influence the transmissioeflection and absorption of PAR, NIR
and FIR of the greenhouse

- The semi-permanent shading screen is a coatingeorobf and therefore it influences
the thermal heat conductance and the heat capditg cover

- The movable outdoor shading screen has generathpan structure and consequently
the temperature below the shading screen equatsutdeor temperature. Therefore
the movable outdoor shading screen does not infliéme thermal heat conductance
and the heat capacity of the lumped cover.

- The use of an outdoor shading screen will influetheeventilation discharge
coefficients.

- The convective heat exchange coefficients of thecare not influenced by the use of
one or more screens.

These assumptions imply that the optical propedfeBAR, NIR and FIR of all four cover

layers must be lumped together. Furthermore, teental heat conductance and the heat

capacity of the lumped cover depend on the thehmat conductance and the heat capacity

of both the roof as well as the semi-permanentishagtreen.

The PAR and NIR transmission of the cover is a doetb transmission of the
four cover layers. The total cover PAR and NIR $raission is calculated according to the
EN 410 standard (Anonymous, 1998) by determiningt the transmission and reflection
coefficient of the first 2 layers and subsequetiiy last 2 layers. Secondly, for these 2
combined layers the overall cover transmissioraisudated.
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The transmission coefficienr;, (-) and the reflection coefficienjo,,(-) of a

double layer cover are determined according thetENstandard (Anonymous, 1998):

—_ T1T2
r,=—2=12 -] (8.14
2 1,0 [] (8.14)
r.’p
Prp = o+ 2
1= P [] (8.15)

where 7, (-) and 7, (-) are the transmission coefficients of the fiestd second layer

respectively, 0, (-) and o, (-) are the reflection coefficients of the firstdasecond layer

respectively.

An example of the calculation of the optical prdjger of PAR for the lumped
cover is presented. The optical properties for IR calculated in a similar way. Firstly,
the transmission coefficient and the reflectionfficient of the first 2 cover layers are
calculated in order to determine the PAR transmissioefficient and PAR reflection
coefficient of the total greenhouse cover.

The first two layers can be controlled and themftire transmission coefficient,

TShSCr_ShScherand the reflection coefﬂmenpShSm_SrlScher of the movable shading screen

and the semi-permanent shading screen are detetimne
— (1 -u ShScr(l — TShSchAQ)(l -u ShSchev(l ~ UshscrperPr )) [] (8.16)

TShScr_ShScherPR -

1-U ShSCpShSCrPAILJ shscrPeshscrPerPR

2
(1 -U ShScr(l - TShSchAF)) u shscrPefshscrPerPR

1- U ShchOShSchAILJ ShSchepShScherPR
[] (8.17)

whereU g, ¢(-) is the control of the movable shading scrdéiy o p., (-) is the control of

IOShScr_ShScherPR = U ShScpShSchAR

the semi-permanent shading scregg,s..pad-) iS the PAR transmission coefficient of the
movable shading screeffg, o perpr () iS the PAR transmission coefficient of the semi
permanent shading screefg,s.pad-) is the reflection coefficient of the movableasing

screen andOgscperpr (-) 1S the reflection coefficient of the semi pemeat shading

screen. Secondly, the transmission coefficient tedreflection coefficient of the last 2
cover layers, i.e. the greenhouse roof and thertélescreen, are calculated analogously to
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Egs. (8.16) and (8.17). Thirdly, the transmissiaefficient 7., g and the reflection

coefficient O,,par0f the lumped cover are determined using Egs. J8ahdl (8.15) by
filling in the transmission and reflection coeféois of the two combined layers. The
absorption coefficient of the lumped cove®gpag, iS one minus the sum of the

transmission and reflection coefficient.

The optical properties of FIR for the lumped cowEpend on the optical
properties of FIR of the semi-permanent shadingestrthe movable shading screen and
the roof and they are calculated analogously toaical properties of PAR. The FIR

emission coefficient of the lumped coveg.,r (), equals the FIR absorption
coefficienta. qk -

The heat capacity of the lumped cover is descrilyed
Cax,, = COE((// )(U ShSchehShSchepShSchepp,ShScher+ hprRpr,Rf ) [J K*m? (8.18)
where {// is the mean greenhouse cover slope Whscrre(-) is the control of the semi
permanent shading scred®uscpe:(M) is the thicknessOgpsqper (Kg M) is the density

and C, ghscrper (9 K* kg?) is the specific heat capacity of the semi permarshading

screenhgs (M) is the thicknessPg, (kg ni°) is the density and ,; (J K* kg?) is the

specific heat capacity of the roof layer.
The conductive heat flux through the lumped cowpehds on the thickness and
the thermal heat conductivity of both the semi pmemt shading screen and the roof :

HEC 1

Cov,inCov,e — h h
Rf ShScrPer

/1 U ShScrPer /1
R ShscrPer W m2 K'l] (8.19)

wherelgs (W mi* K% is the thermal heat conductivity of the roof abglscpe(W m* K is
the thermal heat conductivity of semi permanentsttascreen.
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8.5 Capacities

The heat capacity of the canopgp-., is described by:

Cap.,, = Cap.. [ LAl [J K m? (8.20)

wherecap.c (J K* m?leaf) is the heat capacity of a square meter obpgmnd LAl is the
leaf area index (fhleaf m?).

The heat capacity of the external and internakcaés assumed to be 10% of the
total heat capacity of the lumped cover and isefoee described by:

Cakeye = CARL,yn = O.1Cap,, [0 K*m? (8.21)

wherecap-,, (J K* m?) is the heat capacity of the lumped cover.
The heat capacity of the heating pipes is an agdeegheat capacity combining
the heat capacity of the steel pipe and of the mmaside the pipe:

CapPipe = 025”' Pipe((q:’ipe,e2 - %ipe,iz)pSteep pSteel + %ipe,i 2IOWateGC,Water) [‘] K_l m'2] (822)

where |Pipe(m m?) is the length of the heating pipe per square mgreenhouse,
Gripee (M) is the external diameter of the heating pig@g,; (M) is the internal diameter of
the heating pipgPs,cq/(kg m°) is the density of steelg g oo (J K* kg?) is the specific

heat capacity of steej,,,is the density of water (kg T and C, a3 K* kg?) is the

specific heat capacity of water.
The heat capacity of the remaining greenhouse tshigdescribed by

Caby; = NopiPobiCpon [J K'm? (8.23)
where hObj (m) is the mean height of the greenhouse obfggt, (kg m°) is the density of

the greenhouse object a@} o, (J K* kg™ is the specific heat capacity of the object. The

capacity of the objectsCap,; , Capy, , CaRyj), CaPrps,and Capy,, are described in

an similar way as Eq. (8.23).

The density of the air is elevation dependent égdassuming a mean air
temperature of 20 °C the density of the air is waled by:
gMAir hEIevationj [kg m—3] (8.24)

.= o eXx
pAlr pAer F{ 29315R
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where 0, (kg m?) is the air density at sea levgl(m s?), is the acceleration of gravity,

Mar (kg kmol?) is the molar mass of aihgevaion (M) is the altitude of the greenhouse
above sea level ariRl(J kmol* K™) is the molar gas constant.

The conversion factor from the water vapour pressoithe water vapour mass per
square meter greenhouse of the air compartmeniviibld thermal screen is described by a
water vapour capacity of the air compartment:

MWaterhAir
R(T,, +27315)
whereMyyater (kg kmoIl) is the molar mass of watédr,;, (m) is the height from the floor to
the thermal screeiR (J kmol* K™) is the molar gas constant. The water vapour égpat

capp, = [kg m® J'] (8.25)

the top compartment;ag,prop , Is described with a similar equation as Eq. (8.25

The conversion factor from the G@oncentration of the air compartment below

the thermal screen to the g@ass per square meter greenhp(mp:omr (m), equals the

height from the floor to the thermal scredm;. The conversion factor from the GO
concentration of the top compartment to the ,C@hass per square metre

greenhouset’.;apcomp (m), equals the mean height of the greenhouse ntieukseight from

the floor to the thermal screen.

8.6 Heat fluxes

8.6.1 Global, PAR and NIR heat fluxes
The PAR absorbed by the canobAr suncah is the sum of the PAR transmitted by the

greenhouse cover that is directly absorbed by diney (RPAR suncan ) @nd the PAR that
is first reflected by the greenhouse floor and thien absorbed by the canopy

( I:\)PAR_FIrCam ):

—_ -2-
RPAR_SunCan_ RPAR_SunCan + RPAR_FIrCam [W m™] (8.26)

The PAR which is directly absorbed by the canopyéscribed by a negative
exponential decay of light with LAI in a homogensawop (Ross, 1975):

RPAR_SunCan = RPAR_Gh [(1 - IOCanPAR) [(1 e ) [W m?] (8.27)
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where RPAR_Gh (W m? ) is the PAR above the canopysanrar (-) is the reflection

coefficient of the canopy for PAR ald par(-) is the extinction coefficient of the canopy
for PAR.
The PAR above the canopy is described by:

Rear en = (1_’76|ob_Air)[TCovPARmeb_PAR [ ion [W m?] (8.28)

where /] o, ajr () is the ratio of the global radiation which issarbed by the greenhouse
construction elementsl - par(-) is the PAR transmission coefficient of the grieeuse

cover, Mgion_par 1S the ratio between PAR and the global radiatindl g, (W m?) is the

outside global radiation. The PAR transmission bé tcover depends on the PAR
transmission of the following design elements: thef, a semi-permanent cover additive,
the movable shading screen and the movable thescrnedn (Section 8.4).

The PAR that is absorbed by the canopy after réfledy the greenhouse floor is
described by:

- ~Ky_parlLAl [q _ R)E(U._ _K27PARD1AI)
RPAR_FIrCam - RPAR_Gh @ |$F|rPAR 1 pCanPA €

[W m?] (8.29)
wherepepar (-) is the reflection coefficient of the greenhotiser for PAR andK; par (-)
is the extinction coefficient for PAR that is refted from the floor to the canopy.

The NIR reflection coefficient of the canopy is saterably higher than the PAR
reflection coefficient. Consequently, a large antoofthe NIR is either reflected by the
canopy back to the greenhouse cover or is scatteredgh the canopy to the greenhouse
floor. The greenhouse cover and greenhouse flogr reflect the NIR back into the
greenhouse again leading to a considerable scaftefi NIR in the greenhouse. Because
the NIR reflection coefficient of both the coverdaftoor are greenhouse design parameters,
the NIR fluxes in the greenhouses model accouralfdhese reflections.

The NIR absorbed by the canopy and by the floor determined by considering
the lumped cover, the canopy and the floor as dipfeillayer model. To assure that the
NIR absorption coefficient determined by this npliilayer model equals the overall NIR
absorption coefficient of the canopy, virtual NIRismission coefficients of the lumped
cover and floor were used:

Tcomir = 1~ Peownir

_ _ [-] (8.30)
Tenr = 1- Prmir
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To solve the multiple-layer model, first the transsion and reflection coefficient
for NIR of the canopy must be determined. UsingrtHationship between the LAl and the
diffuse NIR absorption by the canopy of De ZwaA4#), the NIR transmission coefficient

of the canopy is described by:

~Kyg LAl

fCanNir =€ ['] (8-31)

where To,n (1) is the NIR transmission coefficient of the opy and Ky is the

extinction coefficient of the canopy for NIR (-).h& NIR reflection coefficient of the
canopy depends on the LAI which is described by:

ﬁCanNIR = pCanNIR(l_ fCanNir) [] (8.32)

The NIR transmission, reflection and absorptioafficients of the multiple-layers
are determined by implementing the NIR transmissiod reflection coefficients of the
individual layers in the multiple-layer model in samilar way as Eqgs. (8.14)-(8.17).
Subsequently, the calculated absorption coeffiadnbhe multiple-layers equals the overall
NIR absorption coefficient of the canopya.nrand the calculated transmission coefficient
of the multiple-layers equals the overall NIR alpsion coefficient of the floorag k.

The NIR absorbed by the canopy and by the flodeicribed by:

RNIR_SunCan: (1_,7Glob_Air)[aCaanR [ﬂGlob_NlR [ gion [W m?] (8.33)
Ruir_sunfrr = (1_,76I0b_Air)[aFIrNIR (6106 nir [ Giob [W m?] (8.34)
The PAR absorbed by the greenhouse floor is desstiily:
_ —K, paglAl .
RPAR_SunFIr = (1_ pFIrPAR) (e ™" [RPAR_Gh [W m?] (8.35)

It was assumed that the global radiation whichkisoabed by the greenhouse
construction elements is directly released to tieeighouse air:
I:\)Glob_SunAir = ”GIob_Air I Glob (TCovPAFOGIob_ PAR + (aCanNIR + aFIrNIR )”GIob_NIR)[W m_z](8'36)
The global solar radiation that is absorbed bydiner, Rgion_suncov.e IS described
by:
Roiob_suncoe = (aGhPAR [Ncion_par + Bchnir [ﬂGlob_NlR)l Glob [W m?] (8.37)

whereaghpar (-) is the PAR absorption coefficient of the grieease coveragyir () is the
NIR absorption coefficient of the greenhouse covgoth absorption coefficients are
determined in Section 8.4.
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8.6.2 FIR heat fluxes
The net far infrared radiation fluxes from surfateo |’ , FIR; are described by:

FIR, = Ag e F,olT +27315f - (T, +27315) ) W mi?] (8.38)
whereA, (m? m?) is the surface of objedt per square meter greenhouse ssjl(-) and

£ (-) are the thermal infrared emission coefficidiotsobjecti’ and‘j’ respectivelyF; (-)

is the view factor from objedt toj, 0 (W m?K™) is the Stefan Boltzmann constafit,
(°C) andT; (°C) are the temperatures of objéctand’j’ respectively. Table 8.3 shows the
equations ofy; andF;; for all the FIR fluxes based upon De Zwart (1996)ese FIR fluxes
are only valid in a greenhouse where the heatipggpare located below the canopy.

The accompanying emission coefficients are showraiole 8.1. Some cover materials are
partly transparent for FIR. Therefore, the FIR @ax¥rom the greenhouse objects (canopy,
heating pipe and floor) to the sky are describedd@scribe the effect of the thermal screen
on the FIR fluxes, FIR transmission coefficienuged which depends on the control of the
thermal screen and on the physical propertieseofttarmal screen:

U —_
Trhsorr =1~ UThScr(l_ TThSchIR) [-] (8.39)
8.6.3 Convection and conduction
Convective and conductive heat fluxes are desciiyed
H,, = HEC,(T, - T,) [W m? (8.40)

whereH,, (W m?®) is the heat flow from object 1 to objectHEC,, (W m? K™) is the heat
exchange coefficient between object 1 andi;ds the temperature of object 1 afglis the
temperature of object 2. All the convective and diariive heat fluxes and their heat
exchange coefficients are presented in Table 8.4.

The natural ventilation flowsf, g4 and fyenrooPresented in Table 8.4 are

described in Section 8.10.7 and the forced verdiaflow f

VentForcedr 1S described in

Section 8.10.8. The air flux rate through the th@rscreen .o, (m® m? s%) is based on

(De Zwart, 1996) and is described by:

65 1-U .
fThScr = UThSchThScrITAir - Tout| o + IOT;ZSU (OSpK:r (1 - UThScr)g|pAir - pOut|)05

Air

[m®m?s? (8.41)
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-0.66
K

where Koo (m* m? s") is the screen flux coefficient which determinée t

permeability of the screerg (m s is the gravitational acceleratio »;, (kg m?) is the

density of the greenhouse aj0,,,, (kg m®) is the density of the outdoor air an@y "

(kg m®) is the mean density of the greenhouse and thdpoutir.

8.6.4 Latent heat fluxes

The latent heat flux is the energy which is excleahg/hen water becomes water vapour
(canopy transpiration) or when water vapour becoweger (condensation). The latent heat
flux is linearly related with its associated vap@ux:

L, =AH MV, W m?] (8.42)

where L, (W m?) is the latent heat flux from object 1 to object/®H (J kg* water) is the

heat of evaporation anMV,, (kg m? s%) is the vapour flux from object 1 to object 2.
The latent heat fluxes, c,ai» Larmser @1d Lyopcovn @re described analogously

to Eq. (8.42), their accompanying vapour fluxesdascribed in Section 8.7 and 8.9.

8.7 Vapour fluxes

The vapour exchange coefficient between the air amabject is linearly related to the
convective heat exchange coefficient between tharal the object. Therefore, the vapour
flux from the air to an object by condensationésctibed by:

0 VB <VPR,
12~

kg m? s (8.43
64010°HEC,(VR -VR,) vpsyp  Oms1E43)

where MV,, (kg m” s?) is the vapour flux from air of location 1 to obje2, 6.4107 is the
conversion factor relating the heat exchange adefft (W nm? K™ ) to the vapour
exchange coefficient (kg fns* Pa’), HEC,, (W m* K™) is the heat exchange coefficient
between the air of location 1 to object 2 &R, (Pa) is the vapour pressure of the air of
location 1 andVP, (Pa) is the saturated vapour pressure of objetit2 @mperature.

