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Stellingen behorende bij het proefschrift van Stefan Cornelis de Graaf, getiteld:
Low nitrate lettuce cultivations in greenhouses—
Optimal control in the presence of measurable disturbances

1 Het closed-loop algoritme uit dit proefschrift stelt de tuinder in staat nitraatophoping in
kassla te beheersen, en maakt daardoor een economisch optimale aansturing van de
teelt mogelijk (dit proefschrift).

2 Zonder de toepassing van automatic differentiation is het onmogelijk om state feedback
laws voor singuliere optimale trajecten van complexe of hoog-dimensionale systemen
af te leiden (dit proefschrift).

3 Schalingsproblemen in de ecologie en geo-informatie wetenschappen kunnen met
gelijkvormigheidstheorie opgelost worden.

4 Gevarieerd eten is gezonder dan het opvolgen van op onderzoek gebaseerde
voedingsadviezen.

5 Prestatiecontracten verkleinen de kans op het bereiken van het doel waarvoor ze
opgesteld zijn.

6 Rechtspraak heft menselijke kwetsbaarheid niet op (deVolkskrant, Forum 23 april
2003).




1 Problem analysis and demarcation 1

1 Problem analysis and demarcation

1.1 Introduction

This thesis is about optimal greenhouse lettuce cultivations such that lettuce nitrate accurnulation
above EU imposed maximum concentrations is prevented at maximum profits. This case is an
example of two general classes of problems: firstly, crop guality improvement through adjustment
of environmental conditions during cultivation and secondly, optimal conirol of processes that are
carried omt with a significant number of limitations on process variables while being affected by
disturbances. Finding solutions for this problem will be interesting for people working in the area of
horticuliure as well as for people working in the area of optimal control.

This chapter contains an analysis and demarcation of the horticultural problem. The conclusion of
this chapter is a problem statement in terms of an optimal control problem. Interesting aspects
related to solving the optimal control problem are introduced and discussed in chapter 2.

This chapter starts with an explanation about effects of nitrate and related chemical compounds on
human health that led to the introduction of the EU-directive. Then, maximum lettuce nitrate-
concentrations mentioned in the EU-directive are compared with lettuce nitrate concentrations in
European and Asian countries. Based on this comparison and also on lettuce cultivation data in
different European countries a decision is made to focus on the problem of keeping Dutch and
Belgian greenhouse lettuce cultivation economically feasible. Next, effects of (greenhouse)
physiological and environmental conditions on lettuce nitrate concentrations and on economic
feasibility are studied, becanse these effects constitute the basis of possible solutions. This chapter
ends by phrasing the lettuce cultivation problem in terms of an optimal control problem. A quick
economic evaluation shows that out of the three greenhouse climate conditions - greenhouse air
temperature, greenhouse air COz-concentration and solar light intensity- manipulation of solar light
intensity is not an economically feasible option.
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1.2 Effects of nitrate and retated chemical compounds on human health

Niwate may have harmful and beneficial effects on human health. Harmful effects consist of
proposed rclations between combinations of nitrate and related chemical compounds and
developments of gastric cancer, urinary bladder cancer and mathaemoglobinaemia.
Methaemoglobinaemia is a condition that mostly affects infants up to 12 months old and is caused
by reduction of nitrate to nitrite and nitric oxide that oxidize hemoglobin in red blood cells to an
abnormal form known as maethaemoglobin. Maethaemoglobin cannot bind or transport oxygen.
Beneficial effects consist of proposed relations between nitrate and pathogen killing (Addiscott and
Benjamin, 2004; Lundberg, et al., 2004).

Two sources provide humans with nitrate and related chemical compounds: an exogenovs source
and an endogenous source. One of the exogenous sources is the consumption of vegetables and
accounts for 60 through 90 procent (Lundberg, et al., 2004) of daily nitrate intakes on typical
western diets. A related chemical compound, nitrite is found in some foodstuffs. For example, it is
used as a food additive in meat to prevent botulism and to enhance its appearance. Other exogenous
sources include cigarette smoke and car exhausts that contain volatile nitrogen oxides. Some of
these are converted to nitrate or nifrite in the body. The main endogenous source is the L-arginine-
NO pathway, which is always active throughout the body and produces NO from the amino acid L-
arginine and oxygen. During systemic inflammatory reactions or infections, white blood cells and
other cells increase nitrate concentrations considerably through another pathway.

Nitrates and nitrites from both sources mix up in the bloodstream. In case of exogenous nitrates,
nitrate is ingested first and than absorbed from the gastrointestinal tract into the bloodstream. Most
nitrate is ultimately excreted in the urine, some in the saliva, sweat and possibly some in the
intestines. The exact fate of all nitrate in the body is still unresolved as only 60% of isotopically
labelled administered nitrate is recovered in the urine (Lundberg, ct al., 2004).

Harmful effects of nitrate on human heaith are not primarily related to nitrate ions themselves. In
fact, nitrate has a remarkably low toxicity. Instead, harmful effects arise when nitrate is reduced to
nitrite by bacteria in the gastrointestinal tract. Nitrite and nitrate to a smaller extend are both
involved in metabolisms that can result in formation of N-nitrosamines, which are carcinogenic.
Individuals can also be exposed to preformed N-nitrosamines, for example from the diet and
tobacco products, and in certain working environments (Lundberg, et al., 2004).

Although carcinogenic properties of N-nitroso compounds were proved in cell cultures and animal
experiments, relations between nitrate intake and gastric cancer in humans have not been proved. In
fact, many studies show either no efffects or inverse effects.

Nitrite may also have beneficial effects (Lundberg, et al., 2004). It may help killing ingested
pathogens in the stomach and improve gastric mucosal blood flow and mucus secretion. Dental
caries, skin infections, urinary tract infections may be inhibited by growth-inhibition or self-
destruction of harmful bacteria that are exposed to acidified nitrite. Research also showed that
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physiological concentrations of nitrite can dilate blood vessels, thereby possibly affecting the
vascular tone in ischaemic tissues, platelet function and leukocyte adhesion (Lundberg, et al., 2004).

1.3 EU-directive and variations of lettuce nitrate concentrations grown in European
countries

Concerned about harmful effects of nitrate, nitrite and N-nitrosamines on human health and despite
the fact that 50% of nitrate is produced endogenously from the L-arginine-NQO pathway, the
European Union tries to minimize accumulation of these chemical compounds in the environment
and food by imposing maximum vegetable nitrate-concentrations in a directive. By doing this,
lettuce nitrate concentrations have become a quality mark. In case of greenhouse grown Butterhead
lettuce, maximum allowable nitrate concentrations of lettuce harvested in winter (1 October to 31
March) are 4500 ppm (or mg kg" fresh product) and in summer (1 April to 30 September) 3500
ppm. In case of outdoor grown lettuce, maximum nitrate concentration of lettuce harvested in
summer (1 May to 31 August)} are 2500 ppm (Siomos and Dogras, 1999),

Whether imposed maximum nitrate concentrations are met depends on geographic locations and
climatic conditions of lettuce cultivations. Data about nitrate concentrations in Butterhead letmce
samples in different European and Asian countries in summer, winter and all year round are shown
in table 1. This table roughly shows three relationships between nitrate concentrations, geographic
locations and climatic conditions. Firstly, nitrate concentrations tend to be higher and therefore tend
to exceed imposed maximum nitrate concentrations more likely in samples from northern European
countries than those from southern European countries. Secondly, higher nitrate concentrations are
found in winter than in summer. Thirdly, nitrate concentrations of lettuce cultivated in greenhouses
are usually considerably higher than those cultivated outdoors in seasons and regions where both
methods of cultivation are feasible.

