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Preface 
In September 2016 I started my bachelor thesis.  The result of this research is shown in this 
report. Of my close family members a lot are working in the horticulture sector. The same holds for 
me, although I only work during the weekends and holidays at my fathers and uncle rose nursery. 
Since I have a lot of interest in the greenhouse sector and wanted to combine technology. I have 
chosen to study in Wageningen to become a biosystem engineer. Finding a topic for my bachelor 
thesis was difficult, since a lot of options are possible, but I wanted to learn something new. 
Besides, the interest in processes that occur in a greenhouse I wanted to do some mathematics, 
because in the future, modelling will become more important. Without the basic knowledge about 
mathematics of processes, modelling will become difficult. Therefore, I chose estimating the 
production of duckweed with a photosynthetic model in combination with the economic possibilities. 
With this topic I had the opportunity to learn more about plant science, since I do not have a lot of 
experience with plants and might be valuable in the nearby future.  

In this report, I tried to improve the photosynthetic model for estimating the production of 
duckweed. The result of this model is used to determine the maximum production with given 
harvest strategy and climate conditions. The developed model can be used for further research and 
elaborated were needed. I want to thank Rachel van Ooteghem for supporting my project. The 
feedback and discussions we had encouraged me to think about other influences that could affect 
the result of the model. I would also like to thank Adrie van der Werf for his opinion and expertise 
on cultivating duckweed. As last, I want to thank my family that always supported and gave me 
the opportunity to study at the university.  

I hope you will enjoy reading this thesis. 

Bart van Marrewijk 
Wageningen, 7 February 2017  
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Abstract 
In the Netherlands, a lot of protein rich soy is imported from South-America. This soy is mostly 
used for animal feed. Unfortunately, this process is not environmentally friendly, since a lot of 
energy is needed to transport all this soy. As a result, some companies started to cultivate protein 
rich duckweed as a replacement for soy. One of these companies is ECOFERM; who build a 
greenhouse on top of a rosé stable to grow duckweed. However, in 2016 the cultivation of 
duckweed stopped, since it was not economic profitable. The main reasons were firstly that the 
costs were too high and secondly that the duckweed did not reach the production output as 
expected. In previous research, a photosynthetic model was developed to predict the production at 
ECOFERM. Although the output of duckweed in certain months could be estimated accurately, the 
model did not explain the discrepancy between the yield found in literature and the low amount of 
duckweed harvested at ECOFERM. New companies started this summer to cultivate duckweed and 
the sustainable potential is promising. It is favourable to improve this model and be able to 
estimate the production with given inputs and determine if cultivating duckweed has economic 
possibilities.  

The previous model used the water temperature for the photosynthetic model. As this model is 
based on the characteristics of a leaf, the temperature of duckweed is calculated. The result 
showed that the duckweed temperature is almost equal to the water temperature. On average, the 
duckweed temperature was lower, because evapotranspiration of water requires a lot of energy. 
Moreover, during the night, the temperature of a greenhouse decreases and there is no irradiation 
from the sun. Consequently, the temperature of duckweed is on average lower than the water 
temperature. 

While trying to improve the photosynthetic model, the nitrogen and phosphorus consumption rates 
were calculated. The consumption rates were higher than the amount of N and P added by thin 
fraction, consequently the duckweed was cultivated in nutrient deficit conditions. Furthermore, the 
photosynthetic model was adapted for a changing mat density and leaf area index. The model 
output was sensitive to the initial mat density. Only during one month the mat density was 
measured, leading to a limiting amount of data to validate the model. The difference between the 
model and actual harvested data was 7.4% or 133 kg fresh weight (FW). The estimated 
parameters in this month were used to compare the model from July to September with the 
harvested data. By determining the initial mat density, an accurate result was obtained with only a 
deviation fit of 3.1%. Future research on this model can focus on finding a more accurate 
description of duckweed growth as a response to low CO2 concentrations. 

The optimal production was calculated with the photosynthetic model and a model of Lasfar 
(2007). The yield increased from 14,430 kg FW to 33,590 kg FW. This production could have been 
realised when more thin fraction would have been added to the water, to obtain an optimal 
concentration of N and P. Besides this, the optimal model had a mat density which was 4 times as 
high as measured. With the optimal model, a profit in one year of €416 was obtained. A similar 
result was obtained with a model from literature. Although the total production was almost the 
same, the months with an elevated photoperiod had a big difference. For rosé calves, cultivating 
duckweed is not economically profitable if all cost for cultivating duckweed are considered. Pigs 
however have less strict feed requirements and can eat more fresh duckweed. Consequently, a 
semi-closed loop of duckweed and pigs seems to be more promising for a sustainable and 
economic profitable business.  
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1 Introduction 

1.1 Background 
Currently there are 7,453 million people in the world ('WorldofMeters', 2016). Take a look one 
month later and this number is increased with 6.8 million. It is a well-known fact that the world 
population is increasing rapidly. Unfortunately, this is not without consequences. One of the biggest 
problems is global warming. There are many processes in the world that can be improved to 
alleviate this problem. One of these is the production of protein by animals.  

Firstly, a lot of water is needed to obtain protein rich food; 1 kg beef requires 15,000 L water 
('IME', 2013). Protein rich food for the livestock is mainly based on soy, however 96.3% of soy 
needs to be imported from outside Europe (Gelder and Herder, 2012). Furthermore, 34% of global 
warming is caused by livestock, of which 21% is caused by manure management (Tuomisto and 
Teixeira de Mattos, 2011).  

Moreover, the manure is rich in nitrogen (N) and phosphorus (P). In the Netherlands, the total 
number of cattle increased in 2015 with 3.5%, which was partly caused by the abolition of the milk 
quota on April 1, 2015. As a consequence, in 2015 the maximum European phosphorus ceiling was 
exceeded with 7.2 million kg P ('CBS', 2016). Not all manure can be used for the land due to 
eutrophication. The surplus needs to be processed or transported. In the last 10 years 10% of all 
phosphorus could not be used on own land (Kroes et al., 2016). Given these numbers and the 
increasing world population, changes are needed to improve the situation.  

ECOFERM is a company that uses the manure from rosé calves for the production of electricity, 
heat, and duckweed. This reduces transport cost and manure emissions. Moreover, soy could be 
partly replaced by duckweed. Unfortunately, the expenses for maintaining duckweed in a 
greenhouse were too high. As a result, the company had to stop the production of duckweed. 
However, with a protein percentage of 43% (Kroes et al., 2016) compared to soy 36% ('USDA', 
2016), still a lot of things are possible. ABC Kroos is a company that wants to produce protein on 
large-scale in 2017, where the production is to a certain extent based on duckweed. Since growing 
duckweed is still expensive, models that can predict and therefore optimize the production cycle 
can reduce costs significantly. 

1.2 Problem description 
Already a few models have been made to predict the amount of harvested duckweed. In previous 
research, a model of the photosynthesis process has been developed (Rooijakkers, 2016). This 
model was based on a combination of Farquhar’s (1980) photosynthetic model to calculate the CO2 
assimilation and Goudriaan’s (1994) light efficiency model. This combination was made by Van 
Ooteghem (2007). This model had to be adapted to make it more suitable for duckweed. One of 
these adaptions was the light distribution on the leaves. Unfortunately, there was a minimum 
deviation of 9% between the model and measured values. The production of only 3 months could 
be accurately estimated. Some assumptions have been made to make this model. The water 
temperature is used for the photosynthesis model, because it has a high correlation with 
photosynthesis (Filbin and Hough, 1985). However, the leaf surface temperature might be 
different, due to irradiation. In the photosynthetic model, the dark respiration rate is assumed 
constant for day and night, although according to Fuhrer (1983) light can reduce the dark 
respiration rate.  

In the models, it is assumed that carbon fixation is primarily caused by CO2 uptake from air. 
However, carbon fixation by dissolved carbon components is also possible. Furthermore, at 
ECOFERM, low concentrations of oxygen caused inhibition of growth (Kroes et al., 2016). On the 
other hand high dissolved oxygen concentrations can also decrease photosynthesis (Landolt and 
Kandeler, 1987). However, this effect is not taken into account.  
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The area of duckweed is assumed homogenous, although there was a standard deviation of 50 g 
fresh weight (FW) m-2 with an average of 350 g FW m-2 (Kroes et al., 2016). Moreover, after 
harvesting, the area distribution is certainly not homogenous. Therefore, the model should be 
adapted for a changing LAI after harvesting. Furthermore, this model assumed that the nutrient 
concentrations in the pond were optimal. However, nutrient deficit conditions can decrease the 
growth rate (Lasfar et al., 2007). Besides this, the nutrient concentration in the pond is unknown. 
As a result, it is unknown if the current model is based on optimal concentrations or on nutrient 
deficit conditions. As last, the semi-closed loop at ECOFERM was not profitable, yet new companies 
started this summer. The economic possibilities are still unknown. In order to make duckweed the 
new protein source, it should be commercial attractive.  

1.3 Aim 
In the current situation, the photosynthetic model could not predict the duckweed yield year round. 
The objective is to improve the model in order to get a better prediction. A small economic analysis 
will be made to estimate the possibilities for commercial companies.  

1.4 Research questions 
What improvements of the photosynthetic model developed by Rooijakkers (2016) have to be 
made, to get an accurate estimation of the production? Secondly, what are the economic 
possibilities for growing duckweed in the Netherlands? 

Sub questions: 
- What is the temperature of duckweed compared with the water temperature?  
- Which parameters are estimated correctly, and which can be improved?  
- Which nutrients have a high influence on duckweed growth?  
- What is the influence of harvesting on the distribution of duckweed in the pond and the 

LAI?  
- What is the accuracy of the model simulated with inputs from literature? 
- What are the economic possibilities for cultivating duckweed in the Netherlands? 

 

1.5 Approach 
- Improve parameters of photosynthetic model and add variables if necessary 
- Investigate the influence of the CO2 and O2 concentration in water  
- Use a dynamic area in the model 
- Economic analysis of possibilities in the Netherlands 

 
From previous research (Rooijakkers, 2016) parameters of the model were estimated. A literature 
study will be done, to determine if these parameters are theoretically possible. Moreover, in the 
model the influences of the nutrients are not taken into account. The available nutrient models will 
be included in the model. The influence of the surface temperature and area after harvesting will 
be taken into account, namely in previous research it was assumed that the water temperature 
was equal to the temperature of duckweed. However, at high irradiance the leaf surface 
temperature will probably be much higher. The effect of this temperature will be investigated. 

The nitrogen and phosphorus uptake will be determined. Then the nutrient concentration in the 
pond can be calculated, if the conditions are not optimal for plant growth then the photosynthetic 
model will be adapted. The uptake rates will be combined with the optimal growth rate to establish 
the optimal nutrient concentration for duckweed. The results will be compared with the optimal 
situation. With calculating the nutrient consumption, the total amount of thin fraction needed can 
be calculated. From the total production and the amount of thin fraction added, the profit or loss 
will be determined and compared with the optimal situation.  

A comparison between crop algae or duckweed will not be made. Moreover, depreciation and 
labour costs will not be taken into account for the economic analysis. Only a comparison will be 
made between the electricity costs and profits for cultivating duckweed.   
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2 Literature 

2.1 Dissolved components  
2.1.1 Uptake of dissolved carbon dioxide  
In the photosynthetic model, no effects of dissolved components are taken into account. However, 
it might be possible that that these components can affect the growth rate. Dissolved substances 
are taken up by the roots in almost all plants. Duckweed species can also use the lower epidermis 
below the fronds. With a Hutner solution, the uptake from the medium was determined (Landolt 
and Kandeler, 1987). This solution does not contain carbonate; an exact composition is given in 
appendix 10.2. Sucrose was added during the experiment; otherwise the duckweed would not have 
survived. The conclusion was that uptake of carbon is mainly via gaseous exchange (Landolt and 
Kandeler, 1987). Carbon uptake in water partly depends on the pH. A pH larger than 6.5 results in 
the conversion of carbon dioxide to bicarbonate. Experiments with different pH values showed that 
at a pH of 8, 86% of all carbon uptake is from aqueous inorganic carbon. In contrary with a pH of 
6.8 and a carbonate free medium, uptake was reduced to 37% (Filbin and Hough, 1985). This 
conclusion is surprising, because according to Eshel (1986) no direct effect of pH was detected. For 
Spirodela polyrhiza, 1% of all carbon used for assimilation is derived from water at a pH of 5.9 
(Eshel and Beer, 1986). This is in agreement with another research, namely aqueous carbon 
sources are barely utilized by the fronds (Bowker and Denny, 1980). At higher pH values, more 
bicarbonate is available. Photosynthesis was inhibited, because uptake of bicarbonate costs more 
energy than CO2 uptake (Shelp and Canvin, 1980). Therefore, lower pH ranges are preferred. 
Moreover, the CO2 concentration in the air influences the total aqueous carbon uptake. In Table 1, 
the assimilation of carbon from air and liquid is given. As mentioned by Filbin the data shows 
increased carbon assimilation from aqueous medium at increasing pH levels. 

Table 1. Assimilation rate of carbon from gas and liquid phase at different pH values (Eshel and Beer, 1986). 

pH Dissolved 
Ci (mM) 

Assimilation rate nmol C g FW 
min-1 from gas phase 

Assimilation rate nmol C g FW 
min-1 from liquid phase 

4.9 0.01 478.8±72.6 Not measured 
5.9 0.03 494.9±27.8 5.6±0.99 
7.2 0.15 600.1±115.3 22.7±3.94 
8.0 0.96 518.2±62.7 24.8±0.89 
8.1 Light 1.10 733.5±164 53.5±10.60 
8.1 Dark 1.10 4.7±0.27 2.7±1.01 
 
Although the table shows a small increase in carbon uptake from the water with increasing pH 
values, the maximum aqueous carbon uptake was 5%. The difference between the results is 
caused by the concentrations of carbon. The maximum concentration inorganic (Ci) of Eshel was 
1.1 mM, Filbin used a Hutners’ solution with addition of 1.0 g/L glucose, which is 2.2 mM C. 
Besides, the experiments are done in different growth conditions. As a result, different pH levels in 
both experiments can cause different assimilation rates. Because most experiments above showed 
little aqueous carbon uptake, the effect on the photosynthetic model is therefore not significant. 

2.1.2 Uptake of carbohydrates 
Besides the uptake of inorganic carbons, dissolved carbohydrates have carbon atoms, which can be 
taken up by duckweed. Unfortunately, not all carbohydrates are suitable for carbon uptake. In 
appendix 10.1, a list is given for substances with all carbon sources that cannot be used by 
Lemnaceae species. At low light intensities the plant uses sucrose as energy source, especially for 
hexoses (Landolt and Kandeler, 1987). Sucrose concentrations between 0.5 – 2.5% gives optimal 
growth at 18.5 µmol m-2 s-1. However, at saturated light intensities sucrose inhibits growth. 
Additionally, at low pH values aqueous carbon uptake is mainly through sugars. In short, carbon 
uptake from carbohydrates does not seems to be important, as already at low concentrations 
sucrose starts to inhibit growth. Therefore, the influence of carbohydrates is not simulated in the 
model. 
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2.1.3 Dissolved oxygen 
In the report of ECOFERM the duckweed did not survive at low oxygen concentrations (Kroes et al., 
2016). A blower was applied to increase the O2 concentration, however this blower increased the 
O2 concentration to 85 mg L-1. Filbin and Hough (1985) discovered that dissolved oxygen and 
photosynthesis have a high correlation of r=0.88. For photorespiration the correlation was even 
higher namely 0.98. This is not surprising, namely higher O2 concentrations result in more 
oxidation and less carboxylation of rubisco. In paragraph 2.3, more information is given about 
these processes. More important than the correlation factor is the inhibition of photosynthesis by 
oxygen. In table 2, the influence of the oxygen concentration on the photosynthesis rate is given. 
At concentrations higher than 21 mg L-1 oxygen, net photosynthesis was inhibited by 38%. Even 
higher concentrations caused an increase of the light and dark respiration, namely the respiration 
almost doubled (table 3). Another experiment showed that 20 days old Lemna minor had more 
organic C loss at an increased oxygen concentration. However, this increase was only measured in 
lighted environment, at low light intensities no difference was found (Filbin and Hough, 1985). 
Although the oxygen concentration has effect on the photorespiration, still CO2 loss in light was 
never bigger than 4% of the total photosynthesis (Filbin and Hough, 1985). Thus, experimental 
enhancement of photorespiration with oxygen was never as great as the inhibition of 
photosynthesis. Unfortunately, no models have been made that describe the net photosynthetic 
rate as a function of the dissolved oxygen concentration. However, from table 2 concentrations 
higher than 8 ppm O2 should be prevented. In other words, the O2 concentration at ECOFERM are 
limiting the net photosynthesis rate.  