Because the model should consist of only difféadshe equations, Eq. (8.43) was
smoothed using a differentiable ‘switch functiom'ytield:
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1
1+ eXF(SMVQ (VF:{ _sz)

MV, = ) 6400°HEC,(VR -VPR,) [kgm?s' (8.44)

where Swv,, (-) is the slope of the differentiable switch fuoet for vapour pressure

differences.
The vapour flux from the greenhouse air compartmémt the thermal

screenMV s @nd the vapour flux from the top compartment te thternal cover
Iayer,lVlVTopCO\m , are described analogously to Eqg. (8.43). Theioeiated heat exchange

coefficients are listed in Table 8.4.
The general form of a vapour flux accompanyingarlux is described by:

MV, = M ater L, VR __ VB [kg m?*s"] (8.45)
R T,+27315 T,+27315

where MV,, is the vapour flux from location 1 to location £,, (m* m? s*) is the air flux

from location 1 to location 2], (°C) is the temperature at location 1 ahd (°C) is the
temperature at location 2.

The vapour fluxedVIV, MV 5iou @nd MVz, 0, are described analogously

irTop
to Eq. (8.45) whereby their accompanying air fluee fi g (the flux through the

thermal screen),f siget T

ventrorced(the flux due to natural ventilation through theesi

windows or forced ventilation) andi,.r.of(flux due to roof ventilation) respectively.

8.8 CO, fluxes

The general form of a CGlux accompanying an air flux is described by:

MC,, = f,, (COZ,l - Cozz) [mg mi* s™] (8.46)
where MC,,is the CQ flux from location 1 to location 2f,, (m* m? s*) is the air flux

from location 1 to location 2(302‘1 (mg m?®) is the CQ-concentration at location 1 and
CO,,(mg n is the CQ-concentration at location 2. The gdluxes, MC,; .

MC 5,0, @nd MCTOpout are described analogously to Eq. (8.46) wherebly telated air
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fluxes are fThScr’ fVentSide+ fV

entForced and fVentRoof respectlvely.

The net CQ flux from the air to the canopMC,;,, depends on the canopy

photosynthesis rate and respiration processes wiech described in chapter 3.

8.9 Canopy transpiration

The canopy transpiration is described by:
I\/IVCanAir :VECCanAir(VR: _VPAir)

an [kg m?s"] (8.47)
whereVECeanair (kg Pa 8) is the vapour exchange coefficient between tipg and air,
VPca, is the saturated vapour pressure at canopy tetoperaAccording to Stanghellini

(1987) the vapour transfer coefficient of the cantspnspiration can be calculated by:
20,,C, A LAl

VECCanAir - pAlr p,Air
AHYAr, + )

wherepa;, (kg mi®) is the density of the greenhouse aig; (J K* kg™) is the specific heat
capacity of the greenhouse diiAl (m* m?) is the leaf area indexiH (J kg") is the latent
heat of evaporation of watey, (Pa K is the psychometric constam, (s m") is the
boundary layer resistance of the canopy for vapaursport and, (s m?) is the stomatal
resistance of the canopy for vapour transport.

The boundary layer resistance for vapour transpepends on the wind speed in
the greenhouse and the temperature difference batwee canopy and surrounding air
(Stanghellini, 1987). However, the wind speed ie tireenhouse is not measured nor
simulated and therefore a constant boundary lagsistance was used. The stomatal
resistance of the canopy is described by a siroptifin of the stomatal resistance model of
Stanghellini (1987) :

[kg m? Pa' s'] (8.48)

Mo = Fomn O (Rean) OF (COL 0, o) O (VP = VP, ) [s m'] (8.49)
where I .. (s m") is the minimum canopy resistance ahi the resistance factor for high

radiation levels, high CPOlevels and large vapour pressure differences. fEsestance
factors are described according to Stanghellin87)9
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)=

(F(CO,, ) = 1+ Coraamg o 0o = 2008 [] (8.50)
rf (VR = VP ) = 1+ Coya (VRean =VPy, )

whereRca, (W m?) is the global radiation above the canoy,,s (W m?), Cyqp (W m?),

Cevas (PPNT?) Ceyapy (PE?) are empirically determined parameters dfig, ,om(PPM Mg"

m°) is the conversion factor from mg$htO, to ppm. Stanghellini limited the resistance
factor for high CQ levels to 1.5 and the resistance factor for lavgpour pressure

differences to 5.8 and determined the transpiratemeblesC, ,gand C,, ., for day time

and night time. The values of the transpirationapweters C,,, 5 and C differed

eva evapt

between the night period and day period which mélaaisthe accompanying equations are
not differentiable at sunrise and sunset. Therefoeeparameter<,,,gand C,,,, were

smoothed to make Eq. (8.50) differentiable usirgdifferentiable switch function:

S, = e )
* 1+exps, (Rew = Rean_s0))

where Srs (-) is the value of the differentiable switch}s (m W?) is the slope of the

[-] (8.51)

differentiable switch for the stomatal resistanasdel and R, sp(W m?) is the radiation

value above the canopy to define sunrise and subks#hg the differential switch, the

smoothed transpiration parameters were described by
— Anight ight
Covan = Colm(L= S, ) + CIORS H (852)

evamB™T,

The parametet,,,,, Was described analogously to paramefgys.

eval
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8.10 Greenhouse design elements

The design elements presented in Fig. 2.1 in ch&péee described in this section. All the
control inputsU, have a control range from zero to one.

8.10.1 Direct air heater
The heat flux from the direct air heater to theegit@use air is described by:

H BlowAir = U B|OWPB|0W / A:Ir [W m-Z] (8-53)
whereUg,y, is the control valve of the direct air heater By, (W) is the heat capacity of

the direct air heaters adg; (n") is the surface of the greenhouse floor.
The CQ flux from the heat blower to the greenhouse apriportional to the heat
flux:

IvlCBIowAir :nHeatCQH BlowAir [mg m—2 S-1] (8-54)
where /]ycaicq (Mg CO, J% is the amount of COwhich is released when 1 Joule of

sensible energy is produced by the direct air heate
The vapour flux from the heat blower to the grearsoair is proportional to the
heat flux:

MVBIowAir = ”HeatVa;J_i BlowAir [mg m—2 S-1] (8-55)

where /]yeaagkg vapour J) is the amount of vapour which is released whelodle of

sensible energy is produced by the direct air heate

8.10.2 Heat from a boiler and from industrial and/or gesthal

sources
The heat flux from the boiler to the heating pip@éscribed by:
H goipipe =Y goil Paoit / A [W m?] (8.56)

whereUg, is the control valve of the heat boiler @), (W) is the heat capacity of the
boiler andAg, (n7) is the surface of the greenhouse floor. The fieato the heating pipes

from an industrial sourceH and the geothermal sourckl are described

IndPipe GeoPipe

analogously to Eq. (8.56).
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8.10.3 Passive heat storage

In this study, passive heat storage was considerd@ a facility that could store durable
heat coming from the sun. The most important depigrameters of such a passive heat
storage mechanisms are modelled by assuming th@it Eyer represents the passive heat

buffer. The heat flux from the buffer to the greease air,H_.,;,, depends on the heat

exchange coefficient of the passive heat storag#itfaand the temperature difference
between the passive heat buffer and the greentaiuse

H PasAir — HECPasAir(TSo3 - TAir) [W m-Z] (8-57)
where HEC,_.,; is the convective heat exchange coefficient betvezs! layer three and

the greenhouse air temperaturg,s is the temperature of the third soil layer angl is the
greenhouse air temperature. Soil layer three wigsteel as a passive heat buffer because
the temperature of this layer has a time delay mjua 12 hours with respect to the
greenhouse air, due to temperature oscillatioribarsoil on a 24 hour base, which favours
the efficiency of the passive heat storage.

8.10.4 Pad and fan cooling
The vapour flux from the pad and fan to the greeskair is described by:

|\/IVPadAir = pAir fPad( Pad(XPad - XOut) + XOut) [kg m—2 S-1] (8'58)

where f,, (m* m?s?) is the ventilation flux due to the pad and fasteyn/Jp,q (-) is the
efficiency of the pad and fan system,_4 (kg water kg air) is the water vapour content of

the pad an&g,, (kg water kg air) is the water vapour content of the outdoar &he
ventilation flux due to the pad and fan systemesatibed by:

foad =Upaa®ad | A [m’m?s"] (8.59)
where U, () is the control valve of the pad and fan systend @, (m° s') is the

capacity of the air flux through the pad.
The latent energy added to the inlet air equalsémesible heat loss of the outdoor
air. Consequently, the sensible heat flux fromphe to the greenhouse air is described by:

H PadAir = fPad (pAiGC,AirTOut - AHIOAir ( Pad(XPad - XOut))) [W m-z] (8-60)

The sensible heat flux from the greenhouse aith& outside airHAi,om_Pad,

when using the pad and fan system is described by:
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H AirOut_Pad = fPad (IOAir c:p,AirTAir) [W m-z] (8-61)
The vapour flux from the greenhouse air to theidetsir MV, paq, When using the
pad and fan system is described by:

M VPR,
MV, = f — o [kg m?s7] (8.62)
AirOut_Pad Pad R TAir +27315
The net CQ flux from the outside air to the greenhouseMEr,4ai, When using the pad
and fan system is described analogously to thergef@m of the CQ flux caused by an

air flux (Eg. (8.46)).

8.10.5 Mechanical cooling

A mechanical cooling system can be used to decreatbethe sensible and latent heat in
the greenhouse. It was assumed that the temperatutlee surface of the mechanical
cooling unit is an input of the system and thatttital cooling capacity of the mechanical
cooling installation (used for heat and vapour reatio depends on the coefficient of
performance (COP) and the installed electrical ciypaTherefore, to determine the heat
and vapour flux between the mechanical cooling amitl the greenhouse air, the heat
exchange coefficient between the surface of the hamcal cooling unit and the
greenhouse air is determined by:

HECMechAir = T - -f—u MechCoip6O4-P[%ic)h_Cgozl|F_)|ME\c/h;ool /_'?/FI;D) ) [W I’TT2 K_1] (8.63)
Air MechCool y Air MechCool

where U, ncoo(-) is the control valve of the mechanical coolingechanism,
COR)jechcool(-) is the coefficient of performance of the medhahcooling system and
Puechcool(W) is the electrical capacity of the mechanicallow system,T,,ecncoo (°C) IS

the temperature of the cooling surface which isnpuit of the model, an¥B, (Pa)

echCool
is the saturated vapour pressure of the mechasocdihg mechanism.

The heat flux from the mechanical cooling to threemhouse airH o a;r» iS
described analogously to the general form of cotmedheat flux (Eqg. (8.40)). The vapour
flux from the greenhouse air to the surface of maedtal cooling systemMV e iS

described analogously to the general form of th@ouaflux (Eq. (8.43)).
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8.10.6 Fogging

The latent heat flux from the greenhouse air depemdthe vapour flux from the fogging
system to the greenhouse air which is described by:

MVFogAir = UFog¢Fog / A:Ir [kg m—2 S-1] (8-64)
where UFog (-) is the control valve of the fogging system dpgl, (kg water ) is the

capacity of the fogging system. The heat flux @& #ir needed to evaporate the fQgrqg,
is described in a similar way as Eq. (8.42).

8.10.7 Natural ventilation

Three natural ventilation mechanisms are implenteimethis model: ventilation through
roof openings, ventilation through openings in ¢ide walls and ventilation through both
openings in the side walls and the roof. The nateatilation rate due to roof ventilation
is described by Boulard and Baille (1995):

. U C -
fVemRoof = Redt AROOf S \/gh/ent IA” TOUt + CWVWind2
2A., 2 T +27315

where Ugeof (-) is the control of the aperture of the roof t&efirq (rr12) is the maximum
roof ventilation areaAg, (m?) is the greenhouse floor are@y (-) is the discharge
coefficient which depends on the greenhouse shageoa the use of an outdoor thermal
screeng (m s9), is the acceleration of gravitiven (M) is the vertical dimension of a single

[m®* m?s? (8.65)

ventilation openingT(°C) is the mean temperature of the greenhousanairthe outside
air, C,, (-) is the global wind pressure coefficient whiddpends on the greenhouse shape
and on the use of an outdoor thermal screensng(m s) is the wind speed.

The ventilation rate through both the roof andcesiénts is described by Kitta$
al. (1997):

c, [ At | T Ta ) A Al
f" =4 oof_Side (ZghSideRoc:f(Air out )j+( o IdeJ CwVWind2

VentRoofgie A:" m T +27315 2

where Agoof (n?) is the aperture of roof ventsﬁ,gide (n?) is the aperture of the side vents

[m®*m?s?] (8.66)

andhsigeroof(M) is the vertical distance between mid-pointsidé wall and roof ventilation
openings.
The ventilation rate function for sidewall ventitan only, was determined using
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Eq. (8.66), because then the aperture of roof vegtemes zero which results in:

V]
_ CaAsiaVwing C
w

f\/"entSide - 2 AF
Ir

The apertures of the roof and sidewall vents dépenthe control of the aperture

[m* m?s!] (8.67)

of both vents:

U —
ARoof - URoofARoof [mz] (8.68)
u _
ASide_USideASide [m2] (8.69)
where U ¢ (-) is the control of the aperture of the roof \emind Ay, (M) is the

maximum roof ventilation ared) ¢4, (-) is the control of the sidewall vents ary,,; (M)

is the maximum sidewall ventilation area.
According to Perez Parrat al. (2004) insect screens reduce the potential
ventilation rate by a factor:

,7InsScr = CInsScr(2 - CInsScr) [m3 m—2 5_1] (8-70)

where ¢ . (-) the screen porosity which is the area of hpkersunit area of screen.

Furthermore the ventilation rate of the greenhasisefluenced by the greenhouse
leakage rate which depends on wind speed and é¢sikled by:

B { 025 auage Vuing < 025
leakage —

wind

Nhyngs Vog = 025

wind

[m®*m?s? (8.71)
Cleakage
whereceaage(-) IS the leakage coefficient which depends angteenhouse type.

To calculate the ventilation rate though both thefrand side vents, the roof
ventilation rates and side ventilations rates 0$.H§.65) and (8.67) respectively may not
be added because then the chimney effect as dedchly Eq. (8.66) is neglected.
Additionally, this chimney effect is also influertt®dy using a thermal screen. A thermal
screen will decrease the ventilation rate when soaf side vents are used because then the
chimney effect disappears and then the total &ttt equals the sum of Egs. (8.65) and
(8.67).

The total ventilation rate of the top compartmemd greenhouse air compartment
depends thus on: the net roof and side ventilatides, the chimney effect, the thermal
screen, the insect screens and the leakage rétte gfeenhouse. Taking into account these
processes and assuming that above a certain retieeén roof vent area and total vent
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area, the chimney effect becomes negligible, thal teentilation rates for roof and side
vents are calculated by:

f _ {”InsScerentRoof + O'5fleakage If I7R00f 2 I7Roof_Thr
VentRoof —

”InsScr UThScerentRoof + (1 - UThScr) fVentRoof@eﬂRoof) +05 1:Ieakag.;e If ”Roof < I7Roof_Thr

[m®m?s? (8.72)

oo {nf+ 05 e " if oot 2 g

M insscr UThSceremSide+ (l_UThScr) fVen1Roof$ie,7$ide)+ 05 fleakage if MRoot <’7Roof_Thr

[m®*m? s (8.73)

wherenrootis the ratio between the roof vent area and t@atilation areays;qe is the ratio
between the side vents area and total ventilatiea andyrees e iS the threshold value
above which no chimney effect is assumed to odowlicitly, it was assumed that the leak
ventilation is equally distributed over the top qmrtment and greenhouse air
compartment.

The discharge coefficient§€y and C,, depend on the use of an external shading
screen. A linear relationship between the use ofeaternal shading screen and the
ventilation discharge coefficients was assumed dogreenhouse without an external
shading screen:

C, =C¢" (1_’75h5crqu shs [] (8.74)
C, =CE(1-NgrsucU sns [] (8.75)
where Cf "is the discharge coefficient determined for a gheeise without an external
shading screen]g s ¢ is a parameter that determines the effect of thaelisly screen on
the discharge coefficienlCﬁh is the global wind pressure coefficient for a gissuse

without an external shading screen apg,s ¢ is a parameter that determines the effect of

the shading screen on the global wind pressurdiciesit.

8.10.8 Forced ventilation
The forced ventilation is described by:

— 3. 2 1
fVentForced_UVentForcec‘Q/entForced/ A:Ir [m m S] (8-76)

where U, rorceq (-) IS the control of the forced ventilation ag, o cedM S7) is the air
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flow capacity of the forced ventilation system. Téféect of the insect screens on the forced
ventilation flow is determined using Eq. (8.70).

8.10.9 External CQ source
The CQ added to the green greenhouse by an externgkG@ce is described by:

MCeair = U exco Fexico I A, [mg m?s™] (8.77)
WhereUExth (-) is the control valve of the external g®ource, ¢g,q, (Mg sY) is the

capacity of the external GBource.

8.11 Calculated climate inputs

Usually, measurements of the following outdoor elienconditions are not available: the
sky temperatureTs, the soil temperature at a certain defio, and the C@
concentration of the outside &0, An approach to calculate these climate inputgthas
on the available outside climate data is preseméeé.