1.4 Lettuce cultivation data and relevance of solving lettuce cultivation problems in The
Netherlands and Belgium

Lettuce cultivated in northem European countries tend to have nitrate concentrations that exceed
imposed maximum concentrations. The extent of this problem and the need to solve this problem is
discussed with the help of data on total lettuce cultivation and protected lettuce cultivation in
European countries (table 2).
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Table 2: Data on total lettuce cultivation and protected lettuce cultivation in some European
countries (anonymous, 2001a; anonymous, 2005; Georges, Van Lierde and Verspecht, 2003)

country name total lettuce cultivation (kg) protected lettuce cultivation (kg)
25 countries of European Union 2614.10°
Spain 990.10° 31108
Italy 479.10°
France 383-10°
Germany 181-10°
United Kingdom 154-10° 24-10°
Belgium 93.10° 47.10°
Greece 81-10°
Netherlands 72.10¢ 43108
Austria 55.10°
Portugal 51.10¢
Sweden 22.10°
Hungary 12-10°
Denmark 9.10°
Ireland 9.10¢

There are two opinions about this issue. The first opinion is to concentrate lettuce cultivation in
southern European countries because these countries currently cultivate low nitrate concentration
lettuce that accounts for approximately 75% of total lettuce cultivation in the European Union. This
production may be increased easily. The second opinion is to maintain lettuce cultivation and even
stimulate low nitrate content lettuce cultivation in northern Evropean countries because lettuce
cultivation in these countries is economically feasible (Georges, Van Lierde and Verspecht, 2003).

The second opinion is supported in this thesis. Furthermore, there is a focus on protected, soil
bound lettuce cultivation in The Netherlands and Belgium, which have comparable climatic
conditions. So, the problem of keeping a low nitrate content in conjunction with an economically
feasible lettuce cultivation in The Netherlands and Belgium is assumed relevant enough to offer a
solution and is therefore chosen as an example of problems about crop quality improvement.

L5 Solution direction

Solutions to this problem requirc considerations of two effects: cffects of (greenhouse)
physiological and environmental conditions on nitrate concentrations and on economic feasibility.
These effects have been studied in literature. Table 3 lists studies about effects of physiological
conditions and environmental conditions on lettuce nitrate concentrations and table 4 lists studies
about effects of physiological conditions and environmental conditions on economic feasibility of
lettuce and other vegetable cultivations.
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Table 3: Swdies about effects of physiological conditions and environmental conditions on lettuce

nitrate concentrations

conditions

references

physiological

concentrations of glucose,
fructose, and malate

concentrations of
potassium, chloride,
phosphate, sulfur
concentrations of other
chemical compounds
nitrate reductase activity
lettuce fresh weight and
various parts of lettuce
plants

lettuce species

environmental

solar radiation intensity

air {emperature

CO;-concentration in the
air

fertilization levels

irrigation levels

storage conditions

Behr and Wicbe (1988), anonymous (2002), Drews, et al. (1995a), Drews et al. (1995b),
Seginer, Buwalda and Van Straten (1998)

Belr and Wiebe (1988), anonymous (2002}, Drews, et al, (1995a), Drews ei al. (1995b),
Conré and Breimer (1979), Maynard (1976), Van det Boon, et al. (1990)

Drews, et al. (1995a), Drews et al. {1995b), anonymous (2002)

Chadjaa, et al. (1999), Gaudreau, ez al. (1995)

anonymous (2002), Drews, ¢t al. (1995a), Maynard (1976). Van der Boon, ef al. (1990),
Abu-Rayyan, et al. (2004), Hanafy Ahmed (2000), Amr and Hadidi (2001), Seginer,
Buwalda and Van Straten (1998), anonymous (2002)

Amr and Hadidi (2001), Behr and Wiebe (1988), Drews, et al. (1995a), Drews et al.
(1995b), Escobar-Gutiérrez, et al. (2002), Roorda van Eysinga (1984), Maynard (1976),
anonymous (2002)

anonymous (anonymous, 2002), Chadjad, et al. (1999), Comé and Breimer (1979),
Dapoigny, et al. (2000), Dapoigny, et al. (1996), Drews et al. (1995b), Maynard (1976),
Van der Boon, et al. (1990), Roorda van Eysinga (1984), Sweingréver ef al. (1993),
Seginer, Buwalda and Van Straten (1998), anonymous (anonymous, 2002)

Comé and Breimer (1979), Dapoigny, ef al. (2000), Drews et al. (1995b), Maynard
{1976), Van der Boon, et al. (1990), Roorda van Eysinga (1984), Steingriver et al.
(1993), Seginer, Buwalda and Van Straten (1998), anonyimous (2002)

anonymous (2002), Corré and Breimer (1979), Seginer, Buwalda and Van Straten
(1998)

Corré and Breimer (1979), Maynard (1976), Hanafy Ahmed (2000), Van der Boon, et
al. (1990), Roorda van Eysinga (1984), Dapoigny, et al. (2000), Dapoigny, ¢f al. (1996),
Dominguez Gento and Dominguez Gento (1994)

Abu-Rayyan, et al. (2004), Aggelides, er al. (1999), Corré and Breimer (1979),
Maynard (1976)

Chung, et al. (2004}, Dapoigny, er al. (1996), Corré and Breimer (1979)
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Table 4: Studies about effects of physiological conditions and environmental conditions on
economic feasibility of lettuce and other vegetable cultivations

conditions references

lettuce cultivation

environmental conditions van Henten (1994)'. Dueck, et al (2004a; 2004b), Ferentinos, ef al. (2000)'.
anonymous (1998), Ioslovich and Seginer (2000; 2002)", Stigter and van Straten
(2000}, Seginer, et al. (1991)"

lettuce guality van Henten (1994)°, Seginer, er al. (1991)°

non-environmental conditions
such as labour, renting, etc
other vegetable cultivations

solar radiation intensity

air temperature

CQy-concentration in the air

fertilization levels
irrigation levels
storage conditions

non-environmental conditions
such as labour, renting, etc

anonymous (1998), Toslovich and Seginer (2000, 2002)°, Seginer, et al. (1991)’,
Georges ef al. (2003)

Dueck, et al. (2004a; 2004b), Tap (2000)", Zwart (2002), Ferentinos, et al. (2000),
anonymous (1998)