Table 2. Influence of dissolved oxygen concentration for Lemna minor on photosynthetic rate (Filbin and Hough, 
1985). 

Dissolved oxygen 
𝒎𝒎𝒎𝒎 𝑳𝑳−𝟏𝟏 

Net photosynthesis rate  
𝒎𝒎𝒎𝒎 𝒎𝒎−𝟏𝟏𝒉𝒉−𝟏𝟏 

0.6 2.20±0.22 

8.48 2.01±0.14 

21.20 0.77±0.49 

 

Table 3. Respiration of Lemna minor at different oxygen concentrations (Filbin and Hough, 1985). 

Dissolved oxygen 
𝒎𝒎𝒎𝒎 𝑳𝑳−𝟏𝟏  

Light 
respiration 
(% total C) 

Dark 
respiration 
(% total C) 

L:D ratio
  

7.4 1.7 3.2 0.5 
28.5 6.1 5.4 1.1 

 

2.1.4 Influence CO2 concentration on growth rate 
The CO2 concentration at ECOFERM ranged between 1000 and 2100 ppm (Rooijakkers, 2016). CO2 
concentrations between 300 to 1000 ppm and a constant light intensity did not affect growth rate 
for Lemna minor (Loats et al., 1981). From an another research at increased CO2 concentrations, 
there is an increase of organic matter at light intensities between 800 and 1200 µmol m-2 s-1, but 
the growth rate was unaffected at 350 ppm and 1500 ppm CO2 (Björndahl and Nilsen, 1985). The 
table below gives a summary of the growth rates with given CO2 concentrations. Obviously, the 
growth does not differ much for duckweed species.  

Table 4. Relative growth rate at 2% oxygen for Lemna gibba with different CO2 concentrations (Andersen et al., 
1985). 

µL CO2 L-1 RGR mg g-1 d-1  
days 0-4 

RGR mg g-1 d-1  
days 4-6 

350 235±31 265±109 
750 323±4 271±23 
1500 331±14 288±39 
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2.2 Nitrogen and phosphorus kinetics 
In the previous photosynthetic model, it was assumed that the nutrients were optimal throughout 
the year. In the paragraphs below the kinetics of nitrogen and phosphorus are given to gain insight 
into the N and P consumption rates. There are four processes in a duckweed pond that cause a 
reduction of nitrogen and phosphorus concentration, namely: 

1. Ammonia volatilization 
2. Denitrification 
3. Uptake by duckweed 
4. Sedimentation 

 
Especially sedimentation, denitrification and uptake by duckweed were most significant in nitrogen 
reduction. Duckweed was responsible for the consumption of 10 to 27% of all available nitrogen 
(Zimmo et al., 2004).  

2.2.1 Nitrogen uptake kinetics 
The main sources of nitrogen are nitrate and ammonium. The uptake capacity of ammonium is 3-
11 times higher than nitrate uptake (Cedergreen and Madsen, 2002). This difference is caused by 
the lower minimum concentration for uptake of NH4

+ and pH dependency. Moreover, nitrate 
reductase is inhibited by ammonium (Xu and Shen, 2011), further ammonium assimilation causes 
a high strain on the plasma membrane proton pump. Consequently, for proton-NO3

- cotransport is 
reduced (Ingemarsson et al., 1984). Increased nitrogen concentrations resulted in an elevated N 
consumption, however this increase was not always caused by duckweed, but also by the other 
processes mentioned before (Zimmo et al., 2004).  

From literature, a lot of different nitrogen uptake rates can be found. Zhang (2014) developed a 
model for the ammonium uptake rate as a function of the concentration, this model can be found in 
appendix 10.1. A consumption rate of 446 mg N m-2 d-1 was obtained at a mat density of 350 g FW 
m-2 and a N concentration of 12 mg N L-1. In this experiment, the medium was refreshed each 3 
days to minimize the effect of algae and the 4 processes mentioned before. In the figure below the 
N consumption by duckweed as a function of nitrogen concentration and mat density. If the mat 
density became larger than 600 g FW m-2 then the model overestimates the N consumption rate, 
because already at normal nitrogen concentrations the consumption rate is more than 665 mg N  
m-2 d-1.  

 

Figure 1. Nitrogen consumption as a function of the concentration and mat density (Zhang, 2014).  

Zimmo (2004) found a maximum nitrogen uptake by duckweed of 547±136 mg N m-2 d-1. 
However, this was solely 42% of the total N consumption. According to another research the N 
uptake depends on the nitrogen concentration, chemical oxygen demand (COD), mat density and 
hydraulic retention time (Krishna and Polprasert, 2008). N-consumption by duckweed was 
estimated at 72% at an uptake rate of 620 mg N m-2 d-1. According to Landolt (1987) 



 6 

concentrations higher than 8.4 mg N L-1 did not increase N content of fronds, increased 
concentrations would result in more N loss through other processes (Figure 2).  

 

Figure 2. N and P content as function of the nutrient concentration (Landolt and Kandeler, 1987). 

Furthermore, another research found a maximum uptake rate of 100 and 480 mg N m-2 d-1 (Al-
Nozaily et al., 2000). The different values of all researchers mentioned are probably caused by 
different climate conditions. Additionally, the processes described by Zimmo are situation 
dependent and therefore influence the maximum N uptake by duckweed. Furthermore, N-loss 
through washing can cause differences of 9% (Al-Nozaily et al., 2000). Due to the fact that the 
total N consumption by duckweed found by Krishna was 72% and the result of Zimmo was 42%, it 
seems that the total N consumption is system dependent. Therefore, only N reduction by duckweed 
is taken into account. Besides, the differences are caused by the fact that the consumption rates 
depends on the previous N concentrations (Cedergreen and Madsen, 2002). Concentrations higher 
than 10 mg N L-1 did not increase the uptake anymore (Zhang et al., 2014). The intrinsic growth is 
constant for 7 to 30 mg N L-1 (Lasfar et al., 2007), however other research concluded that 1 to 5 
mg N L-1 results in a constant growth rate (Zhang et al., 2014). To optimize the N consumption, 
the concentration should be higher than 9 mg N L-1, otherwise growth and also consumption rates 
are not optimal (Lasfar et al., 2007; Landolt and Kandeler, 1987). After the N consumption is 
determined, the amount of thin fraction required to obtain optimal concentrations can be 
calculated. 

2.2.2 Influence of depth 
In research of Zimmo (2004) it was mentioned that the depth of a pool might have influence on 
the total N consumption. A higher consumption of N and P was measured at increased depth (Xu 
and Shen, 2011). Moreover, at increasing depths the production and protein content also 
increased. However during this research the conditions were not ceteris paribus, because no extra 
N or P were added during measurements. Consequently, at low depth less N and P was available 
after 20 days. The area of the pool is more important than the reactor depth. Despite this the P 
consumption was elevated at increasing reactor depth (Al-Nozaily et al., 2000). Unfortunately, no 
models are available that describe the influence of the depth.   

2.2.3 Phosphorus uptake kinetics 
Lemna minor accumulates a lot of phosphorus compared to other vascular plants; only some algae 
have a higher accumulation (Landolt and Kandeler, 1987). Phosphorus is mostly taken up as 
phosphate (PO3

4-). Compared to nitrogen, much lower values are needed for optimal growth 
(Lasfar et al., 2007). Analysis showed that 0.03 to 2.8% of dry matter is phosphorus, in contrary 
the nitrogen content is between 0.8 and 7.8% (Landolt and Kandeler, 1987). Phosphorus in 
manure mainly exists in the form of diphosphorus pentoxide (P2O5). An exothermic reaction with 
H2O converts diphosphorus pentoxide to phosphate. The uptake mechanism is H+/H2PO4

- 
cotransport, in which phosphate-induced membrane depolarization is linked to phosphate uptake. 
In Figure 3 the electrical membrane potential of Lemna gibba is given at different pH levels. From 
this figure it can been seen that at extremely low or high pH levels depolarisation is reduced. As a 
result there is less phosphate uptake and growth is inhibited (Ullrich-Eberius et al., 1984).  
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Figure 3. Membrane potential at different pH levels for Lemna gibba (Ullrich-Eberius et al., 1984). 

Optimal growth occurs when the phosphorus concentration is between 4 and 22 mg P L-1 (Lasfar et 
al., 2007). Lemna minor has a phosphorus uptake of 200 mg m-2 d-1 (Cheng et al., 2002). However 
from another research an uptake rate between 13 to 58 mg P m-2 d-1 was found, which depends on 
the nitrogen concentration and the depth of the pond (Al-Nozaily et al., 2000). The nitrogen 
concentration influences the phosphorus uptake, namely at concentrations higher than 34 mg N L-1 
phosphorus uptake was inhibited; at 20 mg N L-1 optimal phosphorus uptake was detected. 

At 5 mg P L-1 the phosphorus content in the fronds did not increase anymore with increasing 
phosphorus concentrations (Landolt and Kandeler, 1987). Therefore, it seems that the optimal 
concentration of phosphorus is between 5 and 22 mg P L-1. Unfortunately, no kinetic Michaelis-
Menten equations are available for phosphorus uptake. In an experiment of Frédéric (2006), the 
phosphorus consumption rates as a function of P content in the fronds were calculated. The 
consumption rates were ±125 mg P m-2 d-1; these are high compared to the result of Al-Nozaily. 
However, this result was obtained at a relatively high mat density of 783.3 g FW m-2. From the 
values above, clearly a lot of different values are found in literature for N and P consumption rate. 
Consequently, it is better to use the P content of duckweed for determining the consumption rates, 
because this represents the minimum amount of P taken up by the duckweed. 

2.2.4 Nitrogen from the air 
During the production season, thin fraction was added to increase the N concentration. The total 
amount of N added in one year was 4.88 kg. Given the N uptake kinetics mentioned earlier and 
considering a normal nitrogen content of 3.9% nitrogen per kg DM; with a yearly production of 865 
kg DM, it seems that there are other mechanisms that cause an increase in the nitrogen 
concentration. The air of the stable is transported to the greenhouse; a small fraction of the 
ammonia in this air is removed by the bio bed. The remaining part can dissolve in water, because 
an ammonia molecule has three polar bonds. These bonds create a dipole molecule, and because 
water is also a dipole molecule, ammonia can dissolve. After dissolution in water the following 
equilibrium reaction can takes place: 

𝑁𝑁𝐻𝐻3 + 𝐻𝐻2𝑂𝑂 ↔ 𝑁𝑁𝐻𝐻4+ + 𝑂𝑂𝐻𝐻−1 

Undoubtedly, ammonium is not only used by duckweed, but also by other physicochemical or 
biological processes. The biological processes are nitrification and ammonification plant uptake. 
Physicochemical are sedimentation, ammonia stripping and ion exchange (Lee et al., 2009). 
Sedimentation with NH4

+ is unlikely, because all salt reactions of ammonium are soluble in water. 
To determine the amount of dissolved gas, the law of Henry’s is used. The concentration of 
dissolved gas is proportional to its partial pressure in the gas phase.  

𝐾𝐾𝐻𝐻 =
𝑐𝑐𝑎𝑎
𝑝𝑝𝑔𝑔

 

 

[𝑀𝑀 𝑎𝑎𝑎𝑎𝑚𝑚−1] 2.1 
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KH is temperature dependent (Sander, 1999) and can be calculated using ln (𝐾𝐾𝐻𝐻) = 4092
𝑇𝑇𝑔𝑔

− 9.70 

(Dasgupta and Dong, 1986). This variable is constant for infinite time, provided that the 
temperature is constant. As a result, volatilization and dissolution rates are in equilibrium. The 
lowest non-limiting N concentration is 7 mg N L-1 (Lasfar et al., 2007), which is approximately 8.52 
mg NH3 L-1. If no manure is added than at equilibrium between air and water exchange this would 
require an air NH3 concentration of 9 ppm. The average ammonia emission of calves is ±522 mg h-

1, which causes a maximum concentration of 8 ppm NH3. Concentrations higher than 25 ppm are 
harmful and can cause health problems (Koerkamp et al., 1998). It is unlikely that in combination 
with the bio bed the concentration is more than 8 ppm. At optimal concentrations the ammonia 
content in the air is lower than the N concentration in the water. As a consequence, the ratio of 
volatilization and dissolution is not in equilibrium, which results in a transport of ammonia from the 
water to the air.  

If there is no nitrogen in the water and the concentration in the air is 6 ppm NH3, then according to 
Henry’s law, at 25°C the concentration in water will increase to 4.7 mg N L-1. At this concentration 
growth is limited. In ECOFERM pond, the surface is almost fully covered with duckweed, which 
reduced the dilution rate. Besides this, it is unlikely that the NH3 concentration will be larger than 6 
ppm due to the fact there is a bio bed. In other words, the concentration in the air is too low for 
optimal growth. However, the ammonia in the air can increase the concentration. Therefore, 
nitrogen from the air cannot be neglected in the model.  

2.2.5 Influence nutrients on parameters photosynthetic model 
As mentioned in the uptake kinetics of N and P, low nutrient concentrations can inhibit growth. 
Unfortunately, a model that describes the influence of nutrients on the parameters of the 
photosynthetic model has not been made so far. Probably because measuring the photosynthetic 
parameters, for example the maximum carboxylation rate (Vc max) and the maximum electron 
transport rate (Jmax), is difficult and time consuming (Walcroft et al., 1997). Nitrogen and 
phosphorus have a strong influence on photosynthetic parameters. High nutrient concentration 
caused an increase of at least 35% for Vc max, Jmax and Tp. A decreasing concentration caused an 
increase in stomatal resistance (Bown et al., 2007). Walcroft (1997) found similar results, where 
the N-content of leaves have a linear relationship with Vc max and Jmax. At increasing N 
concentrations, Vc max and Jmax increased (Walcroft et al., 1997). Besides, the activation energy for 
the electron transport rate and carboxylation are also N concentration dependent. Both researchers 
shared this result for Pinus radiate.  

According to other research the internal conductance is N concentration dependent. Both Vc max and 
Jmax increased with increasing nutrient supply from 0.5 mM to 4.0 mM N. Unfortunately, this was 
not for measured Lemnaceae species but Eucalyptus globulus seedlings (Warren, 2004). Obviously, 
at low N & P concentrations the parameters have a different value. Despite this fact, there are no 
models available that describe the influence of the N and P content on the parameters. The 
photosynthetic model is based on optimal nutrient concentrations, with the growth rate as function 
of the N and P concentration it is possible to multiply the output of model with a correction factor.  