The soil temperature at a certain depth is caledlatising the yearly soil
temperature variation determined by Van Wijk (1963)

Toqan = Tso + &€ %' sin(wt —dg,, /D + B) [°C] (8.78)

where 'ITSO("C) is the mean soil temperatueg,(°C) is the amplitude of the temperature at

surface leveldsqy; (m) is the soil depthD (m) is the damping depth,is the time (S)w is
the yearly frequency  andR (-) is the time shift of the sine function. The anesoil
temperature equals the yearly mean outdoor temperate amplitude of the temperature

at surface level equals the yearly outdoor tempegaamplitude. The paramete'lEo, a

andf3 are location dependent and determined using & ditting function. The damping
depth is described by:

2/,
D= |—/Sd [m] (8.79)
Ps0ilCpsoi
where lsoi (W mit K™ is the thermal heat conductivity of the sgik, (kg mi®) is the
density of the soil and,s; (J kg* K™% is the specific heat capacity of the soil.
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The sky temperature is calculated according Mdmigi®73):
Tor = (1= fraoe Jeocrn (Tou + 27315)° + froy (Tow +27315)¢ -9/ 0))™ - 27315

[°C] (8.80)
wherefrgouq is the fraction of cloudggyciearis the FIR emission coefficient of a clear sky,
Tout is the outdoor temperature amds the Stefan Boltzmann constant. The fractiomdto
during day time is averaged for the day period @aldulated by:

cloud

I

frCIoud_Day(DOY) :% [-] (8.81)
Sol
wherelsy (W m?) is the calculated solar radiation under clear styditions. During the
night there is no solar radiation and therefore fthetion of clouds during the night is
calculated by interpolating the fraction of clouafsthe preceding day with the fraction of
clouds of the next day.
The FIR emission coefficient of a clear sky is oédted by:

= 053+6010°%VR,,* [] (8.82)

When not measured, the outdoor LEbncentration was assumed to have a
constant value of 370 ppm throughout the day.

&

sky,clear
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8.12 Nomenclature
States Name Unit
CcOo, Carbon dioxide concentration ~ mg®m
T Temperature °C
VP Vapour pressure Pa
Flux densities
H Sensible heat flux density W
L latent heat flux density W
MC mass C@flux density mg rif s*
MV mass vapour flux density kgnst
R FIR flux density W it
RuR NIR flux density W nf
Roar PAR flux density W it
Raiob Global radiation flux density W th
Superscripts Name Subscripts Name
Day Day period Leakage Leak ventilation throug
cracks
Night Night period Mech Mechanical cooling
Mean Mean value NIR Near infrared radiation
Obj Different greenhouse objects
Subscripts Out Outside air
Air Greenhouse air compartmiPAR Photosynthetically ctive
below thermal screen radiation
b Boundary Pad Pad and fan system
Blow Direct air heater. Pas Passive heat storage facility
Boil Boiler Pipe Pipe heating system
Can Canopy Rf Roof of the greenhouse
Clear Clear sky conditions Roof Roof ventilation
Cloud Cloudy sky conditions s Stomata
Cov Cover Side Side ventilation
e External side Sky Sky
Ext External CQ source So(j) The §™ the soil layer
FIR Far infrared radiation Soil The soll
Flr Floor Sun The sun
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Fog Fogging system ShScr Shading screen

Geo Geothermal heat ShScrPer  Semi permanent screen

Gh Greenhouse Top Compartment above tl
thermal screen

Glob Global radiation ThScr Thermal screen

in Internal side Vent Natural ventilation

Ind Industrial source Ventforced Forced ventilation

Leaf Canopy leaf wind Wwind

External climate inputs

COZOut
IGlob
TOut

TS ky

TSoOut
VPOut

Vwind

Remaining inputs
LAI
MCAirCan

TMechCooI

Outdoor CQ concentration mg
The outside global radiation Wm
Outdoor temperature °C

Sky temperature °C

Soil temperature of outer soil layer °C
Outdoor vapour pressure Pa
Outdoor wind speed m's
The leaf area index m? m’?
The net C@flux from the air to the canopy mgths*

The temperature of the cool surface of °C
mechanical cooling system

Climate control variables

UBIow
Ui
UHeatInd
UHeatGeo
UPad
UMechCooI
UFog
URoof
Uside
UVentForced
UExtCOZ
UShScr
UShScher
UThScr

228

Heat blower control

Boiler control

Control of the heat input from industry

Control of the heat input from geothermal source
Pad and fan control

Control of the mechanical cooling

Control of fogging system

Control of the roof ventilators

Control of the side ventilators

Control of the forced ventilation

Control of the C@input from an external source
Control of the external shading screen

Control of the semi-permanent shading screen
Control of the thermal screen
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Remaining symbols

VEC

Time shift of sine function -
Diameter m

FIR emission coefficient -
Conversion coefficient -
Densityor reflection coefficient kg i -
Thermal heat conductivity WhK?
Transmission coefficient -
Amplitude or absorption coefficient -

Area nt
Specific heat capacity J R
Capacity of the associated state

Depth m
Damping depth -
Fraction -

Flux nt m?st
View factor -
Thickness m

Heat exchange coefficient wWhn?
Length m nf
Resistance s

Resistance factor for transpiration -
Value of the differentiable switch

Time S

Speed m$

Vapour exchange coefficient kgawa' s?
Water vapour content kg water kagir
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8.13 Tables

Table 8.1 List of model parameters and symbols

Fixed model parameters Symbol and value Unit Rafsre
Convective heat exchange coefficient from the cxu o 20,1
leaf to the greenhouse air OLeathir = Wm“K™  De Zwart (1996)
Latent heat of evaporation AH =2.4510° J kg* water
Stefan Boltzmann constant o =5.67010° W m? K™
. - _ i Stanghellini (1987): daves ar
FIR emission coefficient of the canopy Eean=1 considered as black bodies
FIR emission coefficient of the sky Egiy~1 - By definition

Ratio between NIR and the outside global radiation  /]gop_nr= 0.5

Ratio between PAR and the outside global radiation  /]gjop,_par= 0.5

Amount of CQ which is released when 1 Joule n - 0.057
sensible energy is produced by the heat blower HeatCQ '
Amount of vapour which is released when 1 Joul n = 4.4310%
sensible energy is produced by the heat blower Heatvap—

CO, conversion factor from mg fito ppm. Mg ppm= 0-554
The ratio between the roof vent area and n =09
ventilation area above no chimney effect was asdume /Roof_Thr = =

Density of the air at sea level pairo=1.20

mg CGQ J*
kg vapour 3

ppm mg' m®

kg it

Monteith (1973):UV is
attributed to NIR.

Monteith (1973)

Assumed
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Fixed model parameters Symbol and value Unit Rafare

The PAR reflection coefficient pcanpar=0.07 - Marceliset al.(1998).

De Zwart (1996): bsed ol
absorption of diffuse NIR of

The NIR reflection coefficient of the top of thencgy pcannir= 0.35 -

Density of steel Psieel= 7850 kg it

Density of water Pwater =1:10° kg m?®

Psychrometric constant y=65.8 Pa R

The yearly frequency to calculate the soil tempeeat w=1.9910" st

Heat capacity of a square meter canopy leaves cap.cae 1.210° J K* m? leaf Stanghellini (1987):
o e el restance MOl 430w Sianghel (1987)

Coefficient of the stomatal resistance model

— -2 . .
account for radiation effect Cevare = 0.54 wm Stanghellini (1987):

day _ . 7
Coefficient of the stomatal resistance model Cevars =6.110" (day)
account CQeffect chioht _ 4 1101 (night)

evaB3

ppm?  Stanghellini (1987):

day _ 6
- : Cevapn = 4.310° (day)
Coefficient of the stomatal resistance model Pa? Stanghellini (1987):

. o o
account for vapor pressure difference nglgpta = 5.210° (night)

Specific heat capacity of the air Cpair =110° J K kg
Specific heat capacity of steel Cp,Stee|=0-64103 J K kg*
Specific heat capacity of water Cowater= 4.1810° J K kg!
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Fixed model parameters Symbol and value Unit Rafare
The acceleration of gravity g=9.81 m g
h,;=[0.04 0.08 0.16
The thickness of the soil layers 0.32 0.64] m Based on De Zwart (1996)
j=12....5
PAR extinction coefficient of the canopy Ky par= 0.7 - Marceliset al.(1998)
PAR extinction coefficient of the canopy when PA _ i -
reflected from the floor Ko_par= 0.7 Assumed, similar
N - _ Based on absorption of diffu
Extinction coefficient of the canopy for NIR Knr = 0.27 NIR of De Zwart (1996)
Extinction coefficient of the canopy for FIR Krr=0.94 Based on De Zwart (1996)
Molar mass of air My, = 28.96 kg kmol*
Molar mass of water Mwate= 18 kg kmot*
Molar gas constant R=8.31410° J kmol* K™
The radiation value above the canopy when the Re _5 W 2
becomes day and vice versa. an_sk~
Boundary layer resistance of the canopy for va [ =275 st Mean value based on Stanghellini
transport b~ (Stanghellini, 1987)
The minimum canopy resistance for transpiration I'smir- 82.0 s m! Stanghellini (Stanghellini, 1987)
The slope of the differentiable switch for s =-1 m W32
stomatical resistance model s
The slope of the differentiable switch function ) pat

vapour pressure differences
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Table 8.2 The greenhouse design parameters forfahe different greenhouse designs in Sicily, Théhbiands, Texas and Arizona. The

greenhouse design elements which were not usedgdilmé validation experiments are denoted withassr

Greenhouse design parameters Parameter Unit Sidietherland Texas Arizona

Construction

The ratio of the global radiation which

absorbed by the greenhouse construc #gion air - 0.1 0.1 0.1 0.1

elements

Mean greenhouse cover slope v ° Arch 25 22 Arch shaped
shaped

Surface of the cover including side-walls Acoy m? 1.710* 1.810° 9.010° 730

Surface of the greenhouse floor Ary m? 1.310* 1.4100 7.810° 278

Convective heaexchange parameter betwe

cover and outdoor air that depends on  Cuecin W m?2K? 2.21 1.86 1.86 2.21

greenhouse shape

Convective heat exchange variables betv Cugcows W mi®cover K*  0.95 2.8 2.8 0.95

cover and outdoor air which depend on  Cugcou 2 JmeK? 6.76 1.2 1.2 6.76

greenhouse shape CHECout 3 . 0.49 1 1 0.49

Height of the greenhouse compartment be har m 40 38 4.7 59

the thermal screen

The altitude of the greenhouse Nejevation m (a.s.l) 104 0 1470 715

Mean height of the greenhouse heh m 4.8 4.2 5.1 6.1

Ventilation properties

Parameter that determines the effect of

movable shading screen on the disch ’73h3crg - X X X X

coefficient
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Greenhouse design parameters Parameter Unit Sidletherland Texas Arizona
Parameter that determines the effect of

movable shading screeon the global wini /7spserc - X X X X
pressure coefficient

The porosity of the insect screens Cinsscr - 0.33 1 1 X
The specific roof ventilation area Aroof Arir m? 0.20 0.10 0.18 X
The side ventilation area Asiad Acir m? 0 0 0 X
Ventilation discharge coefficient depends ceh ) 0.75 0.75 0.65 X
greenhouse shape d

Greenhouse leakage coefficient Cieakage - 1-10* 1-10* 1-10* 1-10*
Ventilation global wind pressure coefficie ceh ) 0.12 0.09 0.09 X
depends on greenhouse shape w

The vertical distance between npdints of he m x . . X
side wall and roof ventilation openings SideRoof

The yertlcal dimension of a single ventilat hvent m 16 0.68 0.97 x
opening

Roof

The FIR emission coefficient of the roof ERiFR - 0.9 0.85 0.85 0.9
Density of the roof layer DR kg m 35 2.610° 2.610° 35
The NIR reflection coefficient of the roof PRINIR - 0.21 0.13 0.13 0.20
The PAR reflection coefficient of the roof PRIPAR - 0.21 0.13 0.13 0.20
The FIR reflection coefficient of the roof PRIFIR - 0 0.15 0.15 0
The NIR transmission coefficient of the roof TRINIR - 0.77 0.85 0.85 0.78
The PAR transmission coefficient of the roof  zrpar - 0.77 0.85 0.85 0.78
FIR transmission coefficient of the roof TRIFIR - 0.1 0 0 0.1



Gec

Greenhouse design parameters Parameter Unit Sidletherland Texas Arizona
Thermal heat conductivity of the roof ARt W mtk? 0.018 1.05 1.05 0.018
The specific heat capacity of the roof layer Conrf J K'kg? 2.510° 0.8410° 0.8410° 2.510°
Thickness of the roof layer hrs m 0.01 410° 410° 0.01
Whitewash

FIR emission coefficient of the whitewash EshscrPerFIR - 0.9 X 0.9 X
Density of the semi permanent shading screenpsnscrper kg m?® 110° X 110° N
NIR reflection coefficient of the whitewash  pshscrpernir - 0.2 X 0.3 X
PAR reflection coefficient of the whitewash  psnscrperpar - 0.2 X 0.3 X
FIR reflection coefficient of the whitewash  pshscrperrir - 0 X 0 X
NIR transmission coefficient of the whitewashzsnscrpernir - 0.7 X 0.6 X
PAR transmission coefficient of the whitewashshscperpar - 0.7 X 0.6 X
FIR transmission coefficient of the whitewash zghscrperrir - 0.1 X 0.1 X
Thermal heat conductivity of the whitewash  Aspscrper wmtkK? 00 X 00

Specific heat capacity of the whitewash Cp.shscrPer J Kl kg? 4.1810° X 4.1810°

Thickness of the whitewash Nshscrper m 0.210° X 0.210° X
Thermal screen

l‘:reeelalR emission coefficient of the therr TSR ) x 0.67 0.44 0.8
Density of the thermal screen PThscr kg m?® X 0.210° 0.210° 0.210°
l’:reeel\rLIR reflection coefficient of the thern PrhsemiR ) x 0.35 0.7 0.5
-sr:ri eF;AR reflection coefficient of the thern P ) . 0.35 0.7 05
The FIR reflection coefficient of the thern P ) x 0.18 0.45 0

screen
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Greenhouse design parameters Parameter Unit Sidletherland Texas Arizona
;Z?mglscr;;ar\]nsmlssmn coefficient of t - i X 0.6 0.95 0.4
Lrleerm;,ilire'cersnsm|55|on coefficient of 1 rrSaPAR ) x 06 0.95 0.4
Eélr?e etrr]ansmlssmn coefficient of the therr e ) . 0.15 0.11 0.2
Specific heat capacity of the thermal screen ¢, Thser Jkg'K? X 1.810° 1.810° 1.810°
Thickness of the thermal screen hrhser m 0.3510° 0.3510° 0.3510°
The thermal screen flux coefficient Kihse Mo m2 KOst 0.0510° 0.2510° 1-10°
Floor

FIR emission coefficient of the floor Erir - 1 1 1 1
Density of the floor DEir kg m?* 2300 2300 2300 2300
NIR reflection coefficient of the floor PFINIR - 0.5 0.5 0.5 0.5
PAR reflection coefficient of the floor PFIrPAR - 0.65 0.65 0.65 0.65
Thermal heat conductivity of the floor JEr W mtk? 1.7 1.7 1.7 1.7
Specific heat capacity of the floor CoFir J Kl kg? 0.8810° 0.8810° 0.881C° 0.8810°
Thickness of the greenhouse floor her m 0.02 0.02 0.02 0.02
Soil properties

The volumetric heat capacity of the soil PCpso JmiK? 1.7310° 1.7310° 1.7310° 1.7310°
Thermal heat conductivity of the soil layers. 20 W mtK? 0.85 0.85 0.85 0.85
Heating system

FIR emission coefficient of the heating pipes  epipe - 0.88 0.88 0.88 X
External diameter of the heating pipe ¢Pipee m 5110° 5110° 5110° X
Internal diameter of the heating pipe ¢Pipe. m 4710°  4710°  4710° X
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Greenhouse design parameters Parameter Unit Sidletherland Texas Arizona
Length of the heating pipes per square Ipie m mi2 1.5 1.875 1.5 .
greenhouse
Active climate control
Function of
Efficiency of the pad and fan system NPad - X X X the air flux
through the pad
Capacity of the fogging system ¢Fog kg water & X X X 0
Capacity of the air flux through the pad and ¢pad me st x X X 16.7
system
Air flow capacity of the forced ventilati me st X X x 0
syste m ¢ VentForced
Capacity of the external G@ource ¢ExCo2 mg s' X 7.2100  4.310° X
Coefficient of performance of the mechan COP. i x X X X
cooling system MechCool
The convective heat exchange coeffic
between the passive heat storage facility HECpasair W m?K? X X X X
the greenhouse air temperature
Heat capacity of the heat blowers Psiow w X X X X
Thermal heat capacity of the boiler Paoi W X TripeWas  Tpipe Was X
input input

Heat capacity of the geothermal heat source  Pge, w X X
Heat capacity of the industrial heat source Ping w X X X
Electrical capacity of the mechanical cool

P y F)MechCooI W X X X X

system
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Table 8.3 The equations ofahd F; used to calculate the FIR model fluxes.