Dueck. et al. (2004a; 2004b), Tap (2000, Zwart (2002), Seginer and Sher (1993)°,
Alscher, er al. (2001)", Pohlheim and HeiBner (1996)"

Dueck, et al. (2004a; 2004b), Tap (2000)", Zwart (2002}, Ferentinos, ef al. (2000)",
anonymous (1998), anonymous (1992), Alscher, er al. (2001)°, Aikman (1996)",
Pohlheim and Heifner (1996)"

anonymous (1998)

anonymous {1998)

anonymous (1998)

anonymous (2000), anonymous (1998), Seginer and Sher (1993)", Verhacgh and de

Groot (2000), Calatrava-Requena, and Cafiero and Javier (2001), Taragola and van
Lierde (2000), Georges et al. (2003)

" Studies about computing optimal cultivation conditions

Greenhouse lettuce growers can use the knowledge about these effects at three moments during
lettuce cultivation: at the moment of planting, during cultivation and after the moment of
harvesting. At the moment of planting they can do this by choosing a lettuce cultivar and
fertilization levels. During lettuce cultivation they can do this by controlling the air temperature,
COy-concentration in the air, supplementary solar radiation, irrigation levels and sometimes
fertilization levels. After the moment of harvesting they can do this by controlling storage

conditions.



1 Problem analysis and demarcation 8

Most studies in table 3 are about qualitative effects except for studies carried out by Seginer,
Buwalda and Van Straten (1998). They built the only mathematical model that is able to predict
dynamics of lettuce nitrate concentration and lettuce fresh weight quantitatively. These predictions
are based on data of solar or artificial radiation intensity values, greenhouse air temperatures and
greenhouse air COz-concentrations during lettuce cultivations. Most studies in table 4 apply models
describing effects of physiological conditions and environmental conditions on cultivation costs or
profits of lettuce or other vegetable cultivations. Half of these is about sensitivities of costs or
profits to changes of cultivation conditions. The other half is about computing cultivation conditions
such that costs are minimized or profits are maximized. These studies belong to the class of optimal
control problems.

The horticultural problem about greenhouse lettuce cultivation will be solved as an optimal control
problem here. The objective is to compute optimal climate conditions such that the profit is
maximized while preventing lettuce nitrate accumulation above EU imposed maximum
concentrations. To compute these cultivation conditions a model presented by model by Seginer,
Buwalda and Van Straten and models describing effects of physiological conditions and
environmental conditions on cultivations profits are used.

Climate conditions that affect nitrate concentrations effectively will be chosen in the next section.

1.6 Quick economic evaluation of climate condition adjustment effects on nitrate
concentrations

Three climate conditions can be adjusted to affect nitrate concentrations: solar radiation intensity
values, greenhouse air temperatures and greenhouse air COs-concentrations. Not all of these
adjustments are economically feasible however. To analyse this, a quick evaluation is made based
on results presented by Vanthoor (2002) and some economic rules of thumb,

Results of Vanthoor presented in figure 1 show decreasing lettuce nitrate concentrations with
increasing ratio of the time-integral of photosynthesis and time-integral of growth. These ratios can
be interpreted as dimensionless numbers that combine effects of global solar radiation intensity,
temperatures and COz-concentrations during the last 14 cultivation days (1.2:10° s) on lettuce nitrate
concentrations at harvesi time. They were calculated according to the equation:

(‘]mfh'f'}dz]l

0

3
R= ﬂt_x;...g“._.dt.
&+

] Ca

(1}

Parameters and inputs in this equation are specified in table 5. The rationale of this relationship is
explained in appendix A.
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This equation and figure 1 were used to estimate guantitative changes of global solar radiation
intensity, CO»-concentration and temperature that each lead to typical nitrate concentration
decreases of 200 through 500 ppm, depending on the lettuce variety and the required nitrate
concentration at harvest. These estimations were done according to a simple estimation procedure
developed for greenhouse growers. This procedure is explained in Appendix A. Results of
estimations and related costs are in table 6.

5000
®
4500 .
—_ »
g . § o2
£ 4000 ° oa® 0
g .
‘g - | ] v
g 3500 9_.0__._'._._.‘. . o Py
=
: ce e ¢
o 2 &
S 3000 > 3 .
g o
£ .
= 2500 +
.
2000 y r v y
0.00 0.50 1.00 1.50 2,00

ratio between photosynthesis time-integral and growth-time integral (R) [-]

Figure 1: Lettuce nitrate concentration plotted against ratio of the time-integral of photosynthesis

and time-integral of growth

Table 5: Specification of parameter and inputs used in equation 1

name symbol value units

parameters

final time f 1.2.10° §

photosynthesis efficiency £ 0.07 mol [C)-mol” PAP
leaf conductance of CO; o 1.2103 m-s"

growth yield v 187 mol [C]-m”
specific maintenance rate coefficient k 02510% !

temperature effect parameter ¢ 0.0693 oc

reference temperature r 20 °C

inputs

solar radiation intensity I mol [C]-mol? PAP-m>s?!
CO,-concentration in the greenhouse air Ces mol-m”
greenhouse air temperamre T, °C
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Table 6: Estimated changes of global solar radiation intensity, COs-concentration and temperature
required to reduce nitrate concentrations by 200 to 500 ppm. Also shown are the associated costs
(estimated from anonymous (1992), anonymous (1998), Zwart (2002}, Georges, Van Lierde and
Verspecht (2003))

estimated changes related costs
global solar radiation intensity +2:10" F-m” +1 €m”
temperature -3°C 6102 em’*
CO;-concentration +361 ppm-m™> +3107 €m?

To define whether these changes are economically feasible, related costs need to be compared with
lettuce cultivation profits which are approximately -1 to 1 €m? (anonymous, 1998). The costs
related to the required estimated temperature changes are two orders of magnitude smaller than the
profits. This means that temperature adjustments hardly affect profits and therefore are
economically feasible. The same is true for COz-concentration changes, becanse related costs are
three orders of magnitude smaller than profits, Solar radiation intensity adjustments are not
economically feasible, because related costs are in the same order of magnitude as profits.

Concluding, in this thesis only optimal trajectories of temperature and CO,-concentrations arc
computed, because these adjustments are economically feasible.

1.7 Final horticultural problem statement

The problem of keeping a low nitrate content and an economically feasible lettuce cultivation in the
Netherlands and Belgium is studied in this thesis. This problem belongs to the general class of
horticultural problems about crop quality improvement through adjustment of environmental
conditions during cultivation. It will be solved as an optimal control problem through the
computation of optimal greenhouse air temperatures and greenhouse air COz-concentrations such
that the profit is maximized while lettuce nitrate accumulation above EU imposed maximum
concentrations is prevented. To compute these conditions a model presented by Seginer, Buwalda
and Van Straten (1998) and models describing effects of physiological conditions and
environmental conditions on cultivations profits are used.

References

Abu-Rayyan, A., B. H. Kharawish and K. Al-Ismail (2004). Nitrate content in lettuce (Lacruca
sativa L) heads in relation to plant spacing, nitrogen form and irrigation level. Journal of the
science of food and agriculture, 84, 931-936.