2.2.6 Electric conductivity 
The electric conductivity (EC) indicates the conductance of a liquid. This conductance represents 
the amount of nutrients or salinity. Distilled water is almost an insulator and water with a high 
salinity conduct electricity more easily. At ECOFERM the thin fraction digestate has a EC of 46 mS 
cm-1 (Kroes et al., 2016), which means that the thin fraction should be diluted to make it suitable 
as fertilizer. Optimal growth is observed at an EC of 1.2 mS cm-1, with a tolerable range between 
0.6 and 1.4 mS cm-1 (Wendeou et al., 2013). Throughout the year the EC was on average 1.27, 
consequently no correction for the EC is needed. 
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2.3 Rubisco 
Ribulose-1,5-biphosphate carboxylase/oxygenase (rubisco) is one of the main enzymes of plants; 
without this enzyme photosynthesis is impossible. The photosynthetic model is developed by the 
characteristics of rubisco, especially the carboxylation and regeneration of ribulose-1,5-
biphosphate (RuBP). Rubisco catalyses the addition of gaseous carbon dioxide to RuBP. Rubisco is 
active in the Calvin cycle; in this cycle rubisco is carboxylated. The ATP and NADPH used in these 
reactions are mainly provided by the light reactions. One molecule CO2 generates two molecules of 
3-phoshoglycerate (3-PGA) (Wostrikoff and Stern, 2009). The PGA is in 3 main reactions converted 
to triose phosphate. The triose phosphate is partly converted to other sugars and used for plant 
growth. This part is relatively small and it is transported to the cytosol. To generate 1 free triose 
phosphate, 3 carbon molecules are needed. The 5 other produced triose phosphates remain in the 
chloroplasts and are used to regenerate rubisco (Heldt and Piechulla, 2011a). It is possible that 
rubisco reacts with oxygen, this unavoidable reaction produces 3-PGA and 2-PGA. This process is 
called photorespiration.  

2.3.1 Rubisco limitations 
The photosynthetic rate is limited by 2 main processes: RuBP carboxylation or RuBP regeneration. 
However, RuBP regeneration could also be limited by triose-phosphate utilization (TPU) (Farquhar, 
2001). This limitation is not included and becomes limiting for high CO2 concentrations and high 
light intensities (Sage, 1990). As a result, higher photosynthetic rates can arise then presumed. It 
depends on the environmental conditions, which process limits photosynthesis. The predominant 
limitation causes the non-limiting processes to be regulated downward. The synthesis rate of 
sucrose is also adapted, which results in less generation of biomass. At low CO2 concentrations 
carboxylation of RuBP limits photosynthesis, at high CO2 RuBP is not saturated and the 
photosynthesis is inhibited through RuBP regeneration (Hikosaka et al., 2006). This specie specific 
limitation depends on temperature, CO2 concentration and nutrient status. Nutrient status was one 
of the main causes for the inaccuracy of the previous model.  

2.3.2 Triose phosphate use 
In the Calvin cycle carbon needs to be exported. However, at high CO2 concentrations the 
carboxylation of rubisco produces too much carbon, and the export of these carbons is too slow 
compared to the production. In other words the rate for making starch and sucrose from triose 
phosphates is slower than rubisco carboxylation and regeneration (Yang et al., 2016). As a result, 
the photosynthesis is inhibited by TPU. In contrary to the conclusion of Sage (1990), TPU inhibition 
is also possible at normal CO2 concentrations (Hikosaka et al., 2006). This was confirmed by Yang 
(2016), namely TPU limitation was found at sensitive CO2 concentrations. Due to the fact that TPU 
can inhibit the photosynthesis, the CO2 assimilation rate should be adapted at TPU limiting 
conditions. 

2.4 Dark respiration 
There are two respiration mechanism in plants: dark respiration and photorespiration. Both use 
their own substrate and have different processes (Mangat et al., 1974). It is important to 
distinguish these processes, because dark respiration is partly positive, in contrary to 
photorespiration. Dark respiration generates energy, which can be used for making 3-PGA.  

Dark respiration is an important parameter in the model, since the net assimilation rate is 
determined by subtracting the dark respiration from the gross assimilation (van Ooteghem, 2007). 
Dark respiration can therefore influence the photosynthetic model a lot. It is also referred to as 
mitochondrial respiration (Rd) and works continuously (Sharkey et al., 2007). During illumination 
Rd is between 25 to 100% of respiratory activity in darkness (Wang et al., 2001). Oxidation of 
carbon compounds is performed by the tricarboxylic acid (TCA) cycle and takes place in the 
stroma. This cycle releases CO2 and provides redox equivalents. This reducing agent creates a 
proton gradient across the inner mitochondrial membrane, which results in synthase of ATP. This 
process is also called oxidative phosphorylation (Kromer, 1995). Generally plants have a lower dark 
respiration at increased light intensities (Mangat et al., 1974). Moreover, at elevated CO2 
concentrations the dark respiration is higher, due to the fact that more biomass is created at 



 10 

increased concentrations. Consequently more energy is needed, which is partly derived from 
respiration (Wang et al., 2001). Besides influence of CO2, Filbin and Hough (1985) found higher 
dark respiration rates for increasing dissolved oxygen concentration. In fact the dark respiration is 
also controlled by ATP (Mangat et al., 1974). Figure 4 shows the decrease of dark respiration of 
Lemna minor for increasing light intensities (Fuhrer, 1983). In the current model the dark 
respiration was assumed constant, however according to the figure this seems to be questionable. 
Therefore, in the new model the dark respiration will not be assumed constant. 

Figure 4. Fraction of dark respiration inhibited by light (Fuhrer, 1983).  
 

2.5 Mat density 
A lot of research has been done to determine the optimal biotic and abiotic factors. The optimal 
ranges of nutrients, temperature, CO2 and light intensities all have been researched. These 
processes determine the intrinsic growth rate (ri), with the intrinsic growth rate it is possible to 
calculate the mat density as a function of time. This can be used to determine the optimal mat 
density at given climate conditions. Increased mat density results in less light available for each 
frond. An advantage is that there is less transmission of light in the water, consequently there is 
less growth of bacteria and algae (Xu and Shen, 2011). Körner (1998) assumed that the mat 
density could inhibit duckweed growth. In his experiments the coverage of the reactor was 90% at 
a mat density of 558 g FW m-2. In another research the percentage of the water covered with 
duckweed is linear up to 250 g FW m-2. Extrapolating resulted in 457 g FW m-2 at a fully covered 
pond (Jupsin et al., 2005). The amount of g FW duckweed at a fully covered surface is important 
for determining the leaf area index (LAI), because then the fraction m2 [leaf] m-2 [soil] can be 
calculated. 

A model was made that determined the mat density at given initial mat density and intrinsic 
growth rate (Frédéric et al., 2006). The maximum non limiting mat density was reached at ±176 g 
DM m-2 (Driever et al., 2005). Higher mat densities resulted in a negative growth rate. In Figure 5A 
the increase in dry matter is given for different harvesting strategies as a function of the initial mat 
density. Harvesting less duckweed at shorter intervals favoured nutrient consumption and total 
biomass production (Xu and Shen, 2011). The output of the model in Figure 5B shows indeed 
higher biomass production at increased harvest frequency. In other words, the formula of Frédéric 
confirms Xu’s conclusion. In the previous model the effect of the mat density and LAI was not 
taken into account. The assumption was made that the pond was always fully covered with 
duckweed, even after harvesting. Further, the mat density did not have any influence on the 
growth rate. However, Figure 5 shows obviously that high mat densities can inhibit growth, low 
densities are also not favourable to obtain a maximum production. In the ECOFERM pond, the 
average mat density was ±350 g FW m-2 on Augustus 24, 2015 (Kroes et al., 2016). According to 
the harvest strategy the surface must always be fully covered with duckweed, but pile up of 
duckweed should be prevented. However, at 350 g FW m-2 there is no pile up; besides the LAI is 
not even 1. Moreover, Figure 5B indicates that the increase in dry weight is 13.3 g DM m-2 at an 
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optimal mat density of 82 g DM m-2 (Frédéric et al., 2006), however with 350 g FW m-2 or 24.5 g 
DM m-2, solely a maximum production of 7.0 g DM m-2 is possible. Therefore, in the new model it 
might be a good idea to make the LAI dynamic.  

  
Figure 5A & B. Left the increase in mat density at given initial mat density and harvesting strategy. Right the 
increase in mat density per day.  

2.6 Temperature 
Previous photosynthetic model could not predict the months July and Augustus accurately 
(Rooijakkers, 2016). These months had a relatively high light intensities and temperatures 
compared to April and October. The model was based on the water temperature, in which the 
optimal temperature was set to 26°C. The figures below give the growth rate as function of the 
temperature. Figure 6 shows an optimal range between 25 and 27°C (Lasfar et al., 2007).  

 

Figure 6. Intrinsic growth rate as a function of the water temperature (Lasfar et al., 2007). 



 12 

However, from the figures below, a higher temperature seems to be possible before limiting the 
growth rate.  

  

Figure 7. Different graphs for water temperature dependency of Lemnaceae. Left (Docauer, 1983) and right 
(Ashby and Oxley, 1935). 

Moreover, the photosynthetic model is in fact based on the plant temperature. The temperature of 
duckweed has been compared with the air temperature. At 1.5 cm above the surface a 
temperature difference of ±2.5 degrees was measured (Dale and Gillespie, 1976). The difference 
between water and surface temperature is smaller, although at 2 cm below the fronds already 
temperature differences were detected. The effect of mat thickness was not considered, because 
the net radiation had more influence between successive days (Dale and Gillespie, 1976). From 
other research the frond temperature is on average 1 to 3°C higher during irradiation than the 
water temperature (Landolt and Kandeler, 1987). Another research showed at 92.5 µmol m-2 s-1 
the water temperature was 2.7°C lower than the upper frond temperature (Casperson, 1956). At 
ECOFERM measurements were taken between the roots, where the average lengths of the roots 
are 3 to 6 cm (Landolt and Kandeler). According to these facts, it might be better to calculate the 
temperature of the duckweed to prevent modelling errors.  

2.6.1 Evapotranspiration 
The fronds of the duckweed can evaporate water; as a result, energy is removed from the plant. 
Consequently, the plant temperature decreases. The evapotranspiration is not plant density 
dependent, since the amount of fronds exposed to the atmosphere remains constant (DeBusk et 
al., 1983). For most plant species the opening of the stomata depends on seasonal conditions, in 
contrary Lemna minor has a fixed canopy, in other words the opening of the stomata is climate 
independent. Consequently, the evapotranspiration only depends on meteorological and 
physiological factors. There are a lot of models available for calculating the evapotranspiration rate 
(Ilahi, 2009). These models were compared for plants in a greenhouse. The FAO Penman model 
(FPE) had relatively good estimations and it is recommended for plastic greenhouses (Ilahi, 2009). 
This model used the canopy cover coefficient method (CCC); to determine the actual 
evapotranspiration the result must be multiplied with a crop coefficient (Kc). The determination of 
the Kc value depends on biological and environmental conditions. Therefore, Kc is location 
dependent and consequently not an good option to determine the evapotranspiration.  

For uniform wetland surfaces, the Penman equation (PE) can work well (Drexler et al., 2004). 
However, the Penman-Monteith (PM) model is probably better, because for Lemna minor the PM 
model has an inaccuracy of 5 to 10% (Al Nozaily, 2000). Although different models are available, 
only the inaccuracy of the PM model for duckweed is known. Therefore, this model seems to be the 
best choice for determining the vaporization by duckweed.  

2.7 Feed requirements rosé calves 
For an economic analysis it is useful to implement the effect of the nutrient composition for rosé  
calves, because with adding duckweed the feed composition changes.  For optimal health and 
growth the following nutrient variables are important for rosé calves; VEVI, DVE, OEB, DVLYS, 
DVMET, NDF, P and starch (CVB, 2012) (Kroes et al., 2016). In Table 5 more information about 
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these variables is given. Obviously, not only the protein percentage is important, but also the 
composition of these proteins.  

Table 5. Summary of important parameters for cattle feed composition. 

Parameters Description 
VEVI Net available energy 
DVE Indicates the amount of proteins that is digestible 
OEB Indicator of the availability of protein and energy in the rumen. These 

should be in balance, OEB>0 more protein available than energy. OEB<0 
too little protein available.  

DVLYS Digestible amount of lysine 
DVMET Digestible amount of methionine 
NDF Neutral Detergent Fibre, represents the quantities of fibre parts. Gives 

also information about the ratio of cell wall and cell content 
P Phosphorus 
Starch - 
 
Each raw material has a different nutrient composition, therefore for the replacement of soy by 
duckweed this different composition must be taken into account. In Table 6 the compositions of 
duckweed and soy are given. The replacement of soy without any adaptions to the total feed 
composition will probably result in less growth and increased global warming, because in the 
stomach and intestines of the cattle fermentation takes place. Further the CH4 emission is strongly 
related to the amount of feed fermented in the rumen, which depends on feed intake and 
composition (Hatew, 2015). In the report of ECOFERM already a few calculations were done, and 
the cattle feed was mixed to satisfy the feed requirements (Kroes et al., 2016). In this model it 
was assumed that rosé calves eat 6 kg dry matter a day. For minimalizing the cost this might 
cause problems, because fresh duckweed has a low dry matter content. Duckweed was given fresh 
to the calves, however according to research it is better to dry or ferment the duckweed (Hoving et 
al., 2012). Squeezing it is also possible, but this causes losses of valuable nutrients and the dry 
weight content increases only slightly. According to Hoving (2012) drying did not have any effect 
on the aroma. Experiments with cows and a duckweed+corn diet of ratio 2:1 had a higher growth 
rate than a control group with corn, crude protein concentrate and access to grass pasture. At this 
diet some cows had bloat symptoms, because a large amount of fresh plant was ingested (Rusoff 
et al., 1980). The percentage of fresh duckweed in total feed composition was relatively low, as a 
result no problems occurred at ECOFERM. However, for larger quantities problems might arise. 
These minimum requirements are given in Table 14. 

Table 6. Comparison of nutrient characteristics of soy and duckweed. The last row shows the requirements for 
rosé calves.  

  DM % VEVI units 
/kg DM 

DVE OEB DVLYS DVMET NDF P Starch 

Duckweed 5.2 871 140 236 7.8 1.3 231 10.4 15 

Soy 60 RC 88.0 1242 267 213 17.4 4.4 145 7.3 10 

Minimum 
requirements 
rosé calves 

>24.8 1030 79.1 0 5.5 2.1 265 265 4.5 

 

2.8 Literature comparison estimated parameters  
In previous research the maximum electron transport (Jmax 26), stomatal resistance (Rs), CO2 
compensation points (Γ), degree of curvature (𝜃𝜃) and the cuticular resistance (Rcut) were estimated, 
because these parameters had a relatively high sensitivity (Rooijakkers, 2016). The parameters 
were determined with the lowest sum of squared error mechanism. Some initial parameters values 
were from different plants, consequently it is questionable if these parameters are correct for 
duckweed. In the following paragraphs the value from previous research of these parameters is 
compared with literature.  
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2.8.1 Maximum electron transport rate 
The electron transport rate is related to the assimilation rate or in other words photosynthesis. The 
basis process of photosynthesis is well known; light, water and carbon dioxide produces sugars and 
oxygen. Two processes during photosynthesis are the light and dark reaction. Light reaction takes 
place in the thylakoids. In these thylakoids pigments work together in pigment-protein complexes 
(LHCs). The most common pigments are chlorophyll a (Chl a) and b (Chl b). These chlorophyll 
pigments absorb the complete light spectrum except 500 to 550 nm.  

Sometimes the energy of the light exceeds the maximum energy use by photosynthesis. Under 
these circumstances, regulation of light harvesting is necessary to balance the absorption and 
utilization of light energy (Müller et al., 2001). The energy of excited Chl pigments, can be used for 
3 processes. 

1. Fluorescence 
2. Photochemical quenching (qP) 
3. Non-photochemical quenching (NPQ) 

In some plants, the excess of energy can also be used for production of 1O2. Chl fluorescence 
mainly originates from PS(II). In this process, light is re-emitted by chlorophyll from excited to 
non-excited chlorophyll. At energy, surplus excited Chl can also be converted to its ground state by 
NPQ. In this process de-excitation takes place by emission of heat, this process affects the Chl 
fluorescence. In Figure 8 all processes that cause the de-excitation of Chl pigments are given.  

 

Figure 8. All processes of activation and deactivation of Chl pigments (Müller et al., 2001). 

Chl quenching can be measured with a fluorimeter. From this measurement, the fluorescence yield 
can be calculated. With changing the light intensity the maximum, minimum and steady state 
fluorescence can be determined (Müller et al., 2001). The quantum yield of non-cyclic electron 
transport is proportional to the product of photochemical fluorescence quenching and efficiency of 
photosystem(II) in reaction centres (Genty et al., 1989). At high light intensities, the quantum 
yield is less accurate, because energy state quenching (qE), causes an energy drain in PS(II). As a 
result a non-linear relationship between photochemical quenching (qP) and quantum yield can arise 
(Genty et al., 1989). The equations to determine the quantum yield are given below. 