FIR; A

Resncomn Ay =1- €
Rearsiy A =1-€ 50
Reanthser A =1- g et
Rt Ay =1- €7
Reipecon Ppipe = 7l pipePripee
Roipesky  Ppipe = 7 pipe¥ripee
Reipethser Apipe = 7l pipePripee
Roiperr  Ppipe = 7 pipe¥ripee
Roipecan  Ppipe = 7 pipe¥ripee
Rercoun A =1

RFIrSky Ay =1

Rermser A =1

Rrnscrcoin Arser =1
Rrsersky  Arnser = 1

Roovesky  Poove =1

— U
CanCovin ~ ‘ThScrFIR

m T

— U
CanSky — TCovFIR Ij-ThSchIR

RL

CanThScr = U ThScr

CanFIr = 1_ 04971 Pipe¢Pipee

m

Foipecovin = Y e 049 Rt

Foipesiy = Tooveir M oo 049 FFrHA

Foipernser = Uthser 049 KA

Foiperr = 049

Fripecan = 0.49(1— @ KerlAl )

Fercovin = ?hquR(l— 0'49ﬂpipe¢{:’ipe’e)e_KFlRLAI
FFIrSky = TCOVFIRT#'JhSCrFIR(l_ 0497t pipe%ipe’e)e_KF'RLAl
Ferhser =U ThScr(l - 0497t Pipe%ipe,e)e_KF'R LAI

I:ThSchO\in = UThScr
I:ThSchky: Z—CovFIRUThScr
I:Cov,eSky = 1
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Table 8.4 The convective and conductive heat flardstheir heat exchange coefficients

Hwn?) HEC (wm?K") Source
HCanAir HECCanAir = 2a’LeafAirLA‘I De Zwart (1996)
17(Ty, - T )™ i T >Ty
H e HEC, ., = { (Ter =T )025 . FIr = A" De Zwart (1996)
1'3(TAir - TFIr ) If TFIr < TAir
033
Hamse  HECyjmmser = 17U ThScrITAir - TThScrI De Zwart (1996)
H AirOut H ECAirOut = pAir Cp,Air ( fVentSide+ fVentForced)
H AirTop HECAirTop = IOAiGC,Air fThScr De Zwart (1996)
033
H ThScrTop H ECl'hSchop =1 ThScr‘TThScr - TTop De Zwart (1996)
_ 033 A
HTopCow’n HECTopCovin = Checin (TTop - TCov,in ) TOV Royet al.(2002)
Ir
HTopOut H EC:ropOut = pAiGC,Air fVentRoof
_A (
H Cov,eOut HECCov,eOut - KOV CHECout_l + CHECout_ZVWind Roy etal. (2002)
Ir
032
Hopear  HECppenr = 199 @c.e lpipe| Toipe ~ Tar De Zwart (1996)
2
Hersor HECq s =
h hFIr /AFIr + hSdL//]So
2/130

H sq j-1)sdj) HECSO( j1)so(j) ~ (

Nootj-s) + Psq())
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Detailed description of the tomato yield model

This model description has been submitted to Biesys Engineering as an electronic
appendix belonging toA methodology for model-based greenhouse desigmt Pa

Description and validation of a tomato yield model

B.H.E. Vanthoor, P.H.B. de Visser, C. Stanghelind E.J. van Henten



Chapter 9

9.1 Introduction

In this document all the equations of the tomatddymodel are presented to assure that our
colleagues are able to implement and reproducentbdel. Section 9.2 presents the
notational conventions used in this document. 8ac8.3 shows the model overview and
Section 9.4 presents the state variable equatinriSection 9.5 the following model flows
are presented: canopy photosynthesis, the carbateytlow to individual plant organs, the
fruit number and carbohydrate flow to the fruit dbpment stages, growth and
maintenance respiration and leaf pruning. SectiércOntains the appendices.

9.2 Notational conventions

To describe the states and the flows of the toryi@ld model the notational conventions of
De Zwart (1996) are used. The states of the madetienoted by names with capital letters
followed by one subscript (see Nomenclature inisec®.6). The flows are denoted by a
capital letter followed by two subscripts. The ffistibscript represents the source of the
flow and the second subscript represents the deistmof the flow. For exampl®ICagys
denotes the carbon flow from air to the carbondwufThe surface unit is Tof greenhouse
floor, unless otherwise specified. As presentethtnNomenclature the carbohydrates are
expressed in mg {C4D} m™.

9.3 Model overview

The model structure, with a common carbohydratdebwnd carbohydrate distribution to
plant organs as presented in Fig. 3.1, was esHgrit@sed on earlier crop yield models
(Marceliset al, 1998; Heuvelink, 1996; Dayaat al, 1993; Segineet al, 1994; Linkeret
al., 2004) and extended with the two lumped tempeeati@pendent growth inhibition
functions.

PhotosynthesisMCy;g,s depends mainly on the canopy temperature, the PAR
absorbed by the canopy and the ,@&0ncentration in the greenhouse. Models thateelat
crop growth directly to photosynthesis neglect terafure effects on growth in the absence
of photosynthesis during the night. However, nigimperatures play an important role in
crop growth and development. To model the effe€taight temperature on growth and
development, the produced carbohydrates are sioredbuffer, Cgy, Whose outflow is

242



Detailed description of the tomato yield model

affected by temperature. The buffer distributes taebohydrates MCgytrriie MChutteas
MCguisten) t0 the plant organsCei, Cieas Csien) €v€n when no photosynthesis occurs.
These carbohydrate flows are mainly influenced hey ihstantaneous temperatufie.f),

the 24 hour mean temperatur'ECZCn), the temperature sunT@‘:]m) and the availability of

carbohydrates in the buffer. The plant orgay., represents the carbohydrates which are
stored in both stem and root. To take into accthumtime delay between fruit set and fruit
harvest, the model simulates for each fruit develept stagej, the fruit weightCr;; and

the fruit numbersNe i . A part of the carbohydrates in the organs is dsedhaintenance
respiration MCritairr, MCleatain  MCsema). When the LAI exceeds a maximum

value,LAI®™  the leaves are pruned back to this value, reulih the mass flow
MCleaar The accumulated harvested tomato dry matter tisrishined by integrating the
carbohydrate outflow of the last fruit developmstaige.

The state equations and the carbohydrate flow é¢oirtividual plant organs are
presented in this section. The model parameterkséed in Table 9.1.
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9.4 State variables of the model

The state variables of the model are all descrifyedifferential equations. The derivatives
of the state variables to time are shown by a Hove the state symbol.
The evolution of the carbohydrates in the buf&y, in time is described by:

CBuf = I\/ICAirBuf - I\/ICBufFruit - MCBqueaf - MCBufStem_ I\/ICBquir

[mg m?s? (9.1)
where MCuisy is the photosynthesis ratéMCgysrrii, MCaufleas MChrutstem are the
carbohydrate flows to fruits, leaves and stems eetbely, andMCgpir IS the growth
respiration of the plant. During the light periodarleohydrates produced by the
photosynthesis are stored in the buffer and, whemesarbohydrates are available in the
buffer, carbohydrates flow to the plant organs.sTbarbohydrate flow stops when the
buffer approaches its lower limit. When the bufipproaches its upper limit, carbohydrates
can not be stored anymore in the buffer and theégslyathesis will be inhibited.

The time between fruit set and fruit harvest is that growth period which is
modelled using a “fixed boxcar train” method of teddiar and Ferrari (1989). This method
implies that carbohydrates and the number of friliiw from one fruit development stage
to the next with a specific development rate (Bi@).

When the plant shifts from the vegetative stagethe generative stage,
carbohydrates are stored in the fruit developmiages, Cruiy;, , as described by:

CFruit{j} = MCBufFruit{ i} + MCFruit{ jAYFruit] j} MCFruit{j}Fruit{j+1} - MCFruitAir{j}
with j = 12.n [mg m?sY (9.2)

Dev

where MCp .y j, is the carbohydrate flow from the buffer to fruiévetlopment stagig
I\/ICF,uit{ i1} Fruit 3 @nd MC,:ruit{j}Fmit (j+represent the carbohydrate inflow from the

previous development stage and the outflow to & stage respectiveIMCFmitAir{ i}is

the fruit maintenance respiration of developmeagist, andnpe,is the total number of fruit
development stages. For the first fruit developnsage, the carbohydrate inflow from the
previous stage is zero. For the last developmeawgestthe carbohydrate outflow to the next

stage is described bBWMC_, 1. -

The number of fruits in the fruit development stageNg. iy, affects the
carbohydrate distribution to the fruits and is #iere described by:
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NFruit{j} = MNFruit{j—l}Fruit{j} - MNFruit{j}Fruit{jﬂ}' j =12.ng,, [fruits m*s”] (9.3)
where MNFmit{j_l}Fmit{j} is the fruit number flow from fruit development gég-1 to stage
j and MNFruit{j}Fruit{jﬂ}is the fruit number flow from fruit development gégj to stage

j+1. For the first fruit development stad@iNc ;e IS replaced bMN g iy -

The fruit number flow to the first fruit developntestage depends on carbohydrates
available for fruit growth and on the truss appeeaearate.
The carbohydrates stored in the lea¥®s,, are described by:

C = I\/ICBqueaf - IVICLeafAir - MC
where MCgyseaf IS the carbohydrate flow from the buffer to leav®C canair IS the

maintenance respiration of the leaves B c.ia IS the leaf pruning. The LAl is a semi-
state of the model and is calculated by:

LAl = SLAIC, [m?{leaf} m?] (9.5)
where SLA is the specific leaf area?(fteaf} mg™ {CH,0}).
The carbohydrates stored in the stem and r@ats, are described by:

= MCBufStem_ |vlCStemAir [mg m2 S_l] (9-6)

2 1
Leaf LeafHar [mg m-s (9'4)

C

whereMCg,ssiemiS the carbohydrate flow from the buffer to steamsl rootsMCgiemaiis the
maintenance respiration of the stems and roots.

For sake of simplicity a continuous harvest rateswssumed. Consequently, the
accumulated harvested tomato dry matter (DPWya, €quals the outflow of dry matter
from the last fruit development stage and is describy:

DM Har —/Tc_om IMCiar [mg {DM} m?s*] (9.7)

Stem

where 5c pw IS the conversion factor from carbohydrate to dmgiter. Since growth
respiration was incorporated into the model, thieversion factor was 1 mg {DM} my
{CH,0O}.

The development stage of the plant, required t@rdes the transition from the
vegetative to the generative stage (Eqgs. 9.24 a?d),9is expressed by the temperature
sum:

. 1

T Sum — T [°C Sl] (9.8)
Can 8640( Can

where T, is the simulated canopy temperature. By definjtitie start of the generative
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. Sum .
period TS, is zero.

The 24 hour mean canopy temperature was approaghed order approach:

T2 = 1(kTCan —ng‘n) [FCsY (9.9)

Can — _
T

wherer, represents the time constant of the proceskamndhe gain of the process. When
integrated in the model-based design method, thenipouse climate model (see chapter 2)
calculates the canopy temperature as a state lariberefore, the canopy temperature
and the 24 hour mean canopy temperature could pottdiculated beforehand. To
approximate the 24 hour mean canopy anyway, tls¢ dirder approach of Eq. (9.9) as
derived in section 9.7.1 was incorporated intortioelel.

9.5 Model flows

951 Canopy photosynthesis

The canopy photosynthesis calculation is basedhencanopy photosynthesis model of
Farquhar and Von Caemmerer (1982) and by up-scdlingleaf based photosynthesis
model of Farquhar (1980, 1988) to canopy level.

9.5.1.1 The net photosynthesis rate
The net photosynthesis rate equals the gross pmilesis rate minus photorespiration
(Farquhar & Von Caemmerer, 1982):

MCieur = Mehzo mxff"'a“f (P - R) [mg i s'] (9.10)

where M ,,,5 (mgumol™) is the molar mass &H;0, h&i“m“‘ (-) is the inhibition of the

photosynthesis rate by saturation of the leavels gatbohydrate$? (umol™* {CO,} m™? s?
is the gross canopy photosynthesis rateRGgmol™ {CO,} m™? s?) is the photorespiration
during the photosynthesis process.

When the carbohydrate amount in the buffer exceigglsmaximum storage
capacity, then the photosynthesis is inhibitedsTihibition is described by:

Max
hMCAirBuf — {O’ CBuf >C:Buf

" [-] (9.11)
Cou 1’ C:Buf < Clgﬂuf
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where CQ"U"’}X (mg{CH,0}m™) is the maximum buffer capacity which was assurnitetie

equal to the sum of carbohydrates produced at pakgrinotosynthesis capacity on a daily
basis. To enhance readability the conditional I$#& statements are presented here.
However, a differentiable form of these statemamésmodelled and given in Appendix B
in section 9.7.2 (Eq. (B.1) and Table 9.2).

Photosynthesis rate at canopy le®lis described by (Farquhar, 1988):

40{CO2g, + 2) [umol {COz} m2sY (9.12)
whereJ (umol € m? s?) is the electron transport rate, @nfol {€} umol™* {CO,}) is the
number of electrons per fixed G@nolecule ,CO2siom(tmol {CO,} mol™ {air}) is the COs-

concentration in the stomata afd(umol {CO,} mol™ {air}) is the CO, compensation
point.

Stom

The photorespiratiorR, is described by (Farquhar & Von Caemmerer, 1982):

r
R=P GT

CO2siom [umol {CO,} m?sY] (9.13)
9.5.1.2 The electron transport rate

The electron transport rat&, is a function of the potential rate of electreemsport and of
the absorbed PAR by the canopy (Farquhar, 198&)$&&a~arquhar, 1991):

;37T +aPAR,, - J(7T +aPAR,, ] - 407" @PAR,,
20
[umol € m?s?] (9.14)
where J7°T (umol {€} m?s?Y) is the potential rate of electron transpBtAR.,, (umol

{photons} m” s%) is the absorbed PAR, (umol {&} umol™ {photons}) is the conversion
factor from photons to electrons, including anciiincy term, and® (-) is the degree of
curvature of the electron transport rate.
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The potential rate of electron transpQ}fOT, depends on temperature (Farquhar
et al, 1980):

S5 —H
Ej EITCan,K _TZS‘K +e RTs
POT _ 1 MAX R an k Mas E& ' o 1
J = st,Can (e ST -H [umol € m“ s7] (9.15)
RmcanK

where Jg’gg;n (umol {&} m? s%) is the maximum rate of electron transport at 2&iChe

canopy, § (J mol’) is the activation energy forJ PoT. Teank (K) is the canopy

temperature] s« (K) is the reference temperature at 25R¢(J mol* K™ is the molar gas
constantS (J mol* K™ is the entropy term and H (J idis the deactivation energy

The maximum rate of electron transport at 25°Ctfar canopy is calculated by
(Evans & Farquhar, 1991):

JMAX = LAI D]MAX
25Can 25 Leaf [umol € m Sl] (9.16)

where Jg/'aﬁaf (umol {€} m? {leaf} s™) is the maximum rate of electron transport for the

leaf at 25°C (Farquhaat al, 1980).

9.5.1.3 The absorbed PAR by the canopy

The total PAR absorbed by the canopy is the sutheoPAR transmitted by the greenhouse
cover that is directly absorbed, and the PAR ré&dl@cby the greenhouse floor that is
indirectly absorbed:

PAR.,, = PAR; c., * PAR, ., [umol {photons} m? s?] (9.17)

The PAR which is directly absorbed by the canopyléscribed by a negative
exponential decay of light with LAI in a homogensawop (Ross, 1975):

PAR, .. = PAR,, [{1- p..,)[{L— exd— K, CLAI}) [umol {photons} m? s%(9.18)

where PARs, (umol {photons} m? s%) is the PAR above the canopyea (-) is the
reflection coefficient of the canopy for PAR akd is the extinction coefficient of the
canopy for PAR (-).

The PAR above the canopy is described by:

PAR;, = Ton Weion. par U cio [umol {photons} ni* 1] (9.19)

where T, (-) is the light transmission of the greenhouseecoand /75, pag (LMOI

248



Detailed description of the tomato yield model

{photons} J) is a conversion factor from global radiation #@RPand | o (W m?) is the

outside global radiation.
Absorption of PAR reflected by the greenhouse fisatescribed by:

PAR: can = Pr PARy, L= peyn) [exH(~ K, LLAI) L - exef - K, [LAI})
[umol {photons} m? s?] (9.20)
wherepg, (-) is the reflection coefficient of the greenhofiser andK, (-) is the extinction

coefficient of the canopy when PAR is reflectednrirthe floor to the canopy. We assumed
K, to be equal td;.

9.5.1.4 COs-relationships in the photosynthetic tissue

The CQ-concentration inside the stoma@Q,s;,,mdepends on the stomatal and mesophyl
conductance, boundary layer resistance, the photiossis rate and the difference between
the CQ-concentration in the stomata and the ,@0Oncentration of the greenhouse air.
However, the C@concentration in the stomata is assumed to beaeal ffraction of the
CO,-concentration in the greenhouse air (Evans & Haaqul991):

CO2¢4m = Mcozair_stom CO2 5, [umol {CO,} mol™ {air}] (9.21)

where e siom(-) 1S conversion factor from the G@oncentration of the greenhouse

air, COy,, to the CQ-concentration in the stomata (Evans & Farquha®1).9
The CQ compensation pointl] affects the leaf photosynthesis rate and depends
on temperature (Farquhar, 1988):

[ =cT

Can

[umol {CO,} mol™ {air}] (9.22)

where C- (umol {CO} mol™ {air} K ) determines the effect of canopy temperature en th

CO, compensation point.