Addiscott, T. M. and N. Benjamin (2004). Nitrate and human health, Soif Use and Management, 20,
98-104.



1 Problem analysis and demarcation 11

Aggelides, S., I. Assimakopoulis, P. Kerkides and A. Skondras (1959). Effects of soil water
potential on the nitrate content and the yield of lettuce. Communications in soil science and
plant analysis, 30, 235-243.

Aikman, D. P. (1996). A procedure for optimizing carbon dioxide enrichment of a glasshouse
tomato crop. Journal agricultural engineering research, 63, 171-184.

Alscher, G., H. Krug and H.-P. Liebig (2001). Optimisation of C0O- and temperature control in
greenhouse crops by means of growth models at different abstraction levels 1, control
strategies, growth models and input data. Gartenbauwissenschaft, 66, 105-114.

Amr, A. and N. Hadidi (2001). Effect of cultivar and harvest date on nitrate (NOs) and nitrite (NO5)
content of selected vegetables grown under open field and greenhouse conditions in Jordan.
Journal of food compasition and analysis, 14, 59-67.

anonymous (1992). Beslissingsmodel voor CO; in de glastuinbouw investeringsselectie &
doseertechniek: Aanvullend CO; doseren en warmiteopslag; kwantitatieve informatie
{Report), Nederlandse Onderneming voor Energie en Milieu, Proefstation voor Tuinbouw
onder Glas, Sittard, Naaldwijk, The Netherlands.

anonymous (1998). Kwantitatieve informatie voor de glastuinbouw 1998-1999, Proefstation voor
Bloemmisterij en Glasgroente, Naaldwijk, The Netherlands.

anonymous (2000). Land- en twinbouwcijfers 2000, Landbouw-economisch Instituut, Centraal
Bureau voor de Statistiek, 's Gravenhage, The Netherlands.

anonymous (2001a). Anuario de estadistica agroalimentaria, Anexo 2001, Ministerio de
Agricultura, Pesca y Alimentacion,

anonymous (2001b). UK monitoring programme for nitrate in lettuce and spinach (number 16/01)
{Report), Food Standards Agency, London.

anonymous (2002). Optimal control of nitrate accumulation in greenhouse lettuce and other leafy
vegetables; Fair project CT 98-4362 (Report), Haifa, Israel, Wageningen, The Netherlands.
Ghent, Belgium. Rumbeke, Belgium, Aalsmeer, The Netherlands.

anonymous (2004a). UK monitoring programme for nitrate in leituce and spinach 2000-2002
(Report), Food Standards Agency, London.

anonymous (2004b). Lebensmittel-Monitoring; Ergebnisse des bundeweiten Lebensmittel-
Monitorings des Jahre 1995 bis 2002 {Report), Bundesamt fiir Verbraucherschutz und
Lebensmittelsicherheit, Berlin.

anonymous (2005). Eurostat, www.europa.eu.int/comm/eurostat/, Luxembourg.

anonymous (year unknown). Jahresbericht 2001 (Report), Bayerisches Landesamt fiir Gesundheit
und Lebensmittelsicherheit, Erlangen, Germany.

Behr, U. and H.-J. Wiebe (198R). Bezichunge zwischen dem Gehalt an Nitrat und anderen
Osmotica des Zellsaftes bei Kopfsalatsorten (Lactuca sativa L.). Gartenbauwissenschaft, 53,
206-210.

Byme, C., M. 1. Maher, M. J. Hennerty, M. J. Mahon and P. A. Walshe (year unknown). Reducing
the nitrate content of protected lettuce (Report), Irish Agriculture and Food Development
Authority, Dublin.

Calatrava-Requena, J., R. Cafiero and J. Ortega (2001). Productivity and cultivation costs analysis
in plastic greenhouses in the Nijar (Almeria) area. Acta Horticulturae, 559, 737-744.

Chadjai, H., L.-P. Vézina and A. Gosselin (1999). Effets d'un éclairage d'appoint sur la croissance
et le métabolisme azoté primaire de la laitue miche et de I'épinard cultivés en serre.
Canadian journal of plant science, 79, 421-426.

Chung, J.-C., 5.-8. Chou and D.-F. Hwang (2004). Changes in nitrate and nitrite of four vegetables
during storage at refrigerated and ambient temperatures. Food additives and contaminants,
21, 317-322.

Corré, W. J. and T. Breimer (1979), Nitrate and nitrite in vegetables, Centre for Agricultural
Publishing and Documentation, Wageningen, The Netherlands,


http://www.europa.eu.int/comm/eurostat/

1 Problem analysis and demarcation 12

Dapoigny, L., S. de Tourdonnet, J. Roger-Estrade, M.-IL. Jeuffroy and A. Fleury (2000). Effect of
nitrogen nutrition on growth and nitrate accumulation in lettuce {Lactuca sativa L.) under
various conditions of radiation and temperature. Agroromie, 20, 843-855.

Dapoigny, L., P. Robin, C. Raynal-Lacroix and A. Fleury (1996). Relation entre la vitesse relative
de croissance et la teneur en azote chez laitue (Lactuca sativa L). Effets de lombrage et du
niveau de l'alimentation minérale. Agronomie, 16, 528-539,

Dominguez Gento, P. and A. Dominguez Gento (1994). Nitratos en lechugas procedentes de
cultivos convencionales y ecolégicos en la provincia de Valencia. In: Proceedings of the
Congreso de la sociedad espanola de agricultura ecolégica. Toledo.

Drews, M., I. Schonhof and A. Krumbein (1995a). Gehalt und Verteilung von Inhaltstoffen in
Kopfsalat. Gartenbauwissenschaft, 60, 287-293.

Drews, M., I. Schonhof and A. Krumbein (1995b). Nitrat-, Vitamin C-, -Carotin- und
Zuockergehalt von Kopfsalat im Jahresverlauf beim Anbau im Gewiéichshaus (Lactuca sativa
L.). Gartenbauwissenschaft, 60, 180-187.

Dueck, T., A. Elings, F. Kempkes, P. Knies, N. Van de Braak, N. Garcia, G. Heij, J. Janse, R.
Kaarsemaker, P. Korsten, R. Maaswinkel, M. Ruijs, C. Reijnders and R. Van der Meer
(2004a). Energie in kentallen: zoek naar een nieuwe balans, nota 312 (Report), Plant
research international B.V., Wageningen.

Dueck, T., A. Elings, F. Kempkes, P. Knies, N. Van de Braak, N. Garcia, G. Heij, J. Janse, R.
Kaarsemaker, P. Korsten, R. Maaswinkel, M. Ruijs, C. Reijnders and R. Van der Meer
(2004b). Energie in kentallen: zoek naar een nicuwe balans, nota 313 (Report), Plant
research international B.V., Wageningen.

Elmadfa, 1. and P. Burger (1999). Expertengutachten zur Lebensmittelsicherheit Nitrat (Report),
Institut fur Erndhrungswissenschaften de Universitit Wien, Wien.