𝑝𝑝ℎ𝑜𝑜𝑎𝑎𝑜𝑜𝑐𝑐ℎ𝑒𝑒𝑚𝑚𝑒𝑒𝑐𝑐𝑎𝑎𝑒𝑒 𝑓𝑓𝑒𝑒𝑓𝑓𝑜𝑜𝑓𝑓𝑒𝑒𝑓𝑓𝑐𝑐𝑒𝑒𝑓𝑓𝑐𝑐𝑒𝑒 𝑞𝑞𝑓𝑓𝑒𝑒𝑓𝑓𝑐𝑐ℎ𝑒𝑒𝑓𝑓𝑖𝑖 =
𝐹𝐹𝑚𝑚′ − 𝐹𝐹𝑠𝑠

𝐹𝐹𝑣𝑣
  

 

[−] 2.2 

𝑒𝑒𝑓𝑓𝑓𝑓𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑓𝑓𝑐𝑐𝑒𝑒 𝑃𝑃𝐻𝐻(𝐼𝐼𝐼𝐼) =
𝐹𝐹𝑣𝑣
𝐹𝐹𝑚𝑚′

 

 

[−] 2.3 

𝑄𝑄𝑓𝑓𝑎𝑎𝑓𝑓𝑎𝑎𝑓𝑓𝑚𝑚 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑦𝑦 𝜙𝜙𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =
𝐹𝐹𝑚𝑚′ − 𝐹𝐹𝑠𝑠
𝐹𝐹𝑚𝑚′

→
∆𝐹𝐹
𝐹𝐹𝑚𝑚′

 

 

[−] 2.4 

 
In the model the parameter Jmax26 had an initial value of 467 µmol m-2 s-1; this parameter is 
temperature and quantum flux dependent (Nolan and Smillie, 1976). The initial value was derived 
from chloroplasts of Hoderum vulgare, which is a barley specie. The quantum flux is influenced by 
CO2/O2 specificity of rubisco, in other words the CO2 compensation point. 
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From the quantum yield, the electron transport rate can be calculated. Accurate estimates depend 
on validity of ∆F/Fm’ and excitation distribution between PS(I) and PS(II) (Laisk and Loreto, 1996). 
Weiss (Weiss et al., 2000) calculated the effective quantum yield for Lemna minor, which includes 
a small change in the formula. Namely, the steady state-fluorescence yield (Fs) was replaced by Ft. 
Ft is the transient yield of chlorophyll during irradiation. The effective quantum yield is an indicator 
of the ability to move electrons beyond PS(II). A maximum relative electron transport rate of 
73.1±1.4 µmol m-2 s-1 was found.  

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐼𝐼𝑓𝑓𝑓𝑓𝑎𝑎𝑦𝑦𝑒𝑒𝑎𝑎𝑓𝑓𝑐𝑐𝑒𝑒 ∗
∆𝐹𝐹
𝐹𝐹𝑚𝑚′

∗ 0.5 ∗ 𝐴𝐴𝐴𝐴𝑓𝑓𝑜𝑜𝑓𝑓𝐴𝐴𝑎𝑎𝑓𝑓𝑐𝑐𝑒𝑒 

 

[𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2 𝑓𝑓−] 2.5 
 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐼𝐼𝑓𝑓𝑓𝑓𝑎𝑎𝑦𝑦𝑒𝑒𝑎𝑎𝑓𝑓𝑐𝑐𝑒𝑒 ∗
∆𝐹𝐹
𝐹𝐹𝑚𝑚′

 

 

[𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2 𝑓𝑓−] 2.6 
 

A fraction of 0.5 is applied because only 50% of the quantum yield is absorbed by PH(II). The 
standard absorbance coefficient is 0.84; for Wolffia arrhiza, the absorbance is 0.872 (Ritchie and 
Mekjinda, 2016). According to the formulas above, the maximum electron transport rate of Weiss 
was 32.6 µmol m-2 s-1. Research for 6 different C3 plants resulted in a maximum range of 75 to 272 
µmol m-2 s-1 (Laisk and Loreto, 1996), so the result of Weiss is relatively low. Another research 
found a maximal quantum efficiency in light of 0.73 at 200 µmol m-2 s-1. With equation 2.5 the 
maximum electron transport rate is 63.7 µmol m-2 s-1 (Frankart et al., 2003). The difference is 
caused by the fact that Weiss calculated the Ft instead of the Fs. The figure below shows the 
maximum electron transport rate as a function of the temperature. Obviously in previous research 
the Jmax was overestimated and therefore has to be adapted to 63.7 µmol m-2 s-1.  

  
Figure 9A & B. Maximum electron transport rate Jmax as a function of the temperature compared with the new 
value according literature and the value used in previous research. The image right shows the temperature 
dependency with an Jmax26 of 63.7 µmol m-2 s-1. 

2.8.2 CO2 compensation point (Γ) 
The CO2 compensation point gives information at which CO2 concentration the rate of 
photosynthesis is equal to the rate of respiration. In most plants, this occurs in limited light 
conditions. In previous research a constant compensation point of 36.5 μmol mol-1 was used 
(Rooijakkers, 2016). In fact Γ depends on the Michaelis-Menten equation of rubisco carboxylation 
and oxygenation and therefore it is temperature dependent (van Ooteghem, 2007). The increase of 
Γ with temperature seems to be greater for lower irradiances, which suggest that the light intensity 
influences the dark respiration (Farquhar et al., 1980). The CO2 compensation point is also 
nutrient, chlorophyll and time of the day dependent (Bauer and Martha, 1981). Therefore, it might 
be better to make the compensation point dynamic. Farquhar (1980) developed a dynamic model 
that determined the compensation point including the influence of dark respiration. Calculations 
with equation 2.7 resulted at maximum and minimum dark respiration a compensation point Γ of 
78.3 and 42.0 μmol mol-1. The parameters in this equation can be found in appendix 10.1. 
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Γ =

𝐾𝐾𝑐𝑐 ∗ 𝑂𝑂 ∗ 𝑘𝑘𝑜𝑜
2 ∗ 𝐾𝐾𝑜𝑜 ∗ 𝑘𝑘𝑐𝑐

+ 𝐾𝐾𝑐𝑐 ∗ �1 + 𝑂𝑂
𝐾𝐾𝑜𝑜
� ∗ 𝐸𝐸𝑑𝑑

𝑉𝑉𝑐𝑐 𝑚𝑚𝑎𝑎𝑚𝑚

1 + 𝐸𝐸𝑑𝑑
𝑉𝑉𝑐𝑐 𝑚𝑚𝑎𝑎𝑚𝑚

 
[𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚𝑜𝑜𝑒𝑒−1] 2.7 

 

According to literature, Lemna minor has a compensation point of 10.3 ppm at a dissolved oxygen 
concentration of 1% (Fuhrer, 1983). Increased dissolved oxygen elevated the compensation point. 
Other experiments with Lemna minor showed a CO2 compensation point of 0.95 ppm (Filbin and 
Hough, 1985). The formula therefore seems not suitable for duckweed species. Normally plants 
with a high respiration have a relatively high CO2 compensation point (Bauer and Martha, 1981). 
Moreover, a low respiration would be remarkable due to the fact that plants with high growth rate 
have in generally a high respiration rate (Van der Werf et al., 1992). However, Lemna minor is 
floating on water and the opening of stomata is climate independent. Therefore, there is no CO2 
build up, which probably results in a low CO2 compensation point (Filbin and Hough, 1985).  

2.8.3 Degree of curvature  
The degree of curvature (𝜃𝜃) represents the shape of the light-response curve. The curvature ranges 
between 0 and 1 (Goudriaan and Van Laar, 1994). Values close to one indicate a sensitive plant for 
the given parameters. The curvature depends on CO2 partial pressure gradient, light absorption 
and photosynthetic capacity of the leaf (Evans et al., 1993). The estimated curvature was 1.018, 
which is theoretically not possible. This would suggest that the photosynthesis is unlimited 
increasing. Therefore, the maximum curvature was set to 1.0.  

2.8.4 Total CO2 resistance 
There are a lot of formulas available for calculating the total resistance. The resistance from the 
intercellular cells to the outside depends on the boundary resistance and a parallel system of the 
stomatal and cuticular resistance (Bot, 1983). For determining the total resistance, the diffusion 
from intercellular cells to the chloroplast should also be included, since the carboxylation of RuBP 
takes place in the stroma (Heldt and Piechulla, 2011b). In previous research the model was based 
on a parallel system and the carboxylation resistance (Rooijakkers, 2016). Although the model 
uses the carboxylation resistance, calculations were done with the mesophyll resistance. This 
resistance for Lemna minor is light intensity dependent (Fuhrer, 1983). The total CO2 resistance 
was calculating with following formula (Rooijakkers, 2016); 

𝐸𝐸𝑡𝑡𝑜𝑜𝑡𝑡𝑡𝑡𝑂𝑂2 =
𝐸𝐸𝑐𝑐𝑐𝑐𝑡𝑡 ∗ 𝐸𝐸𝑠𝑠

(𝐸𝐸𝑐𝑐𝑐𝑐𝑡𝑡 + 𝐸𝐸𝑠𝑠)
+ 𝐸𝐸𝑐𝑐 𝑡𝑡𝑂𝑂2 

 

[𝑓𝑓 𝑚𝑚−1] 2.8 

The stomatal resistance (Rs) was estimated at 62.04 s m-1 and did not differ much from 
theoretically value of 62.5 s m-1 (Fuhrer, 1983). Unfortunately, in this research the value was 
found by unpublished research. The Rs determines opening of the stomata. An open stoma allows 
the diffusion of CO2 from the atmosphere into the intercellular gas space of the leaf, at the same 
time water vapour escapes from the leaf to the atmosphere. Normally, the opening and closing is 
caused by biochemical reactions (Heldt and Piechulla, 2011c, 2011b). However, for duckweed, the 
stomata are always open. Therefore, the Rs can be assumed constant. Experiments with different 
C3 plants showed a stomatal resistance range of 48 to 500 s m-1 (Whiteman and Koller, 1967). In 
other words, the current value is theoretically possible compared to literature.  

The cuticular resistance for CO2 diffusion in the cuticular membranes Rcut was 236.48*103 s m-1 
(Rooijakkers, 2016). This initial value was obtained from a research based on submerged leaves. 
However the Rcut is overestimated, namely in a normal photosynthetic model the Rcut is 2000 s m-1 
(van Ooteghem, 2007). In another experiment the cuticle resistance in dark was measured for a lot 
of plants, the average value was 2835 s m-1 (Whiteman and Koller, 1967). Moreover, the cuticle is 
on the surface of water, therefore it is better to compare Rcut with floating plants. Unfortunately, no 
values are known for duckweed species, however compared to other research the cuticular 
resistance was too high. Coincidentally, as the parallel system of Bot was used, the error in the 
total resistance was reduced.  
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The mesophyll resistance is influenced by many environmental conditions. Fuhrer (1983) calculated 
the mesophyll resistance as a function of the light intensity and oxygen concentration. The Rm is 
very dynamic and depends on many environmental aspects like; salinity, nitrogen concentration, 
altitude, water logging, plant temperature, aging, CO2 concentration and light intensity (Flexas et 
al., 2008). As a result, it might be better to calculate the mesophyll resistance, instead of using the 
light dependent mesophyll values from Fuhrer (1983).  The mesophyll resistance is calculated with 
the carboxylation resistance and adding a constant factor of 15 s m-1. The carboxylation resistance 
can be calculated with the effective Michaelis-Menten constant (Km) and the maximum 
carboxylation rate (Vc max) (Farquhar et al., 1980; Goudriaan and Van Laar, 1994). 

𝐸𝐸𝑐𝑐 𝑡𝑡𝑂𝑂2 =
𝐾𝐾𝑚𝑚

𝑉𝑉𝑡𝑡 𝑚𝑚𝑎𝑎𝑚𝑚
∗
𝜌𝜌𝜌𝜌𝑂𝑂2𝑇𝑇
𝑀𝑀𝑡𝑡𝑂𝑂2

 
[𝑓𝑓 𝑚𝑚−1] 2.9 

The figure on the next page shows a decreasing mesophyll resistance for an increasing 
temperature. The maximum resistance was ±2280 s m-1, which is low compared to the maximum 
resistance of 11794 s m-1 at 0 µmol m-2 s-1 (Fuhrer, 1983). All equations and parameters used for 
this calculation can be found in appendix 10.1. 

 

 

Figure 10. Mesophyll resistance as a function of the temperature.  

Angiosperms have a relatively low mesophyll conductance compared to other plants (Flexas et al., 
2008). Maxwell (2000) did research on K. daigremontiana. The total conductance of this 
angiosperm plant can be calculated with the following formula; 

𝑖𝑖𝑚𝑚 =
𝐴𝐴

(𝜌𝜌𝑖𝑖 − 𝜌𝜌𝑐𝑐) 
 [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2 𝑓𝑓−1 𝐴𝐴𝑎𝑎𝑓𝑓−1] 

 
2.10 

A is the net photosynthetic flux at steady state (4.8 µmol m-2 s-1), gm is the mesophyll 
conductance, Ci and Cc are the CO2 concentrations in internal cavity and the chloroplasts. After 
calculation of gm, the mesophyll resistance can be calculated, since the resistance is the inverse of 
the conductance. Rm was equal to 2976 s m-1 and it is relatively low compared to the max Rm of 
Fuhrer; 11764 s m-1. This was expected because Maxwell’s calculations were at a light intensity of 
650 µmol m-2 s-1. The mesophyll resistance of Lemna minor at 380 µmol m-2 s-1 was 1313 s m-1. 
Therefore, the currently used mesophyll resistance values are possible.  

The total resistance is equal to the sum of the successive resistances (Gaastra, 1959). Supported 
by Gaastra, the total resistance for the photosynthetic model is the sum of individual resistances 
Rs+Rb+Rc (van Ooteghem, 2007).  

Instead of using the Rc, it better to replace the carboxylation resistance by the mesophyll 
resistance (Rm). Namely, the Rm represents the total resistance from intercellular cells to the 
carboxylation site. In other words Rm describes the complete pathway, instead of the carboxylation 
resistance (Figure 11) (Willmer and Fricker, 1996).  
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Figure 11. Complete pathway of CO2 diffusion from outside to the carboxylation site (Willmer and Fricker, 1996).  

Moreover, Goudriaan (1994) mentioned the total leaf resistance depends on a parallel system, but 
the CO2 limited rate for net photosynthesis was calculated with equation 2.11 .  

𝐸𝐸𝑡𝑡𝑜𝑜𝑡𝑡 =  𝐸𝐸𝑠𝑠+𝐸𝐸𝑏𝑏 + 𝐸𝐸𝑚𝑚 [𝑓𝑓 𝑚𝑚−1] 2.11 

Therefore, for calculating the total resistance the equation above has the best characteristics. 
Unfortunately, no values for the boundary resistance of duckweed are known, however this 
resistance can be calculated with a standard boundary resistance equation (van Ooteghem, 2007). 
Due to the fact that the results of equation 2.9 were different than the measured values by Fuhrer 
(1983) it might be better to simulate the model with the value of the mesophyll resistance found in 
literature and calculate the total resistance with equation 2.11. 
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3 Current photosynthetic model 
Photosynthesis is the most important process for plants; without the conversion of CO2 to sugars 
no growth is possible. In previous research a photosynthetic model was used to determine the 
production of duckweed with given inputs. All equations of this model are given in this chapter. The 
model is based on the uptake of carbon. The uptake rate is determined by biological processes, for 
example; CO2 diffusion, electron transport rate, carboxylation and regeneration of rubisco. The 
origin of the model was derived from experiments with the gas exchange between air and plants 
(Farquhar et al., 1980). In these equations the uptake rate could be determined with the CO2 
concentration, light intensity and the temperature. Small changes were made to make this model 
more suitable for estimating the production of duckweed (Rooijakkers, 2016). The LAI was 
assumed to be constant, this means that the mat density is constant, in other words m-2 [leaf] is 
equal to m-2 [soil]. 