The relation between the canopy temperature angddd@pensation point is valid
for leaf photosynthesis rate calculations. Howewagplying Eq. (9.22) to canopy level
results in unrealistically low optimal canopy tengtere for canopy photosynthesis rate at

low light and CQ-levels, because for canopy photosynthesis calonlat higher
Jysgncompared to Jz'\gféafwas used as described by Eq. (9.16). To avoid these

unrealistically low optimal canopy temperatureg #ensitivity of the compensation point
to temperature was adjusted by making the slop&mf(9.22) dependent of the ratio

MAX MAX
of J 25 car @N J 25Can -
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MAX JMAX
_ Y 25Leaf 25 Leaf B .
M= ¢ Tean + 200 | 1-—2 =2 [umol {CO,} mol™ {air}] (9.23)
25Can 25Can

The right term of Eq. (9.23) is introduced to assthat, for all values ofJg"sgnat a

temperature of 20°C, the compensation point caledlaby Eg. (9.23) equals the
compensation point calculated by Eq. (9.22).

9.5.2 The carbohydrate flow to the individual plant organ
The carbohydrate flow from buffer to the fruitsdetermined by multiplying the potential
fruit growth coefficient by the inhibition factors

MC for 2 <l
IVICBufFrun - CBufB e |:ﬂ.'Tcan |:ﬂ.'Tcan24 |:IthanSuml:chan24 |]g Fruit [mg m-s ] (9'24)

where the inhibition factors (bx1): are: hCCB”fDrg (), insufficient carbohydrates in the

buffer; h;,, (-), non-optimal instantaneous temperatune;, ., (-), non-optimal 24 hour
canopy temperatures; ar’m}cans“m (-), crop development stage. The effect of tentpeea

on the carbohydrate flow to fruits is described @y..,»,(-) and rgq,,, (mg m* s) is the

potential fruit growth rate coefficient at 20°C.
The carbohydrate flow from buffer to the leaved atem is described by:

MCBuOr - - -
MCBufOrg() CBuf o []]Tcan24 |:chan24 IjrgOrg =23 [mg m Sl] (9.25)
wherei represents the plant organ codelfeafandStem g, (mg {CH,O} m?s?) is

the organ growth rate coefficient at 20°C. As imesgnent with Table 3.1 in chapter 3,
these carbohydrate flows are not influenced byaimsineous temperature. The individual
processes of Egs. (9.24) and (9.25) are descnibetie detail in this section.

9.5.2.1 Insufficient carbohydrates in the buffer
The inhibition of the carbohydrate flow to the plaorgans caused by insufficient
carbohydrates in the buffer is described by:

Min
My {o, Cau < Caii

C Min
Buf l C y > C U

where Cgﬂ? (CH;O m?) is the minimum amount of carbohydrates in theféaufit was
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assumed that the buffer is never totally empty tratefore Chr is 5 % of CY2*. A

differentiable form of Eq. (9.26) is given in 9.7.2

9.5.2.2 Non-optimal instantaneous and 24 hour mean temperate

The literature review revealed that crop growth wiésbited by non-optimal levels of the
instantaneous and 24 hour mean temperature whistdescribed by two trapezoid growth
inhibition functions,hr.an and hyeang respectively. Each inhibition function was based on
Boote and Scholberg (2006) and was described bydardinal temperatures as shown in
Fig. 3.3 in chapter 3. Below a certain base tempszdz,s. N0 carbohydrate flow to organs
is expectedt=0), betweerMo,n andTog, the carbon flow is maximah€l) and abov@yax

no carbohydrate flow is expecteu=0). Betweerlgase and Topg and betweel gy, and Tyax

a linear relationship between inhibition and terapare is assumed. The growth inhibition
function of Boote and Scholberg (2006) is not défgiable and therefore not suitable for
dynamic optimisation purposes. The differentialgpraximation of the inhibition function
is listed in section 9.7.2.

9.5.2.3 Start of the generative phase

The first development stage is vegetative and albahydrates are used for leaf and stem
growth. When a given temperature sum is reachesl,gmerative stage starts and the
carbohydrates are divided over the fruits, leafd stems (root is part of the stem). It was
assumed that the fruit growth rate starts at zatbiacreases linearly to full potential with
increasing temperature sum. The gradual increaBeitrgrowth rate, depending on tomato
development stag@ycansum IS described by:

H Sum Sum
0 if TCan < TStart
-I-Sum s s S
— C H um um um
thanSum_ -I-SaL?m if TStart < TCan s TEnd [-] (9.27)
End
H Sum Sum
1 if TCan > TEnd
where Tci‘:]m (°C) is the temperature surﬂ?sst';r”; (°C) is the temperature sum when the

generative stage start?Ei‘fjm (°C) is the temperature sum when the fruit grovete is at

Sum .

full potential. By definition, T, is zero because at the start of the generatige QEQZ::"
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is zero. Furthermore, it was assumed that the fidtvth rate is maximal after one fruit
growth period, which result based upon Eq. (9.3125|'§nfjmof 1035 °C. A differentiable
form of Eq. (9.27) is described in section 9.7.2.

9.5.24 The temperature effect on structural carbon flow toorgans

The growth rate coefficientsgri, r9Lear@Ndrgseen) are temperature independent. However
in biology, growth rate increases with increasiegnperature. Growth dependency on
temperature was assumed to be related to flowendtg dependency on temperature.
According to the De Koning, (1994), flowering raier unit time of tomato was linearly
related to temperature for temperatures rangingdet 17°C and 23°C. Based upon this
relation, the growth rate dependency to temperatitg.4is described by:

Oreaps = 00470T2: + 0060 [] (9.28)

Can
The coefficients were determined by convertingftbeering rate dependency on
temperature (De Koning, 1994) to growth dependestyemperature by demanding that
Orcanz4 IS 1 at 20°C, because the growth rate coeffici€rds.ic, rJiear aNd rgsien) Were
defined at 20°C. Although Eq. (9.28) was only vatetl for the temperature range 17°C-
23°C, this relation was applied for temperaturegesnoutside this range. Outside this
range, temperature effects are described by thethriahibition functions.

9.5.3 The fruit number and carbohydrate flows to fruivelepment

stages
Fruit development is modelled by describing the bemof fruits and the amount of
carbohydrates for each fruit development stage.(Bi@ in chapter 3). Fruits and
carbohydrates flow through different fruit develogmhstages are represented by a series of
pools. Fruit numbers are modelled to determine dach fruit development stage the
carbohydrate demand. The fruit number and carbaltgdflows to different fruit
development stages are described in this section.

9.5.3.1 The fruit flow to different the fruit development stages

The number of fruits in the development sta@é@mit{j}, depend on the fruit set in the first
development stagMNBumeit{l}, and on the fruit flow to the remaining developmen

stages,MNFruit{j},:ruit{j+l} based on the fixed boxcar train” method. The fseitof the first
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development stage depends on the carbohydrate fflomw buffer to fruits and on the

maximum fruit set. It was assumed that above aitedarbohydrate flow from buffer to

the fruits, fruit set is maximal. Below this carlydnate flow, fruit set decreases linearly
with a decreasing carbohydrate flow from buffettte fruits:

MC ,
BufFruit Max Max, FrtSet
MN _J Max, FriSet [(MN BufFruit{1} » IVICBufFruit < Vgutrruit
BufFruit{} — ) ' BufFruit
Max Max, FrtSet
MN BufFruit{1} 1 IVICBufFruit > Tgutrnit

[fruits m? s (9.29)
where MCg . is the total carbohydrate flow from buffer to fsyi MNQ"jf‘émit{l} is the

maximum fruit set andrg o (mg {CH,0} m? sY) is the carbohydrate flow from

buffer to the fruits above which fruit set is masimA differentiable form of Eq. (9.29) is
given in section 9.7.2.
Truss appearance is linearly related to the meaomy temperature (De Koning,

1994). The maximum fruit set dependency on tempmaﬂ\/INg'u?;ruit{l}, is obtained by
up-scaling the truss appearance rate:

Max — Max Max 24
MNBufFruit{l} - r]Plams I:ﬁCBufFruitl + CBufFruitZ I:I_Can) [fruits m-2 S—l] (9_30)

where n,,.. .. (plant m?) is the plant density in the greenhouse alffk.,, (fruits plant's™)

Plants

Max

; 1l ol ; - PR
BufFruit, (fruits plant' s~ °C™) are regression coefficients. The regression mefits

and ¢

of the truss appearance according to De Koning41@@re adjusted to maximum fruit set
coefficients by assuming nine fruits per truss.

The fruit flow through the fruit development stagesbased upon “the fixed
boxcar train mechanism” of Leffelaar and Ferra883) and depends on the fruit growth
period and on the number of fruits in the develophstage:

— MNEi
Iv”\IFruit{j}Fruit{j+1} = I'pev |]]Dev Eﬂ.'TCSunf ' |:NFruit{j}

an

j=12......n5, [fruits m? s (9.31)

where, rpe, (s?) is the fruit development ratap,, (-) is the number of development stages

and Ms“u'nf’““ (-) assures that tomatoes flow though the fruitettggment stages when the

Can

plant is in the generative phase.
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The fruit development rate is linearly related émnperature and is described by
(De Koning, 1994):

_ 24
oev = Cpeut + Cpevz |:rCan [s'l] (9.32)

where the coefficientspey: (S*) andcpevz (s* °C*) were determined by De Koning for a
temperature range between 17°C and 27°C.

To assure the onset of fruits, the fruit numbeocated to the first development
stage at initial simulation conditions was set darthan zero. To assure that fruits stay in
this first development stage at vegetative stage,ftuit flow inhibition as a function of
temperature sum is described by:

, 0 if Tom<Toum
e | Gl 5 039
1 If TCan > TStart
A differentiable form of Eq. (9.33) is describedsiction 9.7.2.
9.5.3.2 The carbohydrate flow from carbohydrate buffer to different fruit

development stages
The amount of fruit carbohydrates in the developrm!ages,CFruit{j}, depends on two

carbohydrate inflow processes: the carbohydrates lorough the development stages,

MCFruit{j}F,uit{jﬂ} and the carbohydrate flow from the carbohydratfebuo a specific

fruit development stag®Cp\ e ) -

The fruit carbohydrates flow from one developmeags to the next development
stage is described by:

MCFruit{j}Fruit{j+1} = Ipey |]-]Dev |]::Fruit{j}

[mg m?s?] (9.34)

The available carbohydrates for fruit grodtCy ., are distributed to the
different fruit development stageCBuﬂ:ruit{j}. The carbohydrate flow to the first fruit

development stagMCBufFruit{l}, depends on the fruit set of Eq. (9.29) and i€dlesd by:

—\p/ Pot
MCBufFruit{l} _WFruit{l} EMNBufFruit{l} [mg m2 S—l] (9.35)

WhereWFF;Sitt{l} (mg {CH,0} fruit™) is the potential dry matter per fruit in fruitdopment

stage one, which is determined by integration & Gompertz growth rate function as
described in Eq. (9.38).
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The carbohydrate flow from the carbohydrate buffeio the remaining fruit
development stagédCBufFrun{ jy depends on: the number of fruits, the fruit growate,

and on the carbohydrates available for fruit growth

MCBufFruit{j} = sutFrit [N Fruit{j} ER{ J} |:(IVICBufFruit - MCBufFruit{l})
j=23.....n5, [mg m?s7] (9.36)

wherengurwi (d M mgt CH,0) is a conversion factor to ensure tMEs,u: equals the
sum of the carbohydrates that flow to the differienit development stagedls. iy (fruit
m?) is the number of fruits in a fruit developmerige andsR{j} (mg{CH,O}ruit*d™) is
the daily potential growth rate per fruit in devyatoent stagée.

The conversion factong,wiy, 1S defined by:

1 ,
Neuterit = j=23.....n5,  [dn?mg"{CH,0}] (9.37)

J=Npey

Z NFruit{ i} [GR{J}
=1

The fruit growth rate depends on the fruit develepirstage and is described by
the first derivative of the Gompertz equation todi(De Koning, 1994):

GR{j} = G"* exd- exd- B[t - M )| }rBexd- B[P - M|
[mg {CH,0} fruit™ d] (9.38)

where GR{j} (mg {CH,O} fruit™ d™) is the daily potential growth rate per fruit iruit
development stag¢, GY™ (mg {CH,O} fruit™) is the potential fruit weightB (d*)

represents the steepness of the cwt\{F@,P (d) is the number of days after fruit set for

development stage andM (d) is the fruit development time in days wh&Ris maximal.
Parameters B and M depend on the fruit growth pe@P, and are described by (De
Koning, 1994):

FGP=_— + [d] (9.39)
r,., 36400

Dev

M =-493+ 0548[FGP [d] (9.40)

B = 1(244+ 0403(M ) [ (9.41)

The number of days after fruit set for developnm&agej, thGP

, depends on the

total fruit growth period:
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te" = w FGP [d] (9.42)
I"IDev
9.54 Growth and maintenance respiration

The growth respiration of the total plant whichéteased by the carbon buffeMCg a; )

is determined by adding the growth respiratiorhefindividual plant organs:
i=3

|\/ICBquir = z |\/ICOrg(i)Air_g [mg m? S_l] (9.43)
i=1

wherei represents the plant organ code aMd:Org(i) is the growth respiration of the

Air _g
individual plant organ which is linearly relatedtte carbohydrate flow to the plant organ:

IVICOrg(i)Air_g = COrg(i)_g'\/ICBufOrg(i) =123 [mg m? S_l] (9.44)

where Corg(i)_g (-) is the growth respiration coefficient of plantgani. The growth

respiration coefficients were calculated basedhenassimilate requirements for formation
of fruits, leaves, stems and roots (Heuvelink, 996

The maintenance respiration of the individual plangans, MCOrg(i)Air, is
described by (Heuvelink, 1996):
_ 0.(Tcan24-25) —CrerRRGR) ;' —
|\/ICOrg(i)Air - COrg(i)_m |]'-v»)lo_m [:COrg(i) Eﬁl_ Gl ) =123
[mg m?s7 (9.45)
where Cog () m (mg{CH20}mg “"?°}s?) is the maintenance respiration coefficient of the

plant organ,Q,, () is the Q,, value for temperature effect on maintenance ratpir,

COrg(i) is the carbohydrate weight of plant organ, RGR) (s the net relative growth rate

andcgrgr(S) is the regression coefficient for maintenarespiration.