Escobar-Gutiérrez, A. J., . G. Burns, A. Lee and R. N. Edmondson (2002). Screening lettuce
cultivars for low nitrate content during summer and winter production. Journal of
Horticultural Science & Biotechnology, 77, 232-237.

Ferentinos, K. P., L. D. Albright and D. V. Ramani (2000). Optimal light integral and carbon
dioxide concentration combinations for lettuce in ventilated greenhouses. Journal of
agricultural engineering research, 77, 309-315,

Gaudreau, L., J. Charbonnean, L.-P. Vezina and A. Gosselin {(1995). Effects of photoperiod and
photosynthetic photon flux on nitrate content and nitrate reductase activity in greenhouse-
grown lettuce. Journal of plant nutrition, 18, 437-453,

Georges, H., D. Van Lierde and A. Verspecht (2003). De Viaamse glastuinbouw en zijn
concurenten (Report), Centrum voor Landbouweconomie, Ministerie van de Vlaamse
Gemeenschap, Brussels, Belgium.

Hanafy Ahmed, A. H., J. F. Mishriky and M. K. Khalil (2000). Reducing nitrate accumulation in
lettuce (Lactica Sativa L.) plants by using different biofertilizers. In: Proceedings of
ICEHM2000 pp. 509-517. Cairo University, Egypt.

Ioslovich, L. and L Seginer (2000). Acceptable nitrate concentration of greenhouse lettuce: an
optimal control policy for temperature, plant spacing and nitrate supply. In: Preprints of
Agricontrol 2000; International conference on modelling and control in agriculture,
horticulture and post-harvested processing pp. 89-94. IFAC, Wageningen University &
Research Centre, Royal Dutch Institute of Engineers, Wageningen, The Netherlands.

Ioslovich, I. and 1. Seginer (2002). Acceptable nitrate concentration of greenhouse lettuce: two
optimal control policies. Biosystems Engineering, 83, 159-215.

L'hirondel, J. L. and J. L. L'hirondel (2002). Nitrate and man, CABI Publishing, Oxon, United
Kingdom.

Lundberg, J. O., E. Weitzberg, J. A. Cole and N. Benjamin (2004). Nitrate, bacteria and human
health. Nature Reviews, 2, 593-602.



1 Problem analysis and demarcation 13

Maynard, D. N., A. V. Barker, P. L. Minotti and N. H. Peck (1976). Nitrate accumulation in
vegetables. In: Advances in agronomy (Brady, N. C. (Ed}), pp. 71-118. Academic Press,
New York.

Petersen, A. and S. Stoltze (1999). Nitrate and nitrite in vegetables on the Danish market: content
and intake. Food additives and contaminants, 16, 291-299.

Pohlheim, H. and A. HeiBner (1996). Opfimale Steuerung des Klimas im Gewiichshaus mit
Evolutiondiren Algorithmen: Grundlagen, Verfahren und Ergebnisse (Report), Technische
Universitit lmenau, llmenau, Germany.

Roorda van Eysinga, J. P. N, L. (1984). Nitrate and glasshouse vegetables. Fertilizer research, 5,
149-156.

Schuddeboom, L. 1. (1995). A survey of the exposure to nitrate and nitrite in foods (including
drinking water), Council of Europe Press, Bilthoven, Netherlands.

Seginer, L., F. Buwalda and G. van Straten (1998). Nitrate concentration in greenhouse lettuce: a
modelling study. Acta Horticulturae, 456, 189-197.

Seginer, L and A. Sher (1993). Optimal greenhouse temperature trajectories for a multi-state-
variable tomato model. In: The computerized greenhouse (Hashimoto, Y., G. P, A. Bot, W.
Day, H.-1. Tantau and H. Nonami. {(Ed)), pp. 153-172. Academic press, San Diego,
California.

Seginer, I, G. Shina, L. D. Albright and L. S. Marsh {1991). Optimal temperature setpoints for
greenhouse lettuce. Journal of agricultural engineering research, 49, 209-226.

Siomos, A. 8. and C. C. Dogras (1999). Nitrates in vegetables produced in Greece. Journal of
vegetable crop production, 5, 3-13.

Steingrover, E. G., J. W. Steenhuizen and J. Van der Boon (1993). Effects of low light intensities at
night on nitrate accumulation in lettuce grown on a recirculating nutrient solution.
Netherlands Journal of Agricultural Science, 41, 13-21.

Stigter, J. D. and G. van Straten (2000). Nitrate control of leavy vegetables; a classical dynamic
optimization approach. In: Preprints of Agricontrol 2000; International conference on
modelling and control in agriculture, horticulture and post-harvested processing pp. 95-99.
IFAC, Wageningen Univeristy & Research Centre, Royal Dutch Institute of Engineers,
‘Wageningen, the Netherlands.

Tap, F. (2000). Economics-based optimal control of greenhouse tomato crop production (PhD-
thesis), Wageningen University, Wageningen, The Netherlands.

Taragola, N, and D. Van Lierde (2000). Competitive strategies in the sector of greenhouse tomato
production in Belgium. Acta Horticulturae, 514, 149-155,

Tosun, I. and N. S. Ustun (2004). Nitrate content of lettuce grown in the greenhouse. Bullefin of
environmental, contamination and toxicology, 72, 109-113.

Van der Boon, J., J. W. Steenhuizen and E. G. Steingriver (1990). Growth and nitrate concentration
of lettuce as affected by total nitrogen and chloride concentration, NH4/NOs ratio and
temperature of the recirculating nutrient solution. Journal of horticultural science, 65, 309-
321.

van der Schee, H. A. and A. J. Speek (2000). Report of nitrate monitoring results concerning
Regulation EU 194/97; The Netherlands 2000 (Report), Inspectorate for health protection
and veterinary public health (KVW), Amsterdam.

van der Schee, H. A. and A. J. Speck (2002). Report of nitrate monitoring results concerning
Regulation EU 194/97; The Netherlands 200! (Report), Inspectorate for health protection
and veterinary public health (KVW), Amsterdam,

van Henten, E. J. (1994). Greenhouse climate management: an optimal control approach (PhD-
thesis), Landbouwuniversiteit Wageningen, Wageningen, The Netherlands.

Vanthoor, E. (2002). Relation photosynthesis, growth and nitrate in Beitem experiments. In: Final
report of Nicolet-project FAIR6-CT98-4362 (Report). Wageningen University, Wageningen.



1 Problem analysis and demarcation 14

Verhaegh, A. P. and N. S. P. de Groot (2000). Chain production costs of fruit vegetables: a
comparison between Spain and the Netherlands. Acta Horticulturae, 514, 177-180.

Ysart, G., R. Clifford and N. Harrison (1999). Monitoring for nitrate in UK-grown lettuce and
spinach. Food additives and contaminants, 16, 301-306,

Zwart (2002). Analyzing energy-saving options in greenhouse cultivation using a simulation model
(PhD-thesis), Wageningen University, Wageningen, The Netherlands.