In paragraph 2.3, information was given about the carboxylation and regeneration of rubisco. 
These two processes determine the maximum net assimilation rate. In the model, these processes 
are represented as CO2 limited rate for photosynthesis (Pnc) and maximum endogenous 
photosynthetic capacity (Pmm).  

3.1 CO2 limited photosynthesis rate 
The CO2 limited photosynthesis rate (Pnc) represents the capacity of rubisco, which is decreased in 
low CO2 and light conditions. Pnc is calculated with the total CO2 diffusion resistance. The 
carboxylation resistance is normally determined by the maximum carboxylation allowed by the 
rubisco enzyme (Vc max). However, in the formula the carboxylation resistance is replaced by the 
mesophyll resistance, which depends partly on the carboxylation resistance (Wilmer, 1996).  

𝑃𝑃𝑛𝑛𝑐𝑐 =
𝜌𝜌𝑡𝑡𝑂𝑂2𝐸𝐸
𝐸𝐸𝑡𝑡𝑜𝑜𝑡𝑡_𝑡𝑡𝑂𝑂2

∗ (CO2a − Γ) [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 
 

3.1 

The density of CO2 is temperature dependent; the formula is given below.  

𝜌𝜌𝑡𝑡𝑂𝑂2𝐸𝐸 = 𝜌𝜌𝑡𝑡𝑂𝑂2 ∗
𝐸𝐸0
𝐸𝐸𝑐𝑐

 [𝑘𝑘𝑖𝑖 𝑚𝑚−3] 3.2 

The total resistance is given as a parallel system and the mesophyll resistance. The parallel 
resistance depends on the cuticular and stomatal resistance (Bot, 1983). The mesophyll resistance 
is light dependent and interpolated during integration. In paragraph 2.8.4 some remarks are given 
about this formula.  

𝐸𝐸𝑡𝑡𝑜𝑜𝑡𝑡𝑡𝑡𝑂𝑂2 =
𝐸𝐸𝑠𝑠𝑡𝑡𝑂𝑂2 ∗ 𝐸𝐸𝑐𝑐𝑐𝑐𝑡𝑡
𝐸𝐸𝑠𝑠𝑡𝑡𝑂𝑂2 + 𝐸𝐸𝑐𝑐𝑐𝑐𝑡𝑡

+ 𝐸𝐸𝑚𝑚𝑡𝑡𝑂𝑂2 
[𝑓𝑓 𝑚𝑚−1] 

 
3.3 

 

3.2 Maximum endogenous photosynthetic capacity 
The maximum endogenous photosynthetic capacity (Pmm) is derived from the regeneration of RuBP. 
This regeneration is determined with the temperature dependent electron transport rate (Jmax). The 
capacity of the thylakoid reactions determine the ability to regenerate RuBP (Sage, 1990). The 
capacity is influenced by the electron transport rate and calculated with equation 3.4. 

𝑃𝑃𝑚𝑚𝑚𝑚 =
𝑀𝑀𝑡𝑡𝑂𝑂2

4 ∗ 𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚 
[𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 
 

3.4 

 
The electron transport rate is required for the production of NADPH and ATP, without these energy 
carriers photophosphorylation of ADP does not takes place. The carboxylation of rubisco requires 
energy; therefore the electron transport rate is an important process in assimilation.  

𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚 = 𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚26 ∗ 𝑒𝑒𝐸𝐸𝑗𝑗∗𝑋𝑋 ∗ 𝐷𝐷 [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑒𝑒− 𝑚𝑚−2 𝑓𝑓−1 ] 
 

3.5 

On the next page two formulas are given for calculating the electron transport rate, S and H are 
constants for the temperature dependency Jmax.  



 20 

𝑋𝑋 =
𝐸𝐸𝑐𝑐 − 𝐸𝐸𝑜𝑜𝑜𝑜𝑡𝑡

𝐸𝐸𝑐𝑐 ∗ 𝐸𝐸𝑔𝑔 ∗ 𝐸𝐸𝑜𝑜𝑜𝑜𝑡𝑡
 [𝑚𝑚𝑜𝑜𝑒𝑒 𝐽𝐽−1] 

 
3.6 

 

𝐷𝐷 =
1 + 𝑒𝑒

𝑃𝑃∗𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜−𝐻𝐻
𝑅𝑅𝑔𝑔∗𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜

1 + 𝑒𝑒
𝑃𝑃∗𝑇𝑇𝑐𝑐−𝐻𝐻
𝑅𝑅𝑔𝑔∗𝑇𝑇𝑐𝑐

  

 

[−] 3.7 

3.3 Net maximum assimilation rate 
Both processes Pnc and Pmm calculate the mg CO2 uptake per square meter. The lowest assimilation 
rate determines the actual maximum assimilation rate (Sage, 1990) (Hikosaka et al., 2006). With a 
Blackman response equation, the net assimilation rate can be determined (Goudriaan and Van 
Laar, 1994). If the curvature theta is equal to zero, the shape represents a regular rectangular 
hyperbola and close to one it represents a Blackman curve. Although the negative exponential 
curve of the Blackman response does not have a mechanistic justification, it gives the best 
description for plants (Goudriaan and Van Laar, 1994). At a curvature of one, the result is similar 
to the theory mentioned by Sage and Hikosaka.  

𝑃𝑃𝑛𝑛 𝑚𝑚𝑎𝑎𝑚𝑚 =
𝑃𝑃𝑚𝑚𝑚𝑚 + 𝑃𝑃𝑛𝑛𝑐𝑐 − �(𝑃𝑃𝑚𝑚𝑚𝑚 + 𝑃𝑃𝑛𝑛𝑐𝑐)2 − 4 ∗ 𝜃𝜃 ∗ 𝑃𝑃𝑚𝑚𝑚𝑚 ∗ 𝑃𝑃𝑛𝑛𝑐𝑐 

2 ∗ 𝜃𝜃  

 

[𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 3.8 

The maximum gross leaf assimilation (Pg max) is determined by adding the leaf dark respiration rate 
and the net maximum assimilation rate.  

𝑃𝑃𝑔𝑔 𝑚𝑚𝑎𝑎𝑚𝑚 = 𝑃𝑃𝑛𝑛 𝑚𝑚𝑎𝑎𝑚𝑚 + 𝑀𝑀𝑡𝑡𝑂𝑂2 ∗ 𝑓𝑓𝑑𝑑𝑐𝑐𝑑𝑑 
 

[𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 3.9 

In the model the dark respiration is assumed constant; rdul=1.36 µmol m-2 s-1.  

3.4 Light use efficiency  
As mentioned there are two sorts of respiration, dark respiration produces energy in exchange for 
the emission of CO2. Photorespiration does not produce energy; it consumes energy. Under high 
light intensities, this process is not a problem. However, under low light intensities a part of the 
light will be used for oxygenation of rubisco. Oxygenation requires two times more energy than 
carboxylation (Goudriaan and Van Laar, 1994). Below the formula for the light efficiency by 
photorespiration is given. The number of electrons (e-) fixed per CO2 is 4. 

𝜖𝜖 = 𝜓𝜓 ∗
𝑀𝑀𝑡𝑡𝑂𝑂2

4 ∗
max(𝜌𝜌𝑂𝑂2𝑎𝑎, Γ) − Γ

max(𝜌𝜌𝑂𝑂2𝑎𝑎,Γ) + 2Γ 
[𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝐽𝐽−1] 3.10 

 
To convert the amount of µmol e- to J a conversion factor 𝜓𝜓 is used. The parameter Fp represents 
the amount of radiation absorbed by non-photosynthetic tissues. 𝜁𝜁 is the conversion factor for µmol 
photons to joule, and since 1 photon can absorb 2 e-, the formula is divided by two. 

𝜓𝜓 =
1 − 𝐹𝐹𝑜𝑜

2 ∗ 𝜁𝜁 

 

[𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑒𝑒− 𝐽𝐽−1] 3.11 

3.5 Gross and net assimilation rate 
The gross leaf assimilation is calculated with the light efficiency and maximum gross assimilation.  

𝑃𝑃𝑔𝑔 𝐿𝐿 = 𝑃𝑃𝑔𝑔 𝑚𝑚𝑎𝑎𝑚𝑚 �1 − 𝑒𝑒
−𝜖𝜖∗𝑃𝑃𝐴𝐴
𝑃𝑃𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚� 

[𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 3.12 

 
IA represents the absorbed radiation; in the model however, the measured light intensity in the 
greenhouse is assumed equal to the absorbed irradiation. Due to the fact that the LAI is constant, 
the unit of the gross assimilation in equation 3.12 is equal to 𝑚𝑚𝑖𝑖 [𝜌𝜌𝑂𝑂2] 𝑚𝑚−2 [𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒].  
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The net assimilation has to be calculated, otherwise the model would assume that respiration 
causes an increase in biomass. The dark respiration was assumed constant. Furthermore, a 
correction for the optimal pH is applied based on equation 3.14.  

𝑃𝑃𝑔𝑔 𝑁𝑁 = (𝑃𝑃𝑔𝑔 𝐿𝐿 − 𝑓𝑓𝐷𝐷𝑐𝑐𝐿𝐿 ∗ 𝑀𝑀𝑡𝑡𝑂𝑂2) ∗ 𝑝𝑝𝐻𝐻𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐   [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒 𝑓𝑓−1] 
 

3.13 

𝑝𝑝𝐻𝐻𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 =
−1.0082 + 0.59297 ∗ 𝑝𝑝𝐻𝐻 − 0.10831 ∗ 𝑝𝑝𝐻𝐻2 + 0.00948 ∗ 𝑝𝑝𝐻𝐻3 − 0.00034 ∗ 𝑝𝑝𝐻𝐻4

0.27
 [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒 𝑓𝑓−1] 

 
3.14 

 

Table 7. All parameters and values used in photosynthetic model 

𝑃𝑃𝑛𝑛𝑐𝑐 CO2 limited rate photosynthesis  eq 3.1 [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 

Γ CO2 compensation point 36.5 [𝑝𝑝𝑝𝑝𝑚𝑚] 
𝜌𝜌𝑡𝑡𝑂𝑂2𝐸𝐸 Density CO2 at temperature Tdw eq 3.2 [𝑘𝑘𝑖𝑖 𝑚𝑚−3] 

𝜌𝜌𝑡𝑡𝑂𝑂2 Density CO2 at standard T0 1.98 [𝑘𝑘𝑖𝑖 𝑚𝑚−3] 

𝐸𝐸0 Standard temperature 273.15 [𝐾𝐾] 
𝐸𝐸𝑜𝑜𝑜𝑜𝑡𝑡 Optimum temperature for duckweed  299.15 [𝐾𝐾] 

𝐸𝐸𝑠𝑠𝜌𝜌𝑂𝑂2 Stomatal resistance CO2 62.5 [𝑓𝑓 𝑚𝑚−1] 

𝐸𝐸𝑐𝑐𝑐𝑐𝑡𝑡 Cuticular resistance CO2 2.39E+05 [𝑓𝑓 𝑚𝑚−1] 

𝐸𝐸𝑚𝑚𝜌𝜌𝑂𝑂2 Mesophyll resistance CO2 model [𝑓𝑓 𝑚𝑚−1] 

𝐸𝐸𝑡𝑡𝑜𝑜𝑡𝑡𝜌𝜌𝑂𝑂2 Total CO2 resistance eq 3.3 [𝑓𝑓 𝑚𝑚−1] 

𝑃𝑃𝑚𝑚𝑚𝑚 Maximum endogenous capacity eq 3.4 [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 
𝐸𝐸𝑔𝑔 Gas constant 8.314 [𝐽𝐽 𝑚𝑚𝑜𝑜𝑒𝑒−1 𝑘𝑘−1] 

𝜌𝜌𝑐𝑐ℎ𝑑𝑑 Superficial chlorophyll density 0.46 [𝑖𝑖 𝑚𝑚−2] 

𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚 Maximum electron transport rate at given Tdw eq 3.5 [𝑓𝑓𝑚𝑚𝑜𝑜𝑒𝑒 𝑒𝑒− 𝑚𝑚−2 𝑓𝑓−1] 

𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚26 Maximum electron transport rate at 298.15K 467 ρchl [𝑓𝑓𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2] 

𝑋𝑋 Variable temperature dependency Jmax eq 3.6 [𝑚𝑚𝑜𝑜𝑒𝑒 𝐽𝐽−1] 

𝐷𝐷 Variable temperature dependency Jmax eq 3.7 [−] 

𝑆𝑆 Constant temperature dependency Jmax 710 [𝐽𝐽 𝑚𝑚𝑜𝑜𝑒𝑒−1 𝐾𝐾−1] 

𝐻𝐻 Constant temperature dependency Jmax 220000 [𝐽𝐽 𝑚𝑚𝑜𝑜𝑒𝑒−1] 

𝑃𝑃𝑛𝑛 𝑚𝑚𝑎𝑎𝑚𝑚 Maximum net assimilation rate eq 3.8 [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 
𝑃𝑃𝑔𝑔 𝑚𝑚𝑎𝑎𝑚𝑚 Maximum gross leaf assimilation eq 3.9 [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 

𝜖𝜖 Light use efficiency eq 3.10 [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝐽𝐽−1] 

𝜓𝜓 
Conversion e- to J-1 and adapted for non-
photosynthetic tissue eq 3.11 [𝑓𝑓𝑚𝑚𝑜𝑜𝑒𝑒 𝑒𝑒− 𝐽𝐽−1] 

𝐹𝐹𝑜𝑜 
Amount of radiation absorbed by non-
photosynthetic tissue 0.3 [−] 

𝜁𝜁 Conversion e- to J-1 4.59 [𝑓𝑓𝑚𝑚𝑜𝑜𝑒𝑒 𝑒𝑒− 𝐽𝐽−1] 
𝑃𝑃𝑔𝑔 𝐿𝐿 Gross leaf assimilation rate eq 3.12 [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 
𝑃𝑃𝑔𝑔 𝑛𝑛 Net leaf assimilation rate eq 3.13 [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 

𝑓𝑓𝐷𝐷𝑐𝑐𝑑𝑑 Dark respiration rate 1.36 [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 

𝑝𝑝𝐻𝐻𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 Correction value for pH model [−] 
𝐸𝐸𝑗𝑗 Activation energy electron transport rate 3700 [𝐽𝐽 𝑚𝑚𝑜𝑜𝑒𝑒−1] 

𝜃𝜃 Degree of curvature 1 [−] 
𝐴𝐴𝑜𝑜𝑜𝑜𝑛𝑛𝑑𝑑 Surface of the pond 880 [𝑚𝑚−2] 
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4 Improvements model  

4.1 Development temperature model greenhouse and crop 
In previous photosynthetic models, it was assumed that the water temperature is equal to the 
duckweed temperature. This temperature was used to calculate the assimilation rate. According to 
the literature study in chapter 2.6, this assumption is probably not correct. Namely, irradiation can 
result in higher temperatures. Moreover the variables in the model are crop temperature 
dependent (van Ooteghem, 2007). Furthermore, wind and radiation cause temperature differences 
between the water and the duckweed. Therefore, it is better to simulate the model with the crop 
temperature instead of the water temperature. Unfortunately, this temperature has not been 
measured. Therefore, the temperature will be estimated with physics. The following formulas are 
mostly based on the processes described by Van Ooteghem and Van den Top (2014). No models of 
the water and greenhouse temperature were made, since these were both measured. 

4.1.1 Temperature of the duckweed 
The duckweed temperature (Tdw) is established with an energy balance given in equation 4.1. The 
formula takes the convection with the greenhouse and the water into account. Furthermore, 
transfer of energy by radiation is an important factor, namely shortwave radiation from the sun 
and longwave radiation between the roof and duckweed takes place. Evapotranspiration causes a 
decrease in temperature, since vaporization of water requires energy. 