955 Leaf pruning
Leaf pruning depends on the management of the groveedeal with this uncertainty, it

was assumed that leafs were pruned if the simuladdexceeds the maximum allowed
LAI.
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The maximum allowed carbohydrates stored in theels@&i? , is determined by:

LA]| Max
Cleai == o [mg m?] (9.46)
SLA
The leaf harvest ratdC, ¢, IS determined by:
O If CLeaf < Cll_wee;);
|vlCLeafHar = Max : Max [mg m2 S_l] (9-47)
CLeaf - CLeaf If CLeaf 2 CLeaf

A differentiable form of Eq. (9.47) is given in sen 9.7.2.
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9.6 Nomenclature

States
C

DM

N

T

Semi-state
LAI

Flow

MC

MN

Subscripts

-9
m

24

Air
Buf
Can
Dev
End
Flr
Fruit
Gh
Har

Inst

258

Name
Carbohydrate amount
Dry matter
Number
Temperature

Leaf Area Index

Carbohydrate mass flow

Unit

mg {GB} m?
mg {DM} m?
fruits rif

°C

m{leaf} m™

mg {GB} m?s*

Number flow fruits nf st

Name Subscripts Name
Growth respiration K Temperature in Kelvin
Maintenance respiration Leaf Leaves
Mean of 24 hour Org Plant organ (fruit

leaves, stem and roots)

Air Plants Plants
The carbon buffer Start Start of period
Canopy Stem Stem and roots
Development Stom Stomata
End of period
Floor Superscripts Name
Fruit Max Maximum
Greenhouse Min Minimum
Harvest Pot Potential
Organ code: i=1, fruit:Sum Summation
i=2, leaves; and i=
stem and roots
Instantaneous FrtSet Fruit set

temperature effect
Fruit development stage FGP

Fruit Growth Period
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Remaining symbols
CO, compensation point r
Conversion factor for fruit dry matter distribution;gyseruit

Inhibition of process 1 by process 2 h;

Steepness of the Gompertz growth rate curve B

Carbon dioxide concentration CO,
Daily potential growth rate per fruit GR
Outside global radiation I Glob
The electron transport rate J
The state or flow that determings k

The value of k wher&/ is 0.5 Kswitch

The process that is influenced by thF
differentiable switch

Leaves are pruned back to this LAI LAIMax

The fruit development time where fruit grovvtt}\/I
rate is maximal

Canopy photosynthesis rate P
Photosynthetic active radiation PAR
Fruit development rate IDev

Photorespiration during photosynthesis processes

Relative Growth Rate RGR
The slope aksyitch S
Value of the differentiable switch SL
Time t
Days after fruit set for development stage trer
Temperature T
Dry matter per unit w

Symbol

Unit
pmol {CO,} mol™ {air}
d n? mg* {CH,0}
d—l
pmol {CO,} mol™ {air}
mg {CH,O} fruit*d™
W m?

pumol {e} m?s?

pmol™* {CO,} m? st
umol {photons} m? s*
S—l

pmolt {CO,} m?s?

s 1

s

d

°C

mg {CH,O} unit™
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9.7 Appendices

9.7.1 Appendix A Calculation of the 24 hour mean tempeet

Several growth processes are influenced by the &4 mean canopy temperature. To
calculate the 24 hour mean canopy temperaturesiata space format is rather complicated
because the state space format assumes that thie fiates could be predicted by using
only the values of the current states and inputother words, the 24 hour mean canopy
temperature should be described without informafimm the past. The 24 hour mean
canopy temperature was approached by*artler approach according to Van Straten
(personal communication, 2008):

dT2
T d(?tan + TCZ:H = kTCan
[°C] (A1)
This can be re-written and becomes a state of theen
dT2 1 _
d(;an == (k7o - 72) [CsY (A2)

wherez, represents the time constant of the proceskanthe gain of the process. This is
a typical first order system (Stephanopoulos, 1984) a time constant, of 86400 s and a
gain,k, of 1.
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9.7.2 Appendix B Differentiable representation of cormital model

statements
The conditional “if/else” statements, in which outvalues are zero or one depending on
the process condition, are not differentiable dratdfore these statements were replaced in
the model by smoothed conditional “if/else” stataitse

1
-
S< a 1+ e(i@k_kswilch}) [-] (Bl)

where SL is the value of the differentiable switdhis the state or flow that determingd

is the process that is influenced by the differdsié switchKksyicn is the value of k wherg

is 0.5 ands is the slope alts,i«.» The sign of determines if the differentiable switch value
increases (s < 0) or decreases (s > 0) with ingcrgastate value. The following non-

differential model equations were smoothed using #imoothed conditional “if/else”

statement (Eq. (B.1)) and the parameters showreTaBl

AirBuf

The photosynthesis inhibition by buffer satura,tidﬂb'\lf , described in Eq.

f

(9.11), the inhibition of the carbohydrate flowgtant organs by insufficient carbohydrates
in the buffer, h&is“fo’g , described by Eq. (9.26) and the fruit flow intiim as a function

of temperature suthMS':'nff““ , described by described by Eq. (9.33) were smaotlsng

Can
only the smoothed conditional “if/else” statemehEq. (B.1).
The growth inhibition functions by: instantanedesperature h..), and 24 hour
mean temperaturd,,.) described in Fig. 3.3 were each approximated bitiphying
two smoothed conditional “if/else” statement:

— coMi M
than - clz?n 021?1 ['] (B-Z)
— oMi M
than24 - cI:n24 czxn24 ['] (B-3)

The values ofs shown in Table 9.2 were determined by demandiraj the
deviation between the smoothed function and theetzaid growth inhibition functions at
the cardinal temperatures should be less than 3%.

The fruit set dependency on carbohydrate flow frafer to the fruits,

MN g, iy » described in Eq. (9.29) was smoothed by:
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MN ]
—_ u run{ } Max . 2 -1
MNBufFruit{l} - SMC:.f:un ’ |:IMNBufFruit{l} [fl’UItS m-s ] (B-4)

The leaf pruningMC described in Eq. (9.47) was smoothed by

LeafHar *

—_ MCeaftar Max 2 1
IVICLeafHar - SCLeaLf " |:ﬁcLeaf - Leaf) [mg m-s ] (B-5)

The non-differential gradual increase in fruit gtbwrate, depending on tomato
development stagéircansum described in Eq. (9.27) could not be smoothedEhy (B.1)
because the gradual increase in fruit growth rads {inearly related to the temperature
sum. Two smoothed functions to describe a bounuhed relationship (Ooteghem, 2007)
were combined to make Eq. (9.27) differentiable:

2
thanSum = 0'5 :SLum TCSaL:"Im + ium TCSaL:'Im + 1 [j'o_4 -
End TEnd
. [-] (B.6)
05 :sLum (TcSaL:\m - TESnL:jm) + ium (Tcsal:1m - TESnL:jm +100™
TEnd End
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9.7.3 Appendix C Determination of some model parameters

Potential growth coefficients

The potential fruit growth coefficient is the sunf the net potential fruit growth rate
coefficient and the maintenance respiration coieffic The daily potential net fruit growth
rate was determined by using the Gompertz equatioBqg. (9.38) which resulted in 26
gram {CH0} d* m? which equals 0.301 mg {C} m? s'. Furthermore, the fruit
maintenance respiration was calculated using E@5]9 Assuming a mean dry matter
weight for all fruits during the generative stagsulted in a maintenance respiration of

0.027 mg {CHO} m? s. Consequently, the potential fruit growth coeffiui,rg Fruit + Was

0.328 mg {CHO} m? s™.

The potential growth rate coefficients of the lemvand stems (roots included)
were calculated as follows. According to Heuvel{ftR96), when tomato plants were fully
generative, 74% of the carbohydrates was distribtdehe fruits and 26% to the vegetative
parts at a ratio of 7:3:1.5 for leaves stems aratsraespectively. Thus 15.8% of the
available carbohydrates were distributed to thedeaand 10.2% to the stem and roots. By
applying these values, the net leaf growth rate v864 mg {CHO} m? s*and the stem
growth rate was 0.042 mg {GB} m? s'. Adding these net growth rates with maintenance
respiration resulted in a potential leaf growtleravefficientrg, ¢o;, of 0.095 mg {CHO} m’

25 and a potential stem growth rate coefficieggienm 0f 0.074 mg {CHO} m? s™.

Cardinal temperatures

The cardinal temperatures of the crop growth irttwbifunction for the instantaneous and
24 hour mean canopy were based upon the literaewieew of which results were
summarized in Table 3.1 in chapter 3. AccordindgBtéiggemanret al. (1992) the base
temperature for instantaneous crop growth inhibijtifsase nst Was 6°C. Extrapolation of
the 75% production level obtained at a night terapge of 12°C (Khayaét al, 1985)
resulted in & opu_inst0f 14°C. According to Satet al.(2000) at a day temperature of 28°C
almost no loss in fruit set occurred and therefooecrop production loss was assumed
which resulted inTop, st OF 28°C. At 40°C fruit set was inhibited and thfere Tyax inst
was assumed to be 40°C. With the latter two catdémaperatures, the growth inhibition of
50% at 35°C obtained by Zhawg al. (2008) approached the inhibition value obtained by
the inhibition filter at 35°C. According to Criddkt al. (1997) below a mean temperature
of 12°C no crop growth was expected and therefoeebiase temperature for crop growth
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inhibition by the 24 hour mean temperatufgss. 24 Was 12°C. According to Adaned al.
(2001) plants grown at a mean temperature of 18fC22°C produced normal fruits and
had a normal canopy structure. Therefdgg, 24and Top 24 Were respectively 18°C and
22°C. By extrapolating the production values of Adat al.(2001) at a mean temperature
of 22°C and 26°C, a maximum cardinal mean temperaliyax 24 Of 27°C was assumed.
Smooth and non-smooth representations of the tWibition functions are shown in Fig.
3.3.
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9.8 Tables

Table 9.1 List of model parameters and symbols

Parameter Symbol and value  Unit

Reference

The conversion factor from photons
electrons including an efficiency term

PAR reflection coefficient of the canopy pcan= 0.07 -

a=0.385 umol {e-} umol™*{photons}

PAR reflection coefficient of the floor per = 0.5
Degree of curvature of the elect ©=07
transport rate -
Conversion factor from carbohydrate to
matter

Conversion factor from the greenhouse
CO,-concentration to the COMcozair_stom=0-67  pmol {COy} mol™ {air}
concentration in the stomata

Conversion factor from global radiation
PAR

The time constant to calculate the 24 | _
T = 86400 S
mean temperature

ncom=1 mg {DM} mg_l {CH>0}

Msiob_par= 2-3 umol {photons} J*

Light transmission of the greenhouse covgg, = 0.78 -

The effect of canopy temperature on

_ 1o 1
CO, compensation point. Cr=1.7 umol {COz} mol™ {air} K

Maximunm fruit set regression coefficient Ty, =-1.72107 fruits plant's®

Farquhaet al.(1980)

Marceliset al.(1998)
Assumed for white mulching

Farquhar (1988)

No lignification assumed

Evans and Farquhar (1991)

Based upon De Zwart (1996)

See section 9.7.1
Measured for Dutch growers
Farquhar (1988)

Based upon De Koning (1994).
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Parameter

Symbol and value

Unit

Reference

Maximum fruit set regression coefficient %Me;x =7 31107
BufFruit, '

Coev1 = -7.6410°
Coevz = 1.1610°

Fruit maintenance respiration coefficient cF,uit_m:1.16107

Fruit development rate coefficient 1
Fruit development rate coefficient 2
Fruit growth respiration coefficient Ceruit g=0.27

Leaf maintenance respiration coefficient Cieat m= 3.4710°
Leaf growth respiration coefficient Cieat g= 0.28

Stem maintenance respiration coefficient Csiem o= 1.4710"
Stem growth respiration coefficient Cstem = 0.30

Regression coefficient in maintenal

respiration function Cror= 2.8510°

Cl¥ = 2010°

Minimum amount of carbohydrates in WCQM? = 110°
buffer !

Maximum buffer capacity

Activation energy fod”°" calculation E,=3710
Potential fruit dry weight at harvest GV =110
Deactivation energy fal*°" calculaton ~ H= 2210

Maximal rate of electron transport at 2

Eomax  _
for the leaf Jog ear =210

The gain of the process to calculate the k=1

fruits plant's® °C*

S—l

S—l oc-l

mg {CH,0} mg*{CH,0} s*

mg {CH,0} mg™*{CH,0} s*

mg {CH,0} mg™*{CH,0} s™

s
mg {CH,0} m?
mg {CH,0} m?

J mol*
mg {CH,O} fruit™
J mol*

umol {e} m?{leaf} s*

Based upon De Koning (1994)

Based upon De Koning (1994)
Based upon De Koning (1994)
Heuvelink (1996)
Based upon Heuvelink (1996)
Heuvelink (1996)
Based upon Heuvelink (1996)
Heuvelink (1996)
Based upon Heuvelink (1996)

Heuvelink (1996)
Assumed, see text
Assumed, see text

Farquharet al.(1980)

Based upon De Koning (1994)
Farquharet al.(1980)

Farquharet al.(1980)

See section 9.7.1
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Parameter

Symbol and value

Unit

Reference

hour mean temperature

The extinction coefficient of the canopy
PAR

The extinction coefficient of the canopy
PAR when PAR is reflected from the floo

Molar mass of CKD

Ki=0.7
er: 0.7
M p00 = 3010°

n =25

Plant density in the greenhouse Plants

Number of fruit development stages

Carbohydrate flow from buffer to the fru
above which fruit set is maximal

Potential fruit growth rate coefficient
20°C

Potential leaf growth rate coefficient _
200C g rg Leaf — 0095

Potential stem growth rate coefficient

Npev= 50

Max,FrtSet _
r.BufFruit 01

rg Fruit =0.328

IJsien= 0.074

Molar gas constant R=18.314
Entropy term forJ *°T calculation S=710
Specific leaf area index SLA= 2.6610°

Reference temperature ff°" calculation Tzsx = 298.15

Temperature sum when fruit growth rat T Sum_

at full potential End — 1035

mg {CH,0} pmol*{CH,0}

plants n?f

mg {CH,O} m?s*
mg {CH,0} m?s*
mg {CH,O} m?s*

mg {CH,0} m?s*
J mot K
J mot K

m? {leaf} mg™* {CH,0}
K

°C

Marceliset al.(1998)

Assumed, similar té&;

Measured for Dutch growers

Assumption

Assumption
See section 9.7.3

See section 9.7.3

See section 9.7.3

Farquharet al.(1980)

Assumed to be
Heuvelink (1996)

Based upon Eq. (9.32)
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Parameter Symbol and value

Reference

Base temperature for 24 hour mean

growth inhibition Tease 24~ 12
First optimal_ter_np_erature for 24 hour mu T - 18
crop growth inhibition ptl_24
Second optimal temperature for 24 h T ~ 2o
mean crop growth inhibition Optz_24
Maximum temperature for 24 hour me _
Tmvax_24= 27

crop growth inhibition

Base temperature for instantaneous T _ 6
growth inhibition Base_Inst—

First optimal temperature for instantane

crop growth inhibition Topt_nst= 14
Second optimal temperature T _og
instantaneous crop growth inhibition Optz_inst
Maximum temperature for instantane: _
TMaxfInst— 40

crop growth inhibition

Qovalue of temperature effect Qyp =2
maintenace respiration -

°C

°C

°C

°C

°C

°C

°C

°C

See section 9.7.3
See section 9.7.3
See section 9.7.3
See section 9.7.3
See section 9.7.3
See section 9.7.3
See section 9.7.3

See section 9.7.3

Heuvelink (1996)
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Table 9.2 Parameter values of the differential svitunctions described by Eq. (B1) in section Sf@taifferent
model equations.

I Related to I k k. .

S the non S Switch
differentiable
function

MC irBu E . 911 MC irBuf C Max _ . 2

CBqu > q ( ) SCBqu o= 5104 Buf CBuf - 20 103 mg m

CMCBufOrg Eq. (926) S(';ACBufOrgf — _5,10-3 Caut Cglu'? =1 103 mg m'2

Buf Buf

MNE Eqg. (9.33 MNeg i _ 2 Sum Sum_ A o
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Summary

An enormous variety of protected cultivation systetan be found throughout the world.
Prevailing local conditions, such as climate, ecopo social aspects, availability of
resources and legislation are the main causesdiMeesity of local boundary conditions
and greenhouse elements complicate the design gwcaned may result in sub-optimal
designs. A systematic approach that integratesigady®iological and economical models
is a promising way for strategic decision making gmreenhouse configurations. This
approach might adapt greenhouses better to logadittans and it can suggest design
improvements for existing greenhouses.

The objective of this thesis was therefore to dgved method that produces a
greenhouse design suitable for the given localatitnand economic conditions, and that
can cope with the diversity of conditions that ¢&nfound throughout the world. Since this
is obviously a multi-factorial optimisation problera model-based greenhouse design
method was developed that adjusts the design im@weay that the maximum net financial
result (NFR) will be obtained. To focus this resbathe climatic and economic conditions
were regarded as boundary conditions, tomato wlasted as model crop and the design
problem was narrowed down to design elements tiflaeince the aerial climate.

A greenhouse climate model was developed to deterrtiie indoor climate
(temperature, vapour pressure and,@@ncentration of the air), as a function of outdoo
climate, climate management, greenhouse designcesy condition Chapter 2). The
model contained design elements that are suffigieygneric for a wide range of climate
conditions. Furthermore, the model consisted oétac$ differential equations, so that it
could easily be combined with the tomato yield maafea similar structure. The model
was validated for four different greenhouse designder three climatic conditions: a
temperate marine climate, a Mediterranean climatkaasemi-arid climate. In all cases, the
model accurately predicted the greenhouse climate &l four designs, without
modification of the pre-selected model parametexsdpt for one case). In particular, in
more than 78% of the cases, comparison of simuiatenmd measurements of the indoor
climate yielded a relative root mean square erféess than 10%.

Chapter 3 describes the model to calculate the tomato yaslaé function of the
simulated canopy temperature, photosyntheticallyivacradiation (PAR) and C©
concentration of the indoor air. Since the solut@fna greenhouse design optimisation
problem was expected to allow extremely low andhhigmperatures in order to save
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energy and investments, temperature effects onttogield were integrated in the model.
A review of existing knowledge on this matter iratied that both sub-and supra-optimal
temperatures can affect, both instantaneously arthdy average base, several growth and
development processes resulting in lower yield.hStecperature effects were captured in
the model by means of two lumped temperature-depengrowth inhibition functions,
describing the instantaneous and the mean temperatffects on tomato growth,
respectively. Without calibration of pre-selecteddal parameters, the tomato yield model
predicted with accuracy the crop yield levels fourf temperature regimes: near-optimal
temperatures in the Netherlands; non-optimal teatpegs in South Spain; extremely low
as well as high mean temperatures, and extremealitemperature oscillations.

In Chapter 4, three sensitivity analysis techniques were appitethe combined
greenhouse climate-tomato yield model, to identlig parameters that most strongly
influence greenhouse design, and to increase alegrstanding of the design process. The
analysis was performed for a low-tech greenhousé\limeria, Spain and a high-tech
greenhouse in Texas, USA. Simulations indicatetitttamodel produced realistic data for
both the indoor climate and crop vyield. Single-ati sensitivity results showed that
outdoor climate had the strongest impact on théopeance of the greenhouse system,
followed by the greenhouse design parameters andréenhouse climate set-points. The
selection of a proper greenhouse location is tHustmost importance. Concerning the
design parameters, PAR was the main limiting faéborgreenhouse production systems.
To increase crop vield, structures with a higherRP#ansmission and a near infrared
radiation (NIR)-selective whitewash/screens mustubed. Results can also be used to
determine whether sufficient climate control capesiare installed, and which greenhouse
design parameters can be adjusted to save resolmraeddition, obvious seasonal patterns
in the model sensitivity suggested the advantagelpfstable cover parameters. The multi-
variate sensitivity analysis revealed strong joéftects of the PAR transmission and
ventilation set-point on crop yield. Sensitivity adysis techniques were thus able to
quantify the single, combined and seasonal impécpavameters on the harvest rate,
resource consumption and indoor climate. Howewerintrease the insight in relevant
design aspects for greenhouse optimisation evehefiyrthe sensitivity of the net profit of
the greenhouse grower to input parameters had defeemined next.