2 Aspects related to solving the optimal control problem 15

2 Aspects related to solving the optimal control problem

2.1 Introduction

This chapter is an introduction about aspects related to solving the optimal control problem
presented in chapter 1. Most of these aspects will be elaborated upon in next chapters. The aspects
are:

# Mathematical formulation of general fixed-time optimal control problems
* Difference between open-loop and closed-loop optimal control problems
* Necessary and sufficient optimality conditions

* Selection of a suitable open-loop optimisation algorithm

¢ Seclection of a suitable closed-loop optimisation algorithm

These aspects will be discussed because the optimal control problem cannot be solved directly from
the models about effects of greenhouse air temperatures and CO,-concentrations on lettuce nitrate
concentrations and economic feasibility. These models describe effects of all possible temperature
and COy-concentration trajectories on nitrale concentrations and economic feasibility. They do not
describe optimal temperature and CO;-concentration trajectories.

These models can be fit in a mathematical formulation of optimal control problems so that general
equations exist which these trajectories need to fulfil in order to be optimal. These equations are
called necessary and sufficient optimality conditions and are actually used to compute the optimal
trajectories. These trajectories can be solutions of either open-loop or closed-loop optimal control
problems as will be explained in this chapter. The computations are often too complex to be made
analytically, so numerical algorithms need to be used.
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The numerical computations presented in this thesis are interesting for people working in the area of
optimal control because they incorporate solving optimal control problems with non-lincar
differential algebraic equations, affected by high frequency dismrbances and end-constraints.

2.2 Mathematical formulation of general fixed-time optimal control problems
In this thesis the model is cast in the form of a general fixed-time optimal control problem. For

convenience this problem is stated using the so-called Mayer-formulation (Bryson, 1999; Stengel,
1994).

Given the augmented system
1 | 2(a zud)
‘H S e fs ) @
* L{x".u)
and the constraints
0=n(xz.d.u) (3)
02¢(u) (4)
0=35(z) &)
o<y (x,) £, = x(1;) (©6)
maximise
J =¢(£f) @
where
xe R™ meR™ xeR™ ucR™ ze R™ de R™
meR™ Le R™ neR* veR™ ce R™ se R™

Furthermore x"(r) is the system state vector x°(z) is the running costs and d(¢) the high-
frequency disturbance vector and () the control input vector. The vector z(t) is a vector of quasi

steady states, which originates from the assumption that the rate of change of these variables is so
fast as compared to that of other states that these variables always reach a quasi steady state. The
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function m (J_Cm .d, g) is the system state function, n{x,2.d.u) an algebraic constraint function for
the calculation of the quasi steady states and L( gc_"',g) the running cost function. Equations 4, 5 and
6 represent inequality constraints on ¢(x), s(z) and ¥ (x,) that are functions of the inputs, quasi
steady states and final value of the states, respectively. The function ¢(x,) that is maximized is a

measure for economic feasibility of lettuce cultivations. The functions m, L, r, ¢, 5, ¥, and pare

assumed to be differentiable with respect to x, u, 2, x,and d.

The system state function m in this thesis consists of equations from the model presented by
Seginer, Buwalda and Van Siraten and a model describing dynamics of greenhouse environmental
or climate conditions. The algebraic constraint function, r consists of equations from the last

model. Both models are discussed in chapter 3. Details on the constraints with respect to the inputs
and quasi steady states presented by equations 4 and 5 are also discussed there.

Note that the optimal control problem is written in the Mayer-formulation (Bryson, 1999; Stengel,
1994), which means that the problem is an end-peint optimal control problem. This is not a
restrictive class of optimal control problems because any optimal control problem where the
running costs function L is part of the performance index (equation 8) can be cast in equations 2 to
7. This is done by introducing an additional state equation for the running costs function.

J=¢'(5}')+er(£"',g)dt (8)
0

were (25) <) =o(x)- el )

A fixed final time is assumed in the performance index. This and other details of the performance
index are discussed in chapter 3.

2.3 Difference between open-loop and closed-loop optimal contrel problems

It is essential to know whether optimal control problems are solved in open-loop or in closed-loop.
Solving optimal control problems in open-loop means that observed state values are assumed to
evolve according to the system state function m and that disturbance values 4(f) evolve along
known trajectories so that there are no unforeseen changes in state and disturbance values. Solving
optimal control problems in open-loop produces control trajectories that are optimal for these
assumptions. Solving optimal control problems in closed-loop produces control trajectories that
respond optimally to observed unforeseen changes in state and disturbance values.
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In this thesis, the optimal control problem is solved both in open-loop (chapter 4) as well as in
closed-loop (chapter 3}, Characteristics of the open-loop computed control trajectories are used for
solving the optimal control problem in closed-loop.

4

24 Necessary and sufficient optimality conditions
Control input trajectories need to fulfil equations in order to be optimal. These equations are called
necessary and sufficient optimality conditions and are actvally used to compute the optimal

trajectories.

The necessary conditions are:

=0 (%)

oH (x,Aud) ,.|0f(xzud)
3 A —
ou - du

If admissible values for the control u cannot fulfill this condition then the control is set to the
maximal admissible value for u if:

0" wh = 9b
Ew A E» >0 where u=u,, (9b)

Yax

oH (xAuwd)] f[af (Lz,z,i)]

or the control is set to the minimal admissible values for u if:

<0"  where u=u,, (%¢)

OH (x,A,u.d) r [af (z,z,z,i)]
P AL
Ju - Ju

W min

In these equations A is the Hamiltonian(-function) and () the control input vector:

Hizdud)=4 f(zu.d) 10

=f(xz1d) ) =x, (11)

T
. o(f(xzud) 3¢ oy
i——"az——i R v Alt,)= m!+ ] * a2
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The conditions in equations 11 and 12 that fix state values at the initial time and costate values at
the final time are called boundary conditions.

Equations 9a, 11 and 12 are derived from the variation of the performance equation that is set egqual
to zero (47 =0) when the variations in x, A and u are unequal to zero and the higher-order terms
assumed sufficiently close to zero (Bryson and Ho, 1975; Kirk, 1970; Lewis and Syrmos, 1995;
Stengel, 1994):

T T
5r=[a—¢+[9—“1] H] al -

dx |\ dx
., a3
T T
[ H 4] 6x+2 sus|2H_ 5548 dr + higher-order terms =0
ox du 04

Extra conditions are derived from second-order terms (Jonsson, Trygger and Ogren, 2002):

3¢
Y 20 (14)
= lty
o’H
9’H o'H
2
0r x| . (16)
*H o3'H
|0 au’

Equations 9a, 9b, 9c and 15 can also be derived from Pontryagin’s minimum principle (Lewis and
Syrmos, 1995). These equations and equations 14 and 16 are called sufficient conditions for a local
minimum value of J'. In this thesis, only necessary conditions will be fulfilled by the algorithms
presented in chapters 4 and 5.