𝑦𝑦𝐸𝐸𝑦𝑦𝑑𝑑
𝑦𝑦𝑎𝑎 =

𝑄𝑄𝑦𝑦𝑑𝑑𝑐𝑐𝑑𝑑𝑟𝑟 + 𝑄𝑄𝑦𝑦𝑑𝑑𝑐𝑐𝑑𝑑 + 𝑄𝑄𝑦𝑦𝑑𝑑𝑐𝑐𝑔𝑔 + 𝑄𝑄𝑦𝑦𝑑𝑑𝑟𝑟 − 𝑄𝑄𝑦𝑦𝑑𝑑𝐻𝐻2𝑂𝑂
𝜌𝜌𝑑𝑑𝑟𝑟 ∗ 𝜌𝜌𝑝𝑝𝑑𝑑𝑟𝑟 ∗ 𝑉𝑉𝑑𝑑𝑟𝑟

 

 

[𝐾𝐾 𝑓𝑓−1] 4.1 

 
Longwave radiation between roof and duckweed (Qdwrlw) mainly depends on the emission 
coefficients and the view factor. The view factor is relatively low, since only a part of the 
greenhouse is covered with duckweed. The area covered with duckweed is divided by the total 
area.  

Formula for view factor duckweed to roof; 

𝐹𝐹𝑓𝑓𝑜𝑜𝑑𝑑𝑟𝑟 = (1 − 𝜏𝜏𝑑𝑑𝑟𝑟 𝑑𝑑𝑟𝑟) ∗ 𝐹𝐹𝑓𝑓𝑜𝑜𝑠𝑠𝑠𝑠 ∗ 𝐿𝐿𝐴𝐴𝐼𝐼𝑡𝑡 ∗
𝐴𝐴𝑜𝑜𝑜𝑜𝑛𝑛𝑑𝑑
𝐴𝐴𝑡𝑡𝑜𝑜𝑡𝑡

 [−] 4.2 

The longwave transmittance (𝜏𝜏𝑑𝑑𝑟𝑟 𝑑𝑑𝑟𝑟 ) and emission coefficient (Edw) of duckweed is determined with 
following formulas; 

𝜏𝜏𝑑𝑑𝑟𝑟 𝑑𝑑𝑟𝑟 = 𝑒𝑒𝑡𝑡
−𝑠𝑠𝑐𝑐𝑙𝑙𝑙𝑙∗𝐿𝐿𝐿𝐿𝑃𝑃𝑜𝑜 [−] 4.3 

And the emission coefficient; 

𝐸𝐸𝑑𝑑𝑟𝑟 = 1 − 𝜏𝜏𝑑𝑑𝑟𝑟 𝑑𝑑𝑟𝑟 [−] 4.4 

With equation 4.2, 4.3 and 4.4, Qdwlr can be calculated; 

𝑄𝑄𝑦𝑦𝑑𝑑𝑐𝑐𝑑𝑑𝑟𝑟 = 𝐴𝐴𝑐𝑐 ∗ 𝐸𝐸𝑐𝑐 ∗ 𝐸𝐸𝑑𝑑𝑟𝑟 ∗ 𝐹𝐹𝑓𝑓𝑜𝑜𝑑𝑑𝑟𝑟 ∗ 𝜎𝜎 ∗ (𝐸𝐸𝑐𝑐4 − 𝐸𝐸𝑑𝑑𝑟𝑟4 ) [𝑊𝑊] 4.5 
Shortwave radiation absorption of sunlight by duckweed (Qdwrd) depends on the measured light 
intensity (Im) and the absorption coefficient, which can be assumed equal to the shortwave 
emission coefficient (van Ooteghem, 2016). 

𝐴𝐴𝐴𝐴𝑑𝑑𝑟𝑟 = 1 − 𝜏𝜏𝑑𝑑𝑟𝑟 𝑠𝑠𝑟𝑟 [−] 4.6 
𝑄𝑄𝑦𝑦𝑑𝑑𝑐𝑐𝑑𝑑 = 𝐴𝐴𝑜𝑜𝑜𝑜𝑛𝑛𝑑𝑑 ∗ 𝐿𝐿𝐴𝐴𝐼𝐼𝑡𝑡 ∗ 𝐴𝐴𝐴𝐴𝑑𝑑𝑟𝑟 ∗ 𝐼𝐼𝑚𝑚 [𝑊𝑊] 4.7 

There is heat transfer between water and duckweed (Qdww). The heat transfer coefficient (𝛼𝛼𝑑𝑑𝑟𝑟 𝑟𝑟) is 
50 W m-2 K-1 and describes the energy transfer through convection.  

𝑄𝑄𝑦𝑦𝑑𝑑𝑟𝑟 = 𝐴𝐴𝑜𝑜𝑜𝑜𝑛𝑛𝑑𝑑 ∗ 𝐿𝐿𝐴𝐴𝐼𝐼𝑡𝑡 ∗ 𝛼𝛼𝑑𝑑𝑟𝑟 𝑟𝑟 ∗ (𝐸𝐸𝑟𝑟 − 𝐸𝐸𝑑𝑑𝑟𝑟) [𝑊𝑊] 4.8 
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Then there is convection between the greenhouse air and duckweed (Qdwcg). The greenhouse air 
temperature is an input in the model. The heat transfer coefficient (𝛼𝛼𝑑𝑑𝑟𝑟 𝑔𝑔) is determined with the 
boundary resistance for heat transfer and the heat capacity of the air. First, the heat transfer 
coefficient is calculated. 

𝛼𝛼𝑑𝑑𝑟𝑟 𝑔𝑔 =
𝜌𝜌𝑎𝑎 ∗ 𝑐𝑐𝑜𝑜,𝑎𝑎𝑖𝑖𝑐𝑐

𝐸𝐸𝑏𝑏 ℎ𝑒𝑒𝑎𝑎𝑡𝑡
 

 

[𝑊𝑊 𝑚𝑚−2 𝐾𝐾−1] 4.9 

Then the boundary resistance is calculated, which depends on the leaf width (lw) and the airflow 
(VwindG) in the greenhouse.  

𝐸𝐸𝑏𝑏 ℎ𝑒𝑒𝑎𝑎𝑡𝑡 =
1174 ∗ �𝑒𝑒𝑟𝑟

�𝑒𝑒𝑑𝑑 ∗ �𝐸𝐸𝑑𝑑𝑟𝑟 − 𝐸𝐸𝑔𝑔�+ 207 ∗ 𝑉𝑉𝑟𝑟𝑖𝑖𝑛𝑛𝑑𝑑𝑤𝑤2 �0.25 
[𝑊𝑊 𝑚𝑚−2 𝐾𝐾−1] 4.10 

By combining equations 4.10 and 4.9, convection between the duckweed and the greenhouse is 
calculated.  

𝑄𝑄𝑦𝑦𝑑𝑑𝑐𝑐𝑔𝑔 = 𝐴𝐴𝑜𝑜𝑜𝑜𝑛𝑛𝑑𝑑 ∗ 𝐿𝐿𝐴𝐴𝐼𝐼𝑡𝑡 ∗ 𝛼𝛼𝑑𝑑𝑟𝑟 𝑔𝑔 ∗ (𝐸𝐸𝑔𝑔 − 𝐸𝐸𝑑𝑑𝑟𝑟) [𝑊𝑊] 4.11 
The final energy process is evapotranspiration. A Penman-Monteith model was used, since 
experiments with this model had an accuracy of 5 to 10% for Lemna minor (Al Nozaily, 2000). 
First, the resistance to diffusion of water for the boundary layer has to be determined. 

𝐸𝐸𝑏𝑏 𝐻𝐻2𝑂𝑂 =  𝐿𝐿𝑒𝑒
2
3 ∗ 𝐸𝐸𝑏𝑏 ℎ𝑒𝑒𝑎𝑎𝑡𝑡 

[𝑊𝑊 𝑚𝑚−2 𝐾𝐾−1] 4.12 

The resistance for evaporation is the sum of the boundary resistance and the stomatal resistance 
(Caicedo et al., 2000). The stomatal resistance of CO2 for Lemna minor is converted to H2O 
resistance by division by 1.6 (Bot, 1983). Further, there is an aerodynamic resistance (ra); 
normally this variable is crop height dependent. However, the height of duckweed is very small, 
therefore it is allowed to calculate ra as in the case of open water (Al Nozaily, 2000). 

𝑓𝑓𝑎𝑎 =
245

0.5 ∗ 𝑉𝑉𝑟𝑟𝑖𝑖𝑛𝑛𝑑𝑑𝑤𝑤 + 0.5 [𝑓𝑓 𝑚𝑚−1] 4.13 

 
The vapour pressure deficit (VPD) has to be calculated to determine how much water can be 
evaporated. Vapour pressure saturation is calculated with equation 4.16 and holds if the duckweed 
temperature Tdw > 273.15 (van 't Ooster, 2016); 

𝑝𝑝𝑠𝑠 =
�610.5 ∗ 10

7.5∗(𝑇𝑇𝑑𝑑𝑙𝑙−273.15)
237.3+(𝑇𝑇𝑑𝑑𝑙𝑙−273.15)  �

1000  

[𝑘𝑘𝑃𝑃𝑎𝑎] 4.14 

𝑝𝑝𝑣𝑣 = 𝑝𝑝𝑠𝑠 ∗
𝐸𝐸𝐻𝐻
100 [𝑘𝑘𝑃𝑃𝑎𝑎] 4.15 

𝑉𝑉𝑃𝑃𝐷𝐷 = 𝑝𝑝𝑠𝑠 − 𝑝𝑝𝑣𝑣 [𝑘𝑘𝑃𝑃𝑎𝑎] 4.16 

The slope of the saturation vapour pressure (Δ) depends on the saturation pressure and the crop 
temperature.  

∆=
4098 ∗ 𝑝𝑝𝑠𝑠

�(𝐸𝐸𝑑𝑑𝑟𝑟 − 273.15) + 237.3�2
 [𝑘𝑘𝑃𝑃𝑎𝑎 𝐾𝐾−1] 4.17 

The psychometric constant (𝑒𝑒) is calculated with equation 4.18. 

𝑒𝑒 = 0.665 ∗ 10−3 ∗ 𝑎𝑎𝑎𝑎𝑚𝑚𝑘𝑘𝑃𝑃𝑎𝑎 [−] 4.18 

The net radiation (Rn) is the difference between incoming net shortwave radiation (Rns) and 
outgoing net longwave radiation (Rnl) (Allen et al., 1998). Rnl cannot be calculated easily, because 
it depends on maximal possible sunshine and actual sunshine. It is possible to calculate Rn with the 
uptake of light by duckweed; however, this has never been done in literature. As an alternative, Rn 
is calculated using the following formula (Valdés-Gómez et al., 2009): 
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𝐸𝐸𝑛𝑛 = (1 − 𝐸𝐸𝑑𝑑𝑟𝑟) ∗ 𝐼𝐼𝑚𝑚 + 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 𝐸𝐸𝑑𝑑𝑟𝑟 ∗ (𝐸𝐸𝑔𝑔4 − 𝐸𝐸𝑑𝑑𝑟𝑟4 ) [𝑊𝑊] 4.19 

Finally the heat of evapotranspiration can be calculating using formulas: 4.12, 4.13, 4.14, 4.17, 
4.18 and 4.19. The amount of water evaporated is independent of the mat density and therefore 
not taken into account (Busk, 1983).  

𝜆𝜆𝐸𝐸 =
�∆ ∗ 𝐸𝐸𝑁𝑁 + 𝜌𝜌𝑎𝑎𝑖𝑖𝑐𝑐 ∗ 𝜌𝜌𝑝𝑝𝑎𝑎𝑖𝑖𝑐𝑐 ∗ 𝑉𝑉𝑃𝑃𝐷𝐷

𝑓𝑓𝑎𝑎
�

∆ + 𝛾𝛾 �1 + 𝑓𝑓𝑐𝑐
𝑓𝑓𝑎𝑎
�

∗ 𝐴𝐴𝑜𝑜𝑜𝑜𝑛𝑛𝑑𝑑 
[𝑊𝑊] 4.20 

4.1.2 Temperature of the roof  
In the previous paragraph, the equation for longwave radiation absorption by duckweed from the 
roof was mentioned. However, the temperature of the roof has not been measured and therefore 
has to be determined with the following energy balance.  

𝑦𝑦𝐸𝐸𝑓𝑓
𝑦𝑦𝑎𝑎 =

𝑄𝑄𝑓𝑓𝑜𝑜𝑐𝑐 + 𝑄𝑄𝑓𝑓𝑜𝑜𝑑𝑑𝑟𝑟 + 𝑄𝑄𝑓𝑓𝑑𝑑𝑟𝑟𝑑𝑑 + 𝑄𝑄𝑓𝑓𝑟𝑟𝑑𝑑𝑟𝑟 + 𝑄𝑄𝑓𝑓𝑠𝑠𝑟𝑟 + 𝑄𝑄𝑓𝑓𝑔𝑔𝑐𝑐 + 𝑄𝑄𝑓𝑓𝑠𝑠𝑑𝑑𝑟𝑟 − 𝑄𝑄𝑓𝑓𝐻𝐻2𝑂𝑂
𝜌𝜌𝑐𝑐 ∗ 𝜌𝜌𝑝𝑝𝑐𝑐 ∗ 𝑉𝑉𝑐𝑐

 

 

[𝐾𝐾 𝑓𝑓−1] 4.21 

First, the convection between outside air and roof is determined. 
  

𝑄𝑄𝑓𝑓𝑜𝑜𝑐𝑐 = 𝐴𝐴𝑐𝑐 ∗ 𝛼𝛼𝑟𝑟𝑖𝑖𝑛𝑛𝑑𝑑 ∗ (𝐸𝐸𝑜𝑜𝑐𝑐𝑡𝑡 − 𝐸𝐸𝑐𝑐) [𝑊𝑊] 4.22 

𝛼𝛼𝑟𝑟𝑖𝑖𝑛𝑛𝑑𝑑 represents the heat transfer coefficient, which is airflow dependent. If the airflow (Vwind) is 
smaller than 4 m s-1, then the following formula can be used; 

𝛼𝛼𝑟𝑟𝑖𝑖𝑛𝑛𝑑𝑑 = 1.2 ∗ 𝑉𝑉𝑟𝑟𝑖𝑖𝑛𝑛𝑑𝑑 + 2.8 [𝑊𝑊 𝑚𝑚−2 𝐾𝐾−1] 4.23 

If Vwind is bigger than 4 m s-1 then equation 4.24 is used. An increasing airflow results in an 
increasing heat transfer coefficient and thus more transfer of energy. 

𝛼𝛼𝑟𝑟𝑖𝑖𝑛𝑛𝑑𝑑 = 2.5 ∗ 𝑉𝑉𝑟𝑟𝑖𝑖𝑛𝑛𝑑𝑑0.8  [𝑊𝑊 𝑚𝑚−2 𝐾𝐾−1] 4.24 

Secondly, longwave radiation between outdoor air and roof (Qrolw) is calculated with; 

𝑄𝑄𝑓𝑓𝑜𝑜𝑑𝑑𝑟𝑟 = 𝐴𝐴𝑐𝑐 ∗ 𝐸𝐸𝑐𝑐 ∗ 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 𝐹𝐹𝑓𝑓𝑜𝑜𝑠𝑠𝑠𝑠 ∗ 𝜎𝜎 ∗ (𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠4 − 𝐸𝐸𝑐𝑐4) [𝑊𝑊] 4.25 

The sky temperature (Tsky) is calculated with the assumption that the clouded fraction cTsky is 
constant over the whole month. Esky clear represents the fictive emission coefficient of a clear sky. 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 = ��1 − 𝑐𝑐𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠� ∗ 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑑𝑑𝑒𝑒𝑎𝑎𝑐𝑐 ∗ 𝐸𝐸𝑜𝑜𝑐𝑐𝑡𝑡4 + 𝑐𝑐𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 ∗ �𝐸𝐸𝑜𝑜𝑐𝑐𝑡𝑡 −
9
𝜎𝜎��

0.25

 
[𝐾𝐾] 4.26 

Longwave radiation from duckweed to indoor air is similar to Qdwrlw; eq. 4.5. 