The economic model to evaluate the annual NFR fametion of crop yield, the
resource use and the depreciation and maintenaintiee oconstruction is described in
Chapter 5. The economic model was joined with the greenholisgate-crop yield model
to identify—-among ten predefined design alternatitiee greenhouse with the highest
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annual NFR for tomato production under South-Spgeoinditions. The basic designs were
either the parral greenhouse, or a multi-tunnekspiy fitted with any combination of
heating, fogging and CQenrichment. Results demonstrated that the muttidl fitted
with only a fogging system, was most profitabldloiwed by the multi-tunnel with heating,
CGO, enrichment and fogging. However, the differenc®lifR between such a design and a
simple parral was small with respect to the diffein investment. A sensitivity analysis
of the NFR of the two technology extremes showeat tomato price, the fraction of
marketable yield and the PAR transmission of theecdiad the largest bearing on NFR.
Results proved that the best greenhouse designstwasgly affected by four factors:
weather, price trajectories, joint impact of climamodification techniques, and greenhouse
climate management. With increasing technologyl/étie NFR depended less on outdoor
climate and more on tomato price. This indicates ¢hlow-tech greenhouse diminishes the
risk of variations among price paths in differemays, whereas a high-tech greenhouse
covers better the “weather risk”.

To cope with a larger numbers of design alternativan efficient optimisation
algorithm was integrated in the design meth@tigpter 6). The algorithmmaximised the
annual NFR by optimising the selection of alteweito fulfil the following eight design
elements: (i) the type of greenhouse structurg, tlie material of the cover, (iii) the
presence and type of outdoor shade screen, (iwvliitewash properties, (v) the presence
and type of thermal screen, (vi) the type of heptipstem and its capacity, (vii) the type of
cooling system and its capacity and (viii) the type CO, enrichment system and its
capacity. A modified controlled random search atgon, using parallel computing adapted
the greenhouse design to local climatic and econ@omditions of two locations (Almeria
and The Netherlands), taken as example. A greeehuwith a relatively large specific
ventilation area (20% compared to 14% for Dutchditions), seasonal whitewash and a
low-capacity direct air heater (50 W2sompared to 200 W fnfor Dutch conditions) was
selected as optimal for the warm climate with higtiation levels of Almeria. In contrast,
for the relatively cold climate with low radiatid@vels of The Netherlands, whitewash was
not selected and a 100% aluminium thermal screes awplied. The design method
produced realistic greenhouses and related anrfeld| Mdicating that a robust and reliable
design method was developed. An analysis of theeeto-best greenhouses showed that for
both locations a high-light transmissivity-struewonsiderably enhanced the greenhouse
performance whereas an outdoor shade screen, geathieeating and mechanical cooling
were not economic.
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Given the results presented so far, we conclud&hampter 7 that the objective of
this thesis was fulfilled, since the design metipodduced different greenhouse designs,
each suitable for given climatic and economic cthods in Spain and The Netherlands. As
the underlying models were validated thoroughlydowride variety of climatic conditions,
the design method might be expected to producahdeligreenhouse designs for other
locations as well. Furthermore, techniques wereelbgped to pinpoint the most relevant
design parameters and design elements, which mitwreased our understanding of the
design process. To the best of our knowledge, thasfirst time that such a multi-factorial
optimisation problem was addressed in detail andlypsolved. To optimise the total
design, the impact of social aspects, labour agitios on greenhouse design should be
incorporated in the design method. Other aspectswould improve the reliability and
generality of the three models are discussed ds uad to the generic nature of the design
method, more aspects could easily be integrated.ifipact of the uncertainty in weather
and prices on greenhouse design is discussed, aadunes that would reduce this impact
are proposed. Last, several future perspectivéfseaflesign method are presented.
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Resumen

Alrededor del mundo se encuentran diferentes tifgo#vernaderos. Estas diferencias se
deben a las condiciones locales como la meteomldgi economia, las condiciones
sociales, la legislacion y la presencia de fuecota®mo de agua, de energia y de,CO
También porque existe una gran variedad de elememtodisefio, como por ejemplo
cubiertas, sistemas de calefaccion y de refrigénacel disefio de invernaderos es muy
complicado. Esto es la razén por la que se disefi@inaderos que no se adaptan bien a
las condiciones locales y por lo tanto no ofrecenrendimiento Optimo. Un trabajo
sistematico basado en modelos fisicos, bioldgicesonémicos es una forma de disefiar
invernaderos que ofrece grandes expectativas.iasfoposible una mayor adaptacion a las
condiciones locales e indicar4 mejoras para ingEmes existentes.

El objetivo de esta tesis ha sido el desarrollanlenétodo generador de disefios
de invernaderos, adaptados a las condiciones @msay econdémicas locales. Este método
debe funcionar para las diferentes condicionesval nhundial. Ya que el disefio de
invernaderos es un complicado problema de optindracque depende de diferentes
factores, hemos desarrollado un método de dise@autiliza modelos de ordenador. Este
método maximiza el resultado financiero del inveera, adaptandolo a las condiciones
locales. El resultado financiero del invernaderolaedliferencia entre los rendimientos
econdmicos de por ejemplo tomates y los gastos fijgariables del invernadero. En esta
investigacion nos hemos concentrado en el cultela@mate y el clima y las condiciones
econdémicas se han seleccionado como condicionesapreAdemas se ha reducido el
problema de disefio a elementos que influyen sdlmlev@ del invernadero.

Se ha desarrollado un modelo de clima de inveroagigra predecir el clima en el
interior del invernadero (temperatura, humedad mceatracion de COdel aire y la
temperatura del cultivo)Qapitulo 2). Se han incluido las siguientes variables en el
modelo: el clima exterior (p.e. radiacién solamperatura, humedad, velocidad del viento
y concentracion de Gf) el control de clima, el disefio de invernaderelycultivo. El
modelo contenia elementos genéricos de disefio dernadero para poder disefar
invernaderos para diferentes climas. La predicdéinclima se ha comparado con el clima
medido para cuatro invernaderos diferentes y tliesas diferentes: un clima templado
maritimo, un clima mediterraneo y un clima semidé&sg El modelo predijo con precision
el clima interior del invernadero en todos estososa En mas del 78% de los casos la
diferencia entre las simulaciones y las medici@rasnenos de un 10%.
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En el Capitulo 3 se describe el modelo que predice el rendimiestdothates
dependiendo de la temperatura del cultivo, la @dilefotosintéticamente activa (PAR, la
parte de la luz solar que utiliza la planta pararsgimiento) y la concentracion de £del
aire interior (una mayor concentracion de,Ceéstimula el crecimiento). La solucién del
disefio de invernadero tendera a invernaderos quenitpe tanto temperaturas
extremadamente altas como extremadamente bajaslcéin de mantener los gastos
energéticos a un minimo. Por esta razén es muyrienie que estén bien descritos estos
efectos de temperaturas sobre el rendimiento datemmUn estudio de literatura muestra
con claridad que tanto las temperaturas altas dasioajas, ejercen una influencia negativa
sobre diferentes procesos de crecimiento y de mdisade la planta, resultando en un
menor rendimiento. Tanto efectos de temperatuecttis como medios, influyen sobre el
crecimiento del tomate y estos efectos han siddeimgntado de manera sencilla en el
modelo. Sin la adaptacion de parametros determgactin antelacién, el modelo
desarrollado fue capaz de predecir con precisioremiimiento de tomate para cuatro
trayectos de temperatura diferentes, que son: teypas casi 6ptimas para condiciones de
clima de invernadero holandeses; temperaturas timagp para condiciones de clima de
invernadero del sur de Espafia; temperaturas mediiemadamente altas y bajas y
variaciones extremas diarias de temperaturas.

Capitulo 4 describe un analisis de sensibilidad para descidwiparametros de
mayor influencia sobre el disefio de invernaderana @umentar nuestro entendimiento del
proceso de disefio. Se han aplicado tres técnicandlésis de sensibilidad al modelo
combinado de clima de invernadero-rendimiento aweates, con el fin de determinar las
sensibilidades para un invernadero con un bajd diedecnificacién en Almeria en el sur
de Espafia y para un invernadero con un alto nigetednificacion en Texas, Estados
Unidos. El modelo predijo de forma realista el éimterior y el rendimiento de tomates.
Los resultados del andlisis de sensibilidad enfocaldefecto de uno de los parametros,
demostraban que el clima exterior ejercia la magfiuencia sobre el rendimiento del
invernadero, seguido por los parametros de disefus wjustes de regulacion del clima
interior. Por lo tanto resulta muy importante laceion correcta de la ubicacién para la
construccion del invernadero. Referente a los per@s de del invernadero, la luz PAR
resultaba el factor mas importante para el renditoiee los invernaderos. Para aumentar
el rendimiento de tomates sera necesario disefraicksas con mayor permeabilidad para
esta luz de crecimiento y los invernaderos debsearequipados con pantalla o blanqueo
que permitan que pase la radiacion cercano-infaIR, la parte de la radiacién solar
que funciona como fuente de calor para el invenmgd#e forma selectiva. Los resultados
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de este analisis de sensibilidad mostraron si peaidad del sistema de calefaccion y la
inyeccién de C@ era suficiente. También se revelaron parametrogdernadero que
deberian ser adaptados para el ahorro de agugj&ye€Q. El impacto de la luz sobre el
rendimiento de tomates variaba a lo largo de lapteada, lo cual sugiere que tiene
preferencia una cubierta de invernadero de cafstitexs variables sobre caracteristicas
fijas de la cubierta de invernadero. Los resultatielsanalisis de sensibilidad enfocado en
efectos combinados de parametros, demuestran duertectos combinados de la
transmision PAR y los ajustes de ventilacion s@brendimiento de tomates. Las técnicas
utilizadas de analisis de sensibilidad, son capdeesuantificar tanto el impacto de un solo
parametro, como de parametros combinados y su depeia del tiempo sobre el
rendimiento de tomates, el clima interior y sodreamsumo de fuentes. Sin embargo, para
mejorar el entendimiento de aspectos importantds déefio de invernaderos, sera
necesario determinar el impacto sobre el resufiadociero neto del invernadero.

El modelo econédmico que calcula el resultado firemc neto (NFR) como
funcion del rendimiento de tomates, el consumo dentes y la amortizaciéon y el
mantenimiento del invernadero, se describe e@agitulo 5. El modelo econémico fue
combinado con el modelo clima de invernadero-reiatitn de tomates para determinar,
entre diez disefios diferentes de invernadero -stodn diferente nivel de tecnificacion - el
invernadero de tomates con el mayor resultado ¢iram neto para las condiciones en el
sur de Espafia. Los disefios de invernadero eramvemadero de plastico tipico de parral
con una baja inclinacion de techo o un invernaddgoarcos equipado con diferentes
combinaciones de técnicas para el control climatoomo sistemas de calefaccion,
nebulizacion (para la refrigeracion) y dosificac@an CQ. Los resultados indicaban que un
invernadero de arcos con solamente nebulizacionekemaas rentable, seguido por un
invernadero de arcos con calefaccion, nebulizagidosificacion de C@ La diferencia de
resultado financiero entre un invernadero de gsteytun invernadero relativamente barato
de parral, sin embargo era pequefia en comparaoibtacdiferencia en la inversion. Un
analisis de sensibilidad del resultado financieztorpara los dos extremos de tecnologia,
revelaba que el precio del tomate, la parte detesnzara la venta y la permeabilidad PAR
de la cubierta del invernadero, tenian el mayoraictip sobre el resultado financiero neto.
Los resultados demostraron que el rendimiento fieaa del invernadero se veia
fuertemente influenciado por cuatro factores: latemmlogia, los precios del tomate,
impacto combinado de técnicas de control climagida regulacion del clima aplicado. El
rendimiento financiero neto en el caso de mayarifieacion, dependia en menor grado de
las variaciones anuales en el clima y mas de laacianes anuales de los precios del
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tomate. Esto indica que un invernadero de bajol nigetecnificacion depende en menor
grado de las variaciones en los precios del tomataee el invernadero con alto nivel de
tecnificacion depende en menor grado de las vanasiclimaticas.

Para poder elegir de forma rapida y sencilla elomajvernadero entre muchas
alternativas, hemos integrado un algoritmo de dp&ioion en el método de disefio
(Capitulo 6). Este algoritmo maximiza el rendimiento finanoiereto, optimizando la
seleccion de alternativas para la realizacion desiguientes ocho elementos de disefio: (i)
el tipo de construccién de invernadero, (ii) el enal de cubierta de invernadero, (iii) la
presencia y el tipo de pantalla de sombreo extériprlas propiedades de blanqueo para la
disminucién de la entrada de radiacion, (v) la@ne& y el tipo de pantalla térmica, (vi) la
capacidad y el tipo de sistema de calefaccion) [@iicapacidad y el tipo de sistema de
refrigeracion, y (viii) la capacidad y el tipo déstema de dosificacion de GOUn
algoritmo de busqueda controlado y variable (cdielorandom search algorithm) se
aplicaba sobre 50 PC’'s veloces y adaptaba el diskfionvernadero al clima y las
condiciones econdmicas locales para dos ubicacidifiesentes, Almeria y Holanda. El
modelo seleccion6 un invernadero con una supenf@ativamente grande de ventilacion
(la superficie de ventilacién era igual al 20% aesuiperficie de suelo, mientras que esto era
de un 14% para las condiciones holandesas), blanga disminuir la temperatura del
aire en el interior del invernadero y una capaciddativamente baja de calefactor de aire
(50 W/nf en comparacién con 200 W/mara las condiciones holandesas) para el clima
soleado y calido en Almeria. Para el clima relatigate frio y oscuro en Holanda, el
blanqueo no era necesario y el invernadero estlipaglo con una pantalla energética de
un 100% de aluminio. Para ambas ubicaciones elduoéte disefio seleccion6 invernaderos
realistas y resultados financieros netos correspates, lo que indica que ha sido
desarrollado un método fiable y robusto. Un argli® los mejores invernaderos mostro
que para ambas ubicaciones una construccién denamero con alta permeabilidad a la
luz, mejoraba el rendimiento econémico del inveemadmientras que una pantalla de
sombreo exterior, calefaccion geotérmica y refaggm mecanica empeoraban el
rendimiento del invernadero.

En elCapitulo 7 se discute el método de disefio basado en modesasrdllado.
Basandonos en los resultados presentados podemdsicague el objetivo de esta tesis se
ha cumplido. EI método de disefio de invernaderoergedos invernaderos diferentes
adaptados a las condiciones climaticas y econértocages en Espafia y en Holanda. Es de
esperar que el método de disefio genere igualmentrnaderos fiables para otras
ubicaciones ya que los modelos de su base hanvaittados profundamente para una
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amplia gama de climas. Hasta donde sabemos, esriarp vez que se describe en detalle
y se soluciona en su mayor parte, un problema tmiapcion de disefio de invernadero.

Para seguir optimizando el problema de disefio dntalidad sera necesario integrar en el
método de disefio de invernadero la influencia deeass sociales, mano de obra y
logistica sobre el disefio de invernaderos. Se wiscaspectos para la mejora de la
fiabilidad de los tres modelos. Dado el hecho dueétodo de disefio ha sido construido de
forma genérica, estos aspectos se podran integrdorcha sencilla en el método. La

influencia de la inseguridad del clima y de loscps sobre el disefio de invernadero ha
sido descrita y se han propuesto medidas paralimit influencia. Finalmente se presentan
perspectivas futuras del método de disefio.
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Samenvatting

Wereldwijd kom je verschillende soorten kassen negB®eze verschillen worden
veroorzaakt door locale omstandigheden zoals her,weconomie, sociale condities, de
wetgeving en de aanwezigheid van bronnen zoalswettergie en CO Omdat er ook nog
eens veel verschillende ontwerp elementen - bijyeeld constructies, kasdekken,
verwarmingssystemen en koelsystemen - beschikljaais het ontwerpen van kassen erg
moeilijk. Daardoor worden er kassen ontworpen i#¢ goed zijn aangepast aan de locale
omstandigheden, waardoor deze financieel niet @atinpresteren. Een systematische
aanpak die gebruik maakt van fysische, biologiseheeconomische modellen is een
veelbelovende manier om kassen te ontwerpen. Dezgal kan het mogelijk maken om
kassen beter aan te passen aan locale omstandigbedsm verbeteringen voor bestaande
kassen aan te wijzen.