2.5 Selection of optimisation algorithms

The necessary conditions presented in section 2.4 are used to compute optimal trajectories.
Analytical computations may be difficult because equations 9a, 11 and 12 are complex equations
and equations 11 and 12 need to fulfil split boundary conditions: one boundary condition at 7y and
one boundary condition at ¢ Therefore, numerical optimisation algorithms are used.
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Numerical optimisation algorithms for solving open-loop optimal control problems are
distinguished from numerical optimisation algorithms for solving closed-loop optimal control
problems. Both types of algorithms are discussed separately.

2.5.1 Selection of an open-loop optimisation algorithm

Open-loop numerical optimisation algorithms consist of series of improvements of state, costate or
control trajectories. These improvements are based on error-data that are created by substituting
guessed state, costate and control trajectories into equations 9a, 9b, 9¢, 11 and 12 for the first
improvement and substituting improved state, costate and control trajectories for other
improvements. The series ends when the mismatch or the improvement is considered small enough.
The final improved state, costate and control trajectories are considered optimal,

Open-loop optimisation algorithms can be subdivided into four classes: parametric optimization,
dynamic programming, gradient optimization and linear quadratic methods. The class of
parameieric optimization algorithms includes algorithms that use Chebychev polynomials or
penalty function methods (Stengel, 1994) and the class of linear quadratic optimization includes
model predictive control algorithms. Neighboring optimal control algorithms, quasilinearization
algorithms and shooting method algorithms are not considered here because these algorithms rely
on good initial trajectories derived from the other algorithms (Stengel, 1994).

Each algorithm is svitable for solving open-loop problems with certain relevant characteristics. To
choose an algorithm that is snitable for the open-loop problem in this thesis, all algorithms need to
be evaluated based on specific characteristics of this problem. These characteristics are:

¢ The problem is nonlinear because it contains a nonlinear function m.

¢ The problem is non-quadratic becanse the function L is non-quadratic.

¢ The problem has constraints on states and inputs.

¢ The optimality of computed optimal trajectories needs to be as accurate as possible.

Table 7 shows a suitability evaluation based upon these characteristics, This table also includes
relevant references.

This table shows gradient optimization algorithms are switable to solve the open-loop optimal
control problem in this thesis, and therefore such an algorithm will be studied and applied in this
thesis.
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Table 7: Suitability evaluation of open-loop optimisation algorithms on characteristics of the open-
loop optimal control problem and relevant references

characteristics of open-loop optimal control problem

non-linear non- consiraints exact optimal  references
quadratic on sigtes and  trajectories
inputs
parametric + + + - Stengel (1994),
optimization Balakrishnan (1968)
tn
;§ dynamic - - + + Stengel (1994), Lewis
§  programming (1995), Kirk (1970),
"g‘ Nevistic (1997)
3
.g gradient + + + + Bryson (1999; 1975),
S optimization Mehra and Davis
g (1972), Kirk (1970),
_§ Stengel (1994)
s
&  linear - - + + Lewis (1995), Nevistic
quadratic (1997}, Morari (1999)
methods
-- unsuitable - hardly suitable + suitable

Note that dynamic programming is unsuitable to solve nonlinear optimal control problems. This is
because partial differential equations need to be solved in dynamic programming and no efficient
algorithm is available to do this except for optimal control problems with ordinary linear differential
equations and quadratic performance equations (Nevistic, 1997; Stengel, 1994).

2.5.2 Selection of a closed-loop optimisation algorithm

Closed-loop optimisation algorithms can roughly be divided into seven types of algorithms. These
types and relevant references are in table 8.

Each algorithm is suitable for solving closed-loop problems with certain relevant characteristics. To
choose an algorithm that is at least suitable for the closed-loop problem in this thesis, all algorithms
need to be evaluated on characteristics of this problem. These characteristics are:
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¢ The problem is nonlinear because it consists of a nonlinear function m

* Costate equations may be such that forward integration of these equations to compuie
costates lead to undesired costate values. This topic is discussed by Kalman (1966).

* The problem is non-quadratic because the function L is non-quadratic.

s The problem contains path constraints because of the algebraic equations.

s (Closed-loop control input trajectories computations should be fast.

¢ The optimality of computed optimal trajectories need to be as exact as possible,

The algorithms were also evaluated on their ability to deal with singular optimal trajectories
because, in general, a lot of optimal control problems are input-affine and so their optimal
trajectories consist of singular optimal trajectories. Although the problem in this thesis is not input-
affine (see chapter 3), this characteristic is still evaluated to choose a closed-loop optimal control
algorithm that is suitable for the general class of problems presented in section 2.2.

Table 9 shows a suitability evaluation based on these characteristics. Tt shows closed-loop
algorithms based on sub-optimal control algorithms and neural networks (incl. parametric
optimisation) are equally suitable to solve the closed-loop problem in this thesis. Sub-optimal
control algorithms will be studied and applied in this thesis.

Table 8: Types of closed-loop optimisation algorithms and relevant references

types

references

receding horizon (incl. some MPC)

neighbouring optimal control

sub-optimal control algorithm

linear quadratic methods (incl. some MPC)

newral networks (incl. parametric optimisation)}

dynamic programming

Tap (2000), Mayne, et al. (2000}, and Mayne and Rawlings
(2001)

Lee and Bryson (1989)

Palanki, ef al. (1993}, Rahman and Palanki (1996), Srinivasan, et
al. 2002), van Henten (1994), Friedland and Sarachik (1966)

Nevistic (1997), Mayne, et al. (2000), and Mayne and Rawlings
(2001)

Seginer and Sher (1993), Stengel (1994)

Stengel (1994)




2 Aspects related to solving the optimal control problem 23

Table 9: Suvitability evaluation of open-loop optimisation algorithms on characteristics of the open-
loop optimal control problem

characteristics of the closed-loop optimal control problem

" N 2 K
® 3 B
s ¥ : F &R o:
A ~ - p~3
= 3 3 58 AR N
£ 311 % o213 o
s §§ I ¢ FEF 3
= & = 86
g B8 g g &8 E
.  receding horizon (incl. some MPC) + + + + -- + +
E
=
5 neighbouring optimal control + - + - + - -
2
=
_5 suboptimal control algorithm + - + + + + +
3
g linear quadratic methods (incl. some MPC) - + - + + + +
B
)
& : . Lo,
S neural nerworks (incl. parametric optimisation) + + + + + - +
=
]
o
ity . .
_3 dynamic programming - + - + + + +
-- unsuitable - hardly suitable + suitable

2.6 Final optimal control problem statement

Concluding the problem of computing optimal greenhouse air temperatures and greenhouse air
COsz-concentrations belongs to the general class of optimal control problems with non-linear
differential algebraic equations affected by measurable, high-frequency disturbances and end-
constraints. This problem is going to be solved both in open-loop and in closed-loop, using
algorithms that are able to deal with all problem characteristics properly. A gradient optimization
algorithm will be studied and applied to solve the problem in open-loop and an suboptimal control
algorithm to solve the problem in closed-loop.
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3 Specification of optimal control problem equations

3.1 Introduction

Equations 2 to 7 of the general fixed-time optimal control problem presented in section 2.2 are
specified in this chapter. This is done by presenting three models: firstly the model presented by
Seginer, Buwalda and Van Straten (Seginer, Buwalda and van Straten, 1998) describing the effects
of solar or artificial radiation intensity values, greenhouse air temperatures and greenhouse air CO;-
concentrations on lettuce nitrate concentrations and letmice fresh weights, secondly a model
presented by Seginer and Van Straten (2001) describing dynamics of greenhouse climate conditions
affected by outside weather conditions and thirdly a cultivation performance model.