𝑄𝑄𝑓𝑓𝑑𝑑𝑟𝑟𝑑𝑑 = −1 ∗ 𝑄𝑄𝑦𝑦𝑑𝑑𝑐𝑐𝑑𝑑𝑟𝑟 [𝑊𝑊] 4.27 

Besides longwave radiation from duckweed, there is also longwave radiation from the water to the 
roof (Qrwlw). The formula is almost similar to Qrolw only the view factor is different. 

𝑄𝑄𝑓𝑓𝑟𝑟𝑑𝑑𝑟𝑟 = 𝐴𝐴𝑐𝑐 ∗ 𝐸𝐸𝑐𝑐 ∗ 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 𝐹𝐹𝑓𝑓𝑜𝑜𝑟𝑟 ∗ 𝜎𝜎 ∗ (𝐸𝐸𝑟𝑟4 − 𝐸𝐸𝑐𝑐4) [𝑊𝑊] 4.28 

With the view factor for water to roof (Frow); 

𝐹𝐹𝑓𝑓𝑜𝑜𝑟𝑟 = (1 − 𝜏𝜏𝑟𝑟 𝑠𝑠𝑟𝑟) ∗ 𝐹𝐹𝑓𝑓𝑜𝑜𝑠𝑠𝑠𝑠 ∗ (1 − 𝐿𝐿𝐴𝐴𝐼𝐼𝑡𝑡) ∗
𝐴𝐴𝑜𝑜𝑜𝑜𝑛𝑛𝑑𝑑
𝐴𝐴𝑡𝑡𝑜𝑜𝑡𝑡

 [𝑊𝑊] 4.29 

The shortwave radiation absorption is determined with the absorption coefficient by the roof and 
the outdoor irradiation. The absorption coefficient is 1 minus the transmittance (Transr). 

𝑄𝑄𝑓𝑓𝑠𝑠𝑟𝑟 = 𝐴𝐴𝑐𝑐 ∗ (1 − 𝐸𝐸𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓𝑐𝑐) ∗ 𝐼𝐼𝑡𝑡𝑜𝑜𝑡𝑡 [𝑊𝑊] 4.30 

Below the convection of the greenhouse to the roof (Qrgc) with heat transfer coefficient αg is 
calculated.  

𝑄𝑄𝑓𝑓𝑔𝑔𝑐𝑐 = 𝐴𝐴𝑐𝑐 ∗ 𝛼𝛼𝑔𝑔 ∗ (𝐸𝐸𝑔𝑔 − 𝐸𝐸𝑐𝑐) [𝑊𝑊] 4.31 

Longwave radiation between the soil and the roof (Qrslw); 
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𝑄𝑄𝑓𝑓𝑠𝑠𝑑𝑑𝑟𝑟 = 𝐴𝐴𝑐𝑐 ∗ 𝐸𝐸𝑐𝑐 ∗ 𝐸𝐸𝑠𝑠𝑜𝑜𝑖𝑖𝑑𝑑 ∗ 𝐹𝐹𝑓𝑓𝑜𝑜𝑠𝑠 ∗ 𝜎𝜎 ∗ (𝐸𝐸𝑠𝑠4 − 𝐸𝐸𝑐𝑐4) [𝑊𝑊] 4.32 

 
The last process is condensation of water on the roof (QrH2O). First the mass transfer coefficient has 
to be determined (kas ri). kas ri depends on the heat transfer coefficient (𝛼𝛼𝑎𝑎𝑠𝑠 𝑐𝑐𝑖𝑖) of the roof and the air 
in the greenhouse.  

𝛼𝛼𝑎𝑎𝑠𝑠 𝑐𝑐𝑖𝑖 = 3 ∗ �𝐸𝐸𝑔𝑔 − 𝐸𝐸𝑐𝑐�
1
3 

[𝑊𝑊 𝑚𝑚−2𝐾𝐾−1] 4.33 

 
Then the mass transfer coefficient is determined 

𝑘𝑘𝑎𝑎𝑠𝑠 𝑐𝑐𝑖𝑖 =
𝛼𝛼𝑎𝑎𝑠𝑠 𝑐𝑐𝑖𝑖

𝜌𝜌𝑎𝑎𝑖𝑖𝑐𝑐 ∗ 𝜌𝜌𝑝𝑝𝑎𝑎𝑖𝑖𝑐𝑐 ∗ 𝐿𝐿𝑒𝑒
2
3
 [𝑊𝑊 𝑚𝑚−2𝐾𝐾−1] 4.34 

 
After calculating the mass transfer coefficient, the water flow rate �𝜙𝜙𝑓𝑓𝐻𝐻2𝑂𝑂 𝑓𝑓𝑑𝑑𝑐𝑐𝑚𝑚  � is determined. The 
mass flow depends on the vapour saturation concentration of the roof temperature (CsTr H2O) and 
vapour concentration at greenhouse temperature (CTg H2O). The maximum function corrects for a 
negative mass flow.  

𝜙𝜙𝑓𝑓𝐻𝐻2𝑂𝑂 𝑓𝑓𝑑𝑑𝑐𝑐𝑚𝑚 = max (𝐴𝐴𝑐𝑐 ∗ 𝑘𝑘𝑎𝑎𝑠𝑠 𝑐𝑐𝑖𝑖 ∗ �𝜌𝜌𝐸𝐸𝑔𝑔 𝐻𝐻2𝑂𝑂 − 𝜌𝜌𝑓𝑓𝐸𝐸𝑐𝑐 𝐻𝐻2𝑂𝑂�, 0) [𝑘𝑘𝑖𝑖 𝐻𝐻2𝑂𝑂 𝑓𝑓−1] 4.35 

The evaporation energy (Rw) is the energy needed for evaporation of water. QrH2O is the total 
energy loss by condensation of water.  

𝑄𝑄𝑓𝑓𝐻𝐻2𝑂𝑂 = 𝐸𝐸𝑟𝑟 ∗  𝜙𝜙𝑓𝑓𝐻𝐻2𝑂𝑂 𝑓𝑓𝑑𝑑𝑐𝑐𝑚𝑚 [𝑊𝑊] 4.36 

 

4.1.3  Temperature of the soil 
A part of the greenhouse is not covered with duckweed; therefore, a new differential equation for 
the temperature of the soil is made. It is assumed that the soil contains mainly sand with a small 
amount of water and air. The area of the footpath is added to the soil area, as an extra differential 
equation for only the footpath would increase computation time significantly and the benefit is 
relatively small. 

𝑦𝑦𝐸𝐸𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒
𝑦𝑦𝑎𝑎 =

𝑄𝑄𝑓𝑓𝑠𝑠𝑟𝑟 + 𝑄𝑄𝑓𝑓𝑐𝑐𝑔𝑔 + 𝑄𝑄𝑓𝑓𝑐𝑐𝑑𝑑𝑟𝑟 + 𝑄𝑄𝑓𝑓𝑠𝑠𝑡𝑡𝑐𝑐
(0.7 ∗ 𝜌𝜌𝑠𝑠𝑎𝑎𝑛𝑛𝑑𝑑 ∗ 𝜌𝜌𝑝𝑝𝑠𝑠𝑎𝑎𝑛𝑛𝑑𝑑 + 0.2 ∗ 𝜌𝜌𝐻𝐻2𝑂𝑂 ∗ 𝜌𝜌𝑝𝑝𝐻𝐻2𝑂𝑂 + 0.1 ∗ 𝜌𝜌𝑎𝑎𝑖𝑖𝑐𝑐 ∗ 𝜌𝜌𝑝𝑝𝑎𝑎𝑖𝑖𝑐𝑐) ∗ 𝑉𝑉𝑠𝑠

 

 

[𝐾𝐾 𝑓𝑓−1] 4.37 

 
Shortwave radiation from the sun is absorbed by the soil (Qssw). The absorption coefficient is based 
on formulas developed by Van Ooteghem (2007); a few changes were made because the total 
radiation absorbed is not inhibited by plants or screens. Therefore, the absorption coefficient (Abs) 
is 1 minus the shortwave radiation reflection by the soil.  

𝑄𝑄𝑓𝑓𝑠𝑠𝑟𝑟 = 𝐴𝐴𝑠𝑠𝑜𝑜𝑖𝑖𝑑𝑑 ∗ 𝐴𝐴𝐴𝐴𝑠𝑠 ∗ 𝐼𝐼𝑚𝑚 [𝑊𝑊] 4.38 

The heat transfer coefficient for convection between Tg and Ts depends on which temperature is 
higher. If Tg<Ts then equation 4.39 is used, otherwise eq. 4.40. 

𝛼𝛼𝑎𝑎 𝑠𝑠 = 1.7 ∗ �𝐸𝐸𝑔𝑔 − 𝐸𝐸𝑠𝑠�
1
3 

[𝑊𝑊] 4.39 

𝛼𝛼𝑎𝑎 𝑠𝑠 = 1.3 ∗ �𝐸𝐸𝑔𝑔 − 𝐸𝐸𝑠𝑠�
0.8 [𝑊𝑊] 4.40 

The heat transfer through convection between greenhouse air and soil: 

𝑄𝑄𝑓𝑓𝑐𝑐𝑔𝑔 = 𝐴𝐴𝑠𝑠𝑜𝑜𝑖𝑖𝑑𝑑 ∗ 𝛼𝛼𝑎𝑎 𝑠𝑠 ∗ (𝐸𝐸𝑔𝑔 − 𝐸𝐸𝑠𝑠) [𝑊𝑊] 4.41 

Longwave radiation of soil and roof (Qsrlw) is already determined with equation 4.32: 

𝑄𝑄𝑓𝑓𝑐𝑐𝑑𝑑𝑟𝑟 = −𝑄𝑄𝑓𝑓𝑠𝑠𝑑𝑑𝑟𝑟 [𝑊𝑊] 4.42 
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The last process is conduction from the stable roof to the soil (Qsstc): 

𝑄𝑄𝑓𝑓𝑠𝑠𝑡𝑡𝑐𝑐 = 𝐴𝐴𝑠𝑠𝑜𝑜𝑖𝑖𝑑𝑑 ∗ 𝑈𝑈𝑠𝑠 ∗ (𝐸𝐸𝑠𝑠𝑡𝑡𝑎𝑎𝑏𝑏𝑑𝑑𝑒𝑒 − 𝐸𝐸𝑠𝑠) [𝑊𝑊] 4.43 

 

4.1.4 Temperature of the stable 
The stable has a small influence on the total energy balance, since there is only conduction from 
stable to soil. The stable temperature is determined from the ventilation rate, heat production of 
the animals and heat loss of the building by convection. The model is derived from Van den Top 
(2014). Because only small changes were made a summary of the equations is given below. 

𝑦𝑦𝐸𝐸𝑠𝑠𝑡𝑡𝑎𝑎𝑏𝑏𝑑𝑑𝑒𝑒
𝑦𝑦𝑎𝑎 =

𝑄𝑄𝑓𝑓𝑎𝑎𝑓𝑓𝑣𝑣 + 𝑄𝑄𝑓𝑓𝑜𝑜 + 𝑄𝑄𝑓𝑓𝑐𝑐𝑟𝑟 + 𝑄𝑄𝑓𝑓𝑎𝑎𝑠𝑠𝑐𝑐
𝜌𝜌𝑎𝑎𝑖𝑖𝑐𝑐 ∗ 𝜌𝜌𝑝𝑝𝑎𝑎𝑖𝑖𝑐𝑐 ∗ 𝑉𝑉𝑠𝑠𝑡𝑡𝑎𝑎𝑏𝑏𝑑𝑑𝑒𝑒

 

 

[𝐾𝐾 𝑓𝑓−1] 4.44 

Table 8. Summary of the energy transfer processes in a stable. 

Process Description Equations  
Qstfv Heat transfer forced ventilation 𝑄𝑄𝑓𝑓𝑎𝑎𝑓𝑓𝑣𝑣 = 𝜙𝜙𝑓𝑓𝑎𝑎𝑛𝑛𝑠𝑠 ∗ 𝜌𝜌𝑎𝑎𝑖𝑖𝑐𝑐 ∗ 𝜌𝜌𝑝𝑝𝑎𝑎𝑖𝑖𝑐𝑐 ∗ (𝐸𝐸𝑜𝑜𝑐𝑐𝑡𝑡 − 𝐸𝐸𝑠𝑠𝑡𝑡𝑎𝑎𝑏𝑏𝑑𝑑𝑒𝑒) 4.45 
Qsp Heat production by rosé calves 𝑄𝑄𝑓𝑓𝑜𝑜 = 𝑄𝑄𝑡𝑡 ∗ 𝐹𝐹 ∗ 𝑘𝑘𝑠𝑠(0.8 − 1.85 ∗ 10−7 ∗ (𝐸𝐸𝑠𝑠𝑡𝑡𝑎𝑎𝑏𝑏𝑑𝑑𝑒𝑒2 + 10)4) 4.46 
Qscw Conduction stable and water 𝑄𝑄𝑓𝑓𝑐𝑐𝑟𝑟 = 𝐴𝐴𝑜𝑜𝑜𝑜𝑛𝑛𝑑𝑑 ∗ 𝑈𝑈𝑠𝑠 𝑟𝑟 ∗ (𝐸𝐸𝑟𝑟 − 𝐸𝐸𝑠𝑠𝑡𝑡𝑎𝑎𝑏𝑏𝑑𝑑𝑒𝑒) 4.47 
Qstsc Conduction stable and soil 𝑄𝑄𝑓𝑓𝑎𝑎𝑠𝑠𝑐𝑐 = −𝑄𝑄𝑓𝑓𝑠𝑠𝑡𝑡𝑐𝑐 4.48 
 

Table 9. All variables and parameters for determining Tdw, Tr, Ts and Tst. 