Het doel van dit proefschrift was het ontwikkelean een methode die
kasontwerpen genereert die geschikt zijn voor daléklimaat en economische condities.
Deze methode moet functioneren voor de verschileswhdities die men wereldwijd tegen
kan komen. Omdat kasontwerp een ingewikkeld optsatéprobleem is, hebben we een
ontwerpmethode ontwikkeld die gebruik maakt van potarmodellen. Deze methode
maximaliseert het financiéle resultaat van de k& dleze aan de locale omstandigheden
aan te passen. Het financiéle resultaat van eernskast verschil tussen de economische
opbrengsten van bijvoorbeeld tomaten en de vaeabelvaste kosten van de kas. In dit
onderzoek hebben we ons gericht op tomaat als gesvadet klimaat en economische
condities zijn geselecteerd als randvoorwaardenved® is het ontwerpprobleem
teruggebracht tot elementen die het kasklimaatntmden.

Een kasklimaatmodel is ontwikkeld om het klimaat de kas (temperatuur,
vochtigheid en de CQOconcentratie van de lucht en de gewastemperateurporspellen
(Hoofdstuk 2). De volgende variabelen zijn meegenomen in hedahdet buitenklimaat
(bv. zoninstraling, temperatuur, vochtigheid, winelbieid en C@ concentratie), de
klimaatregeling, het kasontwerp en het gewas. Ossd@ te kunnen ontwerpen voor
verschillende klimaten bevatte het model generl&sontwerp elementen. Het voorspelde
klimaat was vergeleken met het gemeten klimaat waer verschillende kassen en drie
verschillende klimaten: een gematigd zeeklimaath édediterraan klimaat en een
semiwoestijn klimaat. Het model voorspelde voor dadze gevallen het kasklimaat
nauwkeurig. In meer dan 78% van de gevallen waafdgking tussen de simulaties en
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metingen kleiner dan 10%.

In Hoofdstuk 3 is het model beschreven dat de tomatenopbrengstspelt
afhankelijk van de gewastemperatuur, de fotosyistiet actieve straling (PAR, het
gedeelte van het zonlicht dat de plant gebruikir\groei) en de COconcentratie van de
kaslucht (een hogere GQroncentratie stimuleert de groei). De oplossing Veat
kasontwerp probleem zal neigen naar kassen diel zstreem lage als hoge temperaturen
toestaan om investeringen en energiekosten zonteaglijk te houden. Daarom is het erg
belangrijk dat deze temperatuureffecten op tomafarengst goed beschreven zijn. Een
literatuurstudie maakte duidelijk dat zowel lages &loge temperaturen een negatieve
invloed hebben op verschillende groei en ontwikigdprocessen van de plant wat
vervolgens resulteert in een lagere tomatenopbterdwel directe en gemiddelde
temperatuur effecten beinvioeden de tomatengroaleze effecten zijn op een simpele
manier geimplementeerd in het model. Zonder aamgpssan vooraf vastgestelde
modelparameters was het ontwikkelde model in staate tomatenopbrengst nauwkeurig
te voorspellen voor vier verschillende temperatuajecten, namelijk voor: bijna optimale
temperaturen voor Nederlandse kasklimaat condities;optimale temperaturen voor Zuid
Spaanse kasklimaat condities; extreem lage en pegeddelde temperaturen en extreme
dagelijkse temperatuur schommelingen.

Hoofdstuk 4 beschrijft een gevoeligheidsanalyse om de paraméteonthullen
die de meeste invloed hebben op het kasontwerpgreans begrip van het ontwerpproces
te vergroten. Drie gevoeligheidanalyse techniekigm toegepast op het gecombineerde
kasklimaat-tomatenopbrengst model om de gevoeligéeel bepalen voor een kas met een
laag technologieniveau in Almeria, Zuid-Spanje eoorv een kas met een hoog
technologieniveau in Texas, Verenigde Staten. Hadehvoorspelde voor beide locaties
het binnenklimaat en de tomatenopbrengst realististResultaten van de
gevoeligheidanalyse gericht op het effect van édémampeter toonden aan dat het
buitenklimaat de meeste invioed had op de prestaten de kas, gevolgd door de
ontwerpparameters en de setpoints om het binneaétirte regelen. Het kiezen van een
juiste locatie om een kas te bouwen is dus ergnbejl. Wat betreft de kasparameters,
PAR was de belangrijkste factor voor de prestadie kassen. Om de tomatenopbrengst te
verhogen moeten structuren met een hogere docakadibid voor het groeilicht ontworpen
worden, tevens moeten de kassen uitgerust wordérkatle of een scherm die de nabij-
infrarode straling (NIR, het gedeelte van het ailidat als warmtebron voor de kas
fungeert) selectief doorlaat. Resultaten van dexeogjigheidsanalyse lieten zien of de
capaciteit van het verwarmingsysteem en de @@diening voldoende was. Ook werden
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kasparameters onthuld die aangepast moeten wordevater, energie en G@e besparen.
De impact van licht op tomatenopbrengst varieeettugende de seizoenen wat suggereert
dat aanpasbare kasdek eigenschappen een voortbeinhien opzichte van vaste kasdek
eigenschappen. Resultaten van de gevoeligheidangbscht op gecombineerde effecten
van parameters onthulde sterke gecombineerde effeean de PAR transmissie en
ventilatie setpoint op tomatenopbrengst. De gebeuijevoeligheidanalyse technieken zijn
in staat om de impact van zowel één parameter, ngeiceerde parameters als hun
tijdsafhankelijkheid op tomatenopbrengst, het birklienaat en op de consumptie van
bronnen te kwantificeren. Echter, om het inzichtbilangrijke kasontwerp aspecten te
verbeteren moet de impact op het netto financ&seltaat van de kas worden bepaald.

Het economische model dat het netto financiéle lt@su (NFR) berekent als
functie van de tomatenopbrengst, het verbruik venbdonnen en de afschrijving en
onderhoud van de kas is beschrevenHaofdstuk 5. Het economisch model was
samengevoegd met het kasklimaat-tomatenopbrengdelnzmdat uit tien verschillende
kasontwerpen — allemaal variérend in technologimiv- de tomatenkas met het hoogste
netto financiéle resultaat voor Zuid Spaanse c@xlitkon worden bepaald. De
kasontwerpen waren een typische plastic parraiietseen lage dakhelling of een boogkas
uitgerust met verschillende combinaties van tedterieom het kasklimaat te beinvioeden
zoals systemen om te verwarmen, vocht te verneyelarde lucht te koelen) en om gt
doseren. Resultaten toonden aan dat een boogkaalesst verneveling het meest rendabel
was, gevolgd door een boogkas uitgerust met verimgrnverneveling en COdosering.
Het verschil in financieel resultaat tussen eegelgke kas en een relatief goedkope parral
kas was echter klein in vergelijking met het veilscin investering. Een
gevoeligheidanalyse van het netto financiéle raatiloor de twee technologie extremen
onthulde dat de tomatenprijs, de fractie van dekoaepbare tomaten en de PAR
doorlaatbaarheid van het kasdek de grootste impadtien op het NFR. De resultaten
toonden aan dat de financiéle prestatie van destiegik beinvioed werd door vier factoren:
het weer, de tomaten prijzen, gecombineerde impant technieken om het klimaat te
regelen en de toegepaste klimaatbesturing. Heto nitanciéle resultaat hing met
toenemend technologieniveau minder af van jaadijkariaties in het buitenklimaat en
meer af van jaarlijkse variaties in tomatenprijzBit. geeft aan dat een kas met een laag
technologieniveau minder afhankelijk is van vadatin tomatenprijs en dat een kas met
een hoog technologieniveau minder afhankelijk is variaties in het klimaat.

Om relatief snel en gemakkelijk de beste kas uit keleboel alternatieven te
kunnen kiezen, hebben we een optimalisatie algergeintegreerd in de ontwerp methode
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(Hoofdstuk 6). Dit algoritme maximaliseert het netto financiéesultaat door het
optimaliseren van de selectie van alternatievendenvolgende acht ontwerpelementen te
vervullen: (i) het type kasconstructie, (i) hesakmateriaal, (iii) de aanwezigheid en het
type buiten schaduwscherm (iv), de eigenschappen kadk om de zoninstraling te
verminderen, (v) de aanwezigheid en het type themimscherm, (vi) de capaciteit en het
type verwarmingssysteem en capaciteit, (vii) deacpit en het type koelsysteem, en (viii)
de capaciteit en het type G@edieningsysteem. Een gecontroleerd variabelalgekitme
(controlled random search algorithm) was toegemgst50 snelle PC's en paste het
kasontwerp aan op het locale klimaat en economiscimstandigheden voor twee
verschillende locaties, Almeria en Nederland. Heidel selecteerde een kas met een
relatief groot ventilatie oppervlak (het ventilabpperviak was net zo groot als 20% van
het grondoppervlak terwijl dit voor Nederlandse tangigheden 14% was), kalk om de
kaslucht temperatuur te verlagen en een relatigf tapaciteit hete-lucht kanon (50 W/m
vergeleken met 200 W/nvoor Nederlandse omstandigheden) voor het zoremgearme
klimaat in Almeria. Voor het relatieve koude en Kere klimaat in Nederland, was kalk
niet nodig en was de kas uitgerust met een enetges van 100% aluminium. Voor
beide locaties selecteerde de ontwerp methodestisalie kassen en bijbehorende netto
financiéle resultaten wat aangeeft dat een robuwste betrouwbare methode was
ontwikkeld. Een analyse van de beste kassen lieh zlat voor beide locaties een
kasconstructie met een hoge lichtdoorlaatbaarheice@bnomische prestatie van de kas
verbeterde terwijl een buiten schaduwscherm, gewiilsehe verwarming en mechanische
koeling de prestatie van de kas verslechterde.

In Hoofdstuk 7 wordt de ontwikkelde modelgebaseerde ontwerpmethod
bediscussieerd. Gebaseerd op de gepresenteerttatezskiunnen we concluderen dat het
doel van dit proefschrift is vervuld. De kasontwegihode genereerde namelijk twee
verschillende kassen die geschikt waren voor daléodimaat en economische condities in
Spanje en Nederland. Het mag worden verwacht damntlgerpmethode ook voor andere
locaties betrouwbare kassen genereert omdat derligggede modellen grondig zijn
gevalideerd voor een breed scala aan klimaten. Yoeer wij weten, is het de eerste keer
dat een kasontwerp optimalisatie probleem gedetadl is beschreven en gedeeltelijk is
opgelost. Om het hele ontwerpprobleem verder témafiseren, moet de invioed van
sociale aspecten, arbeid en logistiek op het kasopt worden geintegreerd in de
kasontwerpmethode. Aspecten om de betrouwbaarlagidde drie modellen te verbeteren
worden bediscussieerd. Omdat de ontwerpmethoderigknis opgezet kunnen deze
aspecten eenvoudig geintegreerd worden in de methde invioed van onzekerheid in
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Samenvatting

klimaat en prijzen op het kasontwerp is beschrememmaatregelen om hun invioed te
beperken zijn voorgesteld. Tenslotte worden de doektige perspectieven van de
ontwerpmethode gepresenteerd.
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hartstikke bedankt, ik heb veel van jullie geleebdharna kwamen er nog een hele rij
kamergenoten voorbiVida, Didi, Fleur, Roberta, Vaia, Julienne en uiteindelijkBert.
Allen bedankt voor de gezelligheid op de kamer.|&sste twee wil ik extra bedanken
doordat jullie goede humeur en positieve kijk opdiegen het werken erg aangenaam
maakte. Heel veel succes en ik hoop dat jullie spdedig je proefschrift afmaken. Bert,
nog bedankt dat je altijd tijd had om vakinhoud&ijvragen te beantwoorden en mee te
denken met mijn onderzoek.

Het projectvoorstel hebben we bij Priva mogen tetdorrit Budding, Jan
Westra, Theo Rieswijk enBob van Randeraatbedankt voor jullie goede ideeén. Graag
wil ik Ad de Koning van HortiMaX bedanken, via jouw contacten kon ak &limaat data
uit verschillende werelddelen komen &mwin Gravesteijn voor het helpen met het
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omzetten van onduidelijke computer tekens naabkresklimaatdata.

For delivering the climate and tomato yield datavduld like to thank the
following people:Yaling Li from Shanxi Agricultural Universityt.uo Weihong from the
university of Nanjing; the growerBuijvestijn and Hooijmans from Pijnacker;Steven
Adams from the university of Warwick; the Spanish gros/€rancisco Belzuncesand
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Software handigheidjes waren natuurlijk altijd esglkom, Gert-Jan bedankt
voor je hulp hierbij. Dat heeft me erg veel tijdsgkeeld.Feije bedankt voor het
beantwoorden van alle vragen over kasontwerp ereleoohg. Roel bedankt voor al je tips
en je kritische blik op het AlO proce3an bedankt voor de Nederlandse klimaatgegevens
en voor je interesse in mijn onderzoek. Verderilwialle collega’s van Wageningen UR
Glastuinbouw en van de leerstoelgroep Agrarischifijfetechnologie bedanken voor hun
interesse, de gezellige bakjes koffie en de nutijzge

Tijdens het ontwikkelen van het gewasgroeimodél ikeook nog mogen bomen
met Rachel van OoteghemGerrit van Straten enFokke Buwalda. Jullie input heb ik
erg op prijs gesteld. Voor het bepalen van de gbawmeerde gevoeligheden van de
modellen heefKarel Keesman me mooi op weg geholpen en daar waar de statitgiek
moeilijk werd, hielpSaskia Burgersme altijd uit de brand, wat erg gewaardeerd wieet.
economische model is samen mrc Ruijs van het LEI opgezet. Marc je hebt tevens erg
veel economische gegevens voor mij boven tafelmit@overen. Dank je voor je inzet.

Quisiera mostrar mi profundo agradecimiento a l&stigadores de la Estacion
Experimental de la Fundacion Cajamar "Las Palnastill en Almeria, Espafa.
Especialmente duan Carlos Gazquez Juan José Magan Esteban Baeza Antonio
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proyecto de investigacion doctoral. Juan Carlosstelian, me gusté tapear con vosotros,
salir a los bares y jugar futbol rapido. Antonioagias por conducir la furgoneta todas las
mafianas y nunca he visto un hombre con tanto ngedado yo estaba, por unica vez,
conduciéndolaDiego gracias por cocinar en nuestro piso los platitipicos de Espafia.
También quiero agradecerleRabert y Claudia porque nos permitieron disfrutar juntos
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nuestro tiempo libre en Almeria.

Voor het oplossen van het optimalisatieprobleem ikeveel dank verschuldigd
aanHans Stigter, Gerard van Willigenburg en Bas Speetjensan Ecofys. Bedankt voor
jullie goede ideeén en optimalisatie softwaberard Folkerts heeft het mogelijk gemaakt
dat ik 50 Pc’s dag en nacht mocht laten draaiedatit daarvoor. Vervolgens zorgden
Andre Aalten, Raymond Kraaijenzang en Reggie Naumannervoor dat ik zelfs op de
gekste momenten de PC zalen in mocht, het wasvéijiken met jullie.

Omdat het succes van een PhD grotendeels wordialtbgloor mensen die
helemaal niets met de wetenschap te maken hebhkik graag de volgende mensen
bedanken. Allereerst de jongens en begeleidersigeen 1 varwVV Wageningen Naast
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allemaal gaan missen. Ook bij de vriendengrbap 3 uit Mariaheide is het altijd gezellig.
Ook al zie ik jullie niet zo vaak meer, het vodttjd meteen als thuiskomen als ik er ben.
Marjan enTijn, jullie wil ik speciaal bedanken voor de fijne vristhap, gezelligheid en
omdat ikalles met jullie kan besprekedim de afgelopen 12 jaar hebben we een mooie
band opgebouwd in Wageningen. Het was fijn om jddrbuurt te hebben al die tijd. Ook
de gezellige avondjes mRick, Klaske, Aafke, Linette en Simonwaren iedere keer weer
erg aangenaam om lekker te relaxarerder wil ik nog alle huisgenoten aan de
Heerenstraat 8 bedanken waar ik al die jaren mee heb samengewdeulden en
Hermijn bedankt voor het zo naar mijn zin maken in dashdis een ‘verloren zoon’
werd ik geadopteerd door julli@ochemenToon bedankt voor de mooie vriendschap van
weinig woorden en elkaar toch zo goed begrijpen.

Verder wil ik mijn broerEvert en mijn zussedudith enLoes bedanken voor de
mooie band die we samen hebben. Dit ben ik voardhdtste jaren erg gaan waarderen en
het zou mooi zijn als we hier nog lang van mogemiggen. Voor dat warme nest moet ik
toch eigenlijk twee mensen heel erg bedanken eziplabns papenons mam Bedankt
voor de goede opvoeding en dat het altijd zo gegisllals we ‘thuiskomen’ in Mariaheide.
Op het moment dat het nodig was, hebben jullie ouh thet juiste steuntje in de rug
gegeven om dit alles af te makdmarieke, waar lunchen in het restaurant van de toekomst
en een AIO feest wel niet goed voor kan zijn. Heelig fijn om samen met je te zijn. Je
hebt me ook erg geholpen met mijn proefschrift. @pbnde woorden en af en toe een
pragmatische schop onder de kont als het nodig Bafsis nu allemaal niet meer nodig.
We gaan nu lekker genieten in Mexico,

Bram
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