Each model is explained twice: first mathematically then either biclogically, physically or
economically. Each explanation can be read without reading the other thereby offering the
possibility to read the most interesting explanation only. In section 3.5 all models are cast in the

general variables x(r), z(r), u(r), () and general functions f(x.z.x.d), #(x.z.u.d), c(u),
s(z), w(x,)and ¢(x,) of the general fixed-time optimal control problem.

3.2 Dynamic lettuce growth and nitrate accumulation model
3.2.1 Mathematical outline of dynamic lettuce growth and nitrate accumulation model

Seginer, Buwalda and Van Straten (1998) developed a model that describes effects of solar or
artificial radiation intensity values, greenhouse air lemperatures and greenhouse air CO»-
concentrations on lettuce nitrate concentrations and lettuce fresh weights. According to this model,
assimilates are produced by photosynthesis and are converted into lettuce structure material and
energy that is needed for growth (fresh weight increase) and maintenance. These processes also
affect nitrate concenirations through assimilate concentrations: If, at constant fresh weight,
assimilate concentrations are high, then nitrate concentrations are low and vice versa. This means
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that if assimilate production rates exceed assimilate conversion rates then assimilate concentrations
will increase and nitrate concentration will decrease.

The mode] consists of two state equations:

aM
Tﬁ'= Cav (SO’CCa’MC:’MCv)_FCm (Mcﬂ;)—(”‘?) Fc-r; (Mc.s’Mcha) (n
aM
—f=FC‘w (MCS’MCP’T;) (18)

where M, (mol [C]-m™) is the mass of assimilates in lettuce vacuoles, Mc, (mol [C]-m‘z) mass of
lettuce structural material, S, (mol photo-synthetically active photons-m™-s™) the solar radiation
intensity, Ce, (mol [C]-m'a) the greenhouse air carbon dioxide concentration and T, (°C) the
greenhouse air temperature.

The fluxes in equations 17 and 18 are summarized in two tables. Equations, units and descriptions
of fluxes are in table 10. Equations, units and descriptions of functions used in the equations of table
10 are in table 11. Some functions were changed in the coarse of time because of betier scientific
insight. Numbers of sections in which specific secondary functions were used are also in table 11.

Outputs of the model are lettuce fresh weight y; (g-plant™) and lettuce nitrate concentration y,
(ppm):

- BiThouac (Mo, + M} Ty (TILM o, — M ()
PN

14

(19}

1

T oo Tugan (MM, -mM,,)
BiTigue (Mg, + M, )+ gy (T, M ¢, ‘WMCv))

Y, = 0 20)

Equation 20 shows the mentioned relationship between assimilate concentrations and nitrate
concentrations: If, at constant fresh weight, assimilate concentrations are high then nitrate
concentrations are low and vice versa,

Values, units and descriptions of parameters are in table 12. Constraints related to the fresh weight
y; and lettuce nitrate concentration y» are in table 13. Note, constraints related to the nitrate
conceniration y, stem from the EU-directive about maximum letiuce nitrate concentrations, which
is mentioned in chapter 1.
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Table 10: Equations, units and descriptions of fluxes in equations 17 and 18

Sluxes equations units descriptions
Fop(50:Cep M M) =P(LC,)f (Mo )k, (Mo M,,) mol [C]-m™s" photosynthesis
| (MC:’Tu} =e(7::)fz (MQ) mol [Cl-m™s" maintenance
Fo (Mo, M. T,) =g(T)A(M)h (M, M) mol [C]-m™s" growth

Table 11: Equations, units and descriptions of functions used in the equations of table 10

Jfunctions units section no. description
P(1,Cy) _ £840({C;, -C..) mol [CYm™s" all uninhibited gross
- 5, +0(Ce, —Coo } photosynthesis of closed
canopy
f{M.) =]-g Mo - all light interception of the
<anopy
M., section 4.1 _— - e
(M) = - . ight interception of
i all but section canopy
| B -
4.1
1__.._.1___.._ - section 4. 1
_,p[.ﬂ”ﬂ—rryf]
l+e ~ MaTh
B (Mo M) = photosynthesis inhibition
f——— - all but section
1+[bgHvMCs)‘ 4.1
wM,,
: ion 4.
Moy - section 4.1
]“"'[ M, 1T, b']
= growth inhibition
hg (M r.wM Cs ) 1
1 5y - all but section
. (1-b, )15, a1
TLM, — M,
9(7; ) =255 -T*) mol [C]-m'z- S-l all speciﬁc rcspman
maintenance

8(T.) = mke ) mol [C]-m*s™ all uninhibited growth
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Table 12: Values, units and descriptions of parameters
Parameter values marked with " are from Vanthoor (2001 ). Other parameter values are from Van Straten, et al. (1999}

parameters  value units description

a 0.70 ¥ m’mol [C]” leaf area closure parameter

£ 7-10°2 mol [C]-mol PAP”’ apparent light use efficiency

4 1.2.10% mes”! CO, transport coefficient

c* 1.1-10° mol [C]m? €0, compensation point

k 2.5-107 s? specific maintenance rate coefficient

T* 20 C reference temperature

¢ 6.9-102 oc! temperature effect parameter

m 187 *  molm? growth parameter

[ 0.3 - growth respiration loss function

5, 30 - slope parameter

s, 30 - slope parameter

b, 0.8 - threshold parameter

b, 02 - threshold parameter

I, 5.310° Pa constant (Fgor pressure

B 6.0-10° Pa regression parameter of C/N ratio in vacuoles
4 6.1.10° Pa regression parameter of C/N ratio in vacuoles
x 1.3-10° mol [C}-m? stractoral C per umit vacuole volume

Boc 30-10° kg-mol [C]" mass of organic matter per mol [C]

Prosan 148107 kg-mol {N]” mass of minerals per mol N in vacnoles
Thostrss 0.05 kgkg' dry matier to fresh matter ratio

Tvorw 62:10° kg NO; -mol [N]" mass of nitrate per mol [N]

Mon 0.180 kg hexose-mol hexose™ mass of assimilates (hexose) per mol hexose
Bens 14 mol [C]-mol hexose™ moles of {C] per mol hexose

/- 1-10° ppmvkg-kg'] conversion factor between ppm and kgkg'l
N, 18 plant.m™ plant density

Table 13: Constraints related to lettuce growth and lettuce nitrate concentration

lower bound values upper bound values units
» 300 - g-head”
¥, - 3500 (summer) ppm

4500 (winter)