𝐿𝐿𝐴𝐴𝐼𝐼𝑡𝑡 
Leaf area index for temperature model; 
fraction of pond covered with duckweed 0.9 [−] 

𝐸𝐸𝑐𝑐 Emission coefficient roof 0.41 [−] 

𝐸𝐸𝑑𝑑𝑟𝑟 Emission coefficient duckweed 0.44 [−] 
𝐴𝐴𝑡𝑡𝑜𝑜𝑡𝑡 Total surface greenhouse 4800 [𝑚𝑚2] 
𝐴𝐴𝑜𝑜𝑜𝑜𝑛𝑛𝑑𝑑 Area of the pond 880 [𝑚𝑚2] 

𝐴𝐴𝑐𝑐 Area roof 4958 [𝑚𝑚2] 

𝑘𝑘𝑐𝑐𝑑𝑑𝑟𝑟 Extinction coefficient longwave by canopy 0.64 [−] 

𝑘𝑘𝑐𝑐𝑠𝑠𝑟𝑟 Extinction coefficient shortwave by canopy 0.48 [−] 

𝜏𝜏𝑑𝑑𝑟𝑟 𝑑𝑑𝑟𝑟 Longwave transmittance 0.56 [−] 

𝜏𝜏𝑑𝑑𝑟𝑟 𝑠𝑠𝑟𝑟 Shortwave transmittance 0.65 [−] 

𝐴𝐴𝐴𝐴𝑑𝑑𝑟𝑟 Absorption coefficient of duckweed 0.35 [−] 
𝐹𝐹𝑓𝑓𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠 View factor roof to sky cos(14.5) [−] 

𝐹𝐹𝑓𝑓𝑜𝑜𝑑𝑑𝑟𝑟 View factor roof to duckweed 0.07 [−] 

𝜎𝜎 Stefan Boltzmann constant 5.67E-08 [𝑊𝑊 𝑚𝑚−2 𝐾𝐾−1] 

𝛼𝛼𝑑𝑑𝑟𝑟 𝑟𝑟 Heat transfer coefficient duckweed and water 50 [𝑊𝑊 𝑚𝑚−2 𝐾𝐾−1] 

𝛼𝛼𝑑𝑑𝑟𝑟 𝑔𝑔 
Heat transfer coefficient duckweed and 
greenhouse eq. 4.9 [𝑊𝑊 𝑚𝑚−2 𝐾𝐾−1] 

𝑎𝑎𝑎𝑎𝑚𝑚𝑘𝑘𝑃𝑃𝐴𝐴 Atmospheric pressure input [𝑘𝑘𝑃𝑃𝑎𝑎] 

𝑉𝑉𝑃𝑃𝐷𝐷 Vapour pressure deficit eq 4.16 [𝑘𝑘𝑃𝑃𝑎𝑎] 

𝜌𝜌𝑎𝑎𝑖𝑖𝑐𝑐 Density air in model [𝑘𝑘𝑖𝑖 𝑚𝑚−3] 

𝜌𝜌𝑝𝑝𝑎𝑎𝑖𝑖𝑐𝑐 Heat capacity air 1000 [𝐽𝐽 𝑘𝑘𝑖𝑖−1 𝐾𝐾−1] 

𝐸𝐸𝑏𝑏 ℎ𝑒𝑒𝑎𝑎𝑡𝑡 Boundary resistance eq 4.10 [𝑓𝑓 𝑚𝑚−1] 

Rs H2O Stomatal resistance for water 39.1 [𝑓𝑓 𝑚𝑚−1] 

𝑓𝑓𝑐𝑐 Resistance for evapotranspiration 
Rbheat 

+RsH2O [𝑓𝑓 𝑚𝑚−1] 

𝑉𝑉𝑑𝑑𝑒𝑒𝑓𝑓𝑦𝑦𝑉𝑉 Airflow in greenhouse 0.09 [𝑚𝑚 𝑓𝑓−1] 
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𝐿𝐿𝑒𝑒 Lewis number for water vapour in air 0.89 [−] 

𝑒𝑒𝑟𝑟 leaf width 4.00E-03 [𝑚𝑚] 

𝐸𝐸𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓𝑐𝑐 Transmission roof 0.59 [−] 

𝜌𝜌𝑑𝑑𝑟𝑟 Density duckweed 950 [𝑘𝑘𝑖𝑖 𝑚𝑚−3] 

𝜌𝜌𝑝𝑝𝑑𝑑𝑟𝑟 Specific heat duckweed 3980 [𝐽𝐽 𝑘𝑘𝑖𝑖−1 𝐾𝐾−1] 

𝑉𝑉𝑑𝑑𝑟𝑟 Volume of duckweed 0.3242 [𝑚𝑚3] 
𝑓𝑓𝑠𝑠𝐻𝐻2𝑂𝑂 Stomatal resistance water 39.1 [𝑓𝑓 𝑚𝑚−1] 

𝑓𝑓𝑐𝑐 Resistance evapotranspiration 
eq 4.12 + 

rs H2O [𝑓𝑓 𝑚𝑚−1] 

𝑓𝑓𝑎𝑎 Aerodynamic resistance eq 4.13 [𝑓𝑓 𝑚𝑚−1] 

𝑝𝑝𝑠𝑠 Vapour pressure at saturation eq 4.14 [𝑘𝑘𝑃𝑃𝑎𝑎] 

𝑝𝑝𝑣𝑣 Vapour pressure unsaturated air eq 4.15 [𝑘𝑘𝑃𝑃𝑎𝑎] 

∆ Slope saturation vapour pressure eq 4.17 [𝑘𝑘𝑃𝑃𝑎𝑎 𝐾𝐾−1] 

𝐸𝐸𝑑𝑑𝑟𝑟 Albedo of duckweed 0.25 [−] 

𝐸𝐸𝑛𝑛 Net radiation  eq 4.19 [𝑊𝑊] 

𝛾𝛾 Psychometric constant eq 4.18 [−] 

𝐸𝐸𝑠𝑠𝑜𝑜𝑖𝑖𝑑𝑑  Emission coefficient soil 0.7 [−] 
𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑑𝑑𝑒𝑒𝑎𝑎𝑐𝑐  Emission coefficient fictive clear sky eq 10.7 [−] 

𝐸𝐸𝑟𝑟 Emission coefficient water 1 [−] 
𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 Emission coefficient sky 1 [−] 
𝜌𝜌𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 Clouded fraction 0.5 [−] 

𝑝𝑝𝑜𝑜𝐻𝐻2𝑂𝑂 Vapour pressure outside  eq 10.8 [−] 

𝑉𝑉𝑑𝑑𝑒𝑒𝑓𝑓𝑦𝑦 Airflow in greenhouse 0.09 [𝑚𝑚 𝑓𝑓−1] 

𝐹𝐹𝑓𝑓𝑜𝑜𝑟𝑟 View factor water to roof 0.016 [−] 

𝐹𝐹𝑓𝑓𝑜𝑜𝑠𝑠 View factor soil to roof 0.9096 [−] 

𝛼𝛼𝑟𝑟𝑖𝑖𝑛𝑛𝑑𝑑  
Heat transfer coefficient convection Tout and 
Tr 

eq 4.23 or 
4.24 [𝑊𝑊 𝑚𝑚−2 𝐾𝐾−1] 

𝛼𝛼𝑔𝑔 Heat transfer coefficient convection Tg and Tr 4 [𝑊𝑊 𝑚𝑚−2 𝐾𝐾−1] 

𝛼𝛼𝑎𝑎𝑠𝑠 𝑐𝑐𝑖𝑖  Heat transfer coefficient condensation roof  eq 4.33 [𝑊𝑊 𝑚𝑚−2 𝐾𝐾−1] 

𝑘𝑘𝑎𝑎𝑠𝑠 𝑐𝑐𝑖𝑖  Mass transfer coefficient eq 4.34 [𝑚𝑚 𝑓𝑓−1] 

𝐸𝐸𝑟𝑟 Energy of evaporation of 1 kg water 2.22E+06 [𝐽𝐽 𝑘𝑘𝑖𝑖−1] 

𝜌𝜌𝑐𝑐 ∗ Density roof 2 [𝑘𝑘𝑖𝑖 𝑚𝑚−2]∗ 

𝜌𝜌𝑝𝑝𝑐𝑐 Heat capacity roof 1256 [𝐽𝐽 𝑘𝑘𝑖𝑖−1 𝐾𝐾−1] 

𝑉𝑉𝑐𝑐 ∗ Volume roof Ar [𝑚𝑚−2]∗ 

𝜌𝜌𝑠𝑠𝑎𝑎𝑛𝑛𝑑𝑑 Density sand 1600 [𝑘𝑘𝑖𝑖 𝑚𝑚−3] 

𝜌𝜌𝑝𝑝𝑠𝑠𝑎𝑎𝑛𝑛𝑑𝑑 Specific heat sand 800 [𝐽𝐽 𝑘𝑘𝑖𝑖−1 𝐾𝐾−1] 
𝜌𝜌𝐻𝐻2𝑂𝑂 Density water 998 [𝑘𝑘𝑖𝑖 𝑚𝑚−3] 
𝜌𝜌𝑝𝑝𝐻𝐻2𝑂𝑂 Specific heat water 4186 [𝐽𝐽 𝑘𝑘𝑖𝑖−1 𝐾𝐾−1] 

𝑉𝑉𝑠𝑠 Volume of duckweed 0.32 [𝑚𝑚3] 

𝐸𝐸𝑠𝑠𝑜𝑜𝑖𝑖𝑑𝑑 Emission coefficient soil 0.7 [−] 

𝛽𝛽𝑠𝑠 Reflection of soil 0.58 [−] 

𝐴𝐴𝐴𝐴𝑠𝑠 Absorption coefficient soil = (1 − 𝛽𝛽𝑠𝑠) 0.42 [−] 

𝛼𝛼𝑎𝑎 𝑠𝑠 Heat transfer coefficient indoor air and soil 
eq 4.39 or 

4.40 [𝑊𝑊 𝑚𝑚−2𝐾𝐾−1] 

𝐴𝐴𝑠𝑠𝑜𝑜𝑖𝑖𝑑𝑑 Area of soil 3920 [𝑚𝑚2] 

𝑈𝑈𝑠𝑠 Conduction stable and soil 1.6 [𝑊𝑊 𝑚𝑚−2𝐾𝐾−1] 
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𝜙𝜙𝑓𝑓𝑎𝑎𝑛𝑛𝑠𝑠 Fan speed [-] [𝑚𝑚3 𝑓𝑓−1] 

𝐸𝐸𝑠𝑠𝑡𝑡𝑎𝑎𝑏𝑏𝑑𝑑𝑒𝑒2 Temperature of stable in °C 273.15-Tst [°𝜌𝜌] 

𝑈𝑈𝑠𝑠 𝑟𝑟 Thermal conductance Tw and Tstable 2.48 [𝑊𝑊 𝑚𝑚−2 𝐾𝐾−1] 

𝑄𝑄𝑡𝑡 Heat production rose calves based on weight Input [𝑊𝑊] 

𝐹𝐹 Correction factor temperature stable [-] [−] 

𝑘𝑘𝑠𝑠 Correction factor for wet floors 0.9 [𝑊𝑊] 
*1 The density was given in kg m-2; consequently, the volume is replaced by the area of the 
roof. 
 

4.2 Improvements photosynthetic model 
In previous model some assumptions are made, which can result in different outputs. As a 
consequence, the new model described in the paragraphs below includes a dynamic LAI and 
nutrient concentration. Gaussian integration is applied for the gradual extinction of light at high 
mat densities. Furthermore, some small changes have been made to make the model more 
suitable for duckweed species.  

4.2.1 Correction estimated parameters 
The parameters in the previous model were mainly based on characteristics of a tomato plant. 
Therefore, some parameter values were not in range when comparing these values with duckweed 
species. In Table 10 a summary of the literature study in paragraph 2.8 is given.  

Table 10. Parameters of previous research compared to the values found in literature. 

Parameters Old value Estimated Literature 
ETR [µmol m-2 s-1] 467 470.79 65.1 
Rs [s m-1] 62.5 62.04 62.5 
Γ [ppm] 36.5 37.04 0.95 
𝛉𝛉 [-] 0.71 1.018 Max=1 
Rcut [s m-1] 239*103 236.48*103 superfluous 
 

4.2.2 Leaf area index 
The leaf area index (LAI) is a variable that gives an indication for the m2 [leaf] m-2 [soil]. In 
previous model the LAI was assumed to be constant, however while harvesting it is possible that 
the mat density becomes lower than one. Therefore, it is not correct to assume a constant mat 
density. At a mat density of 558 g FW m-2, 90% of the water is covered with duckweed (Körner 
and Vermaat, 1998). The simulations were done with Runge-Kutta and not with ode45, due to the 
fact that the inputs are changing over time. For example, the old mat density (Matold) and the 
produced biomass (∆x) changes during integration. The parameter Harvest represents the amount 
of duckweed harvested at time t. 

𝑀𝑀𝑎𝑎𝑎𝑎𝑛𝑛𝑒𝑒𝑟𝑟 = 𝑀𝑀𝑎𝑎𝑎𝑎𝑜𝑜𝑑𝑑𝑑𝑑 −
𝐻𝐻𝑎𝑎𝑓𝑓𝐻𝐻𝑒𝑒𝑓𝑓𝑎𝑎(𝑍𝑍𝑍𝑍)

𝐴𝐴𝑜𝑜𝑜𝑜𝑛𝑛𝑑𝑑
+

∆𝑥𝑥
𝐴𝐴𝑜𝑜𝑜𝑜𝑛𝑛𝑑𝑑

 

 

[𝑖𝑖 𝐹𝐹𝑊𝑊 𝑚𝑚−2] 4.49 

𝐿𝐿𝐴𝐴𝐼𝐼 =
𝑀𝑀𝑎𝑎𝑎𝑎𝑛𝑛𝑒𝑒𝑟𝑟
𝐹𝐹𝑓𝑓𝑒𝑒𝑒𝑒𝐴𝐴  

 

[−] 4.50 

At increasing LAI, the duckweed starts to pile up. As a consequence, less light is available for each 
frond. Furthermore, there is an uneven distribution of light caused by the non-linear photosynthetic 
light response curve (Goudriaan and Van Laar, 1994). As a result, the gradual extinction of light is 
taken into account with a three-point Gaussian integration. If the extinction coefficient of leaves 
multiplied with the LAI exceeds the value of 3, a five-point Gaussian integration is applied, since 
then the three-point is not accurate enough (Goudriaan and Van Laar, 1994).  

In the calculation, two counters are used. One counter is used for integration over the canopy 
depth. It describes the gradual extinction of light at different layers. These depths are 
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symmetrically selected, in which the central point has the greatest weighing factor. The other 
counter is needed for light correction. This light correction depends on if the leaf is sunlit or shaded 
at the given canopy depth level.  

Table 11. Values depth and weight for Gaussian integration. 

Depth Xg 0.112702 0.5 0.887298 
Weight Wg 0.277778 0.4444 0.277778 

 
𝑒𝑒1 = [1; 2; 3], 𝑒𝑒2 = [1; 2; 3] 

The LAI at depth L is determined by multiplying the LAI calculated earlier with the depth factor.  

𝐿𝐿𝐴𝐴𝐼𝐼𝑑𝑑 = 𝐿𝐿𝐴𝐴𝐼𝐼 ∗ 𝑋𝑋𝑔𝑔(𝑒𝑒1)  
 

[𝑚𝑚2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑚𝑚−2𝑑𝑑𝑎𝑎𝑎𝑎𝑒𝑒𝑓𝑓] 4.51 

The gross leaf assimilation rate is determined by the shaded and sunlit fraction. Pg sun depends on 
both counters (l1 and l2) and the sum of the light efficiency part.  

𝑃𝑃𝑔𝑔 𝑠𝑠𝑐𝑐𝑛𝑛(𝑒𝑒1) = 𝑃𝑃𝑔𝑔 𝑚𝑚𝑎𝑎𝑚𝑚 �𝑊𝑊𝑔𝑔(𝑒𝑒2)
3

𝑑𝑑2=1

�1 − 𝑒𝑒
−𝜖𝜖∗𝑃𝑃𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠(𝑑𝑑1,𝑑𝑑2)

𝑃𝑃𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚 � 
[𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 4.52 

 
A part of the fronds is in the shadow; as a result, the light absorption is different. Namely, these 
fronds do not have a perpendicular light flux (IA ppd), which means no correction for IA ppd is needed. 
As a result, Pg shd depends only on the canopy depth, in other words the second counter l2 is 
neglected for fronds in the shadow.  

𝑃𝑃𝑔𝑔 𝑠𝑠ℎ𝑑𝑑(𝑒𝑒1) = 𝑃𝑃𝑔𝑔 𝑚𝑚𝑎𝑎𝑚𝑚 �1 − 𝑒𝑒
−𝜖𝜖∗𝑃𝑃𝐴𝐴 𝑠𝑠ℎ𝑑𝑑
𝑃𝑃𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚 � 

[𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 
 

4.53 

Subsequently the sunlit and shaded parts are combined to determine the total gross leaf 
assimilation rate, with fSLA is the fraction sunlit leaf area. 

𝑃𝑃𝑔𝑔 𝐿𝐿(𝑒𝑒1) = �𝑊𝑊𝑔𝑔(𝑒𝑒1)
3

𝑑𝑑1=1

(𝑓𝑓𝑃𝑃𝐿𝐿𝐿𝐿 ∗ 𝑃𝑃𝑔𝑔 𝑠𝑠𝑐𝑐𝑛𝑛(𝑒𝑒1) + (1 − 𝑓𝑓𝑃𝑃𝐿𝐿𝐿𝐿) ∗ 𝑃𝑃𝑔𝑔 𝑠𝑠ℎ𝑑𝑑(𝑒𝑒1)) 
[𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 4.54 

The shaded irradiation is in fact the diffuse radiation inside the greenhouse (IA dif) and the 
difference between the mean total absorption (IA tdir) and absorption of direct radiation of sunlit 
leaves (IA dir) (Goudriaan and Van Laar, 1994). This difference represents the absorption of 
scattered radiation.  

For the shaded and sunlit irradiation, the following equations are used: 

𝐼𝐼𝐿𝐿 𝑠𝑠𝑐𝑐𝑛𝑛(𝑒𝑒1, 𝑒𝑒2) = 𝐼𝐼𝐿𝐿 𝑠𝑠ℎ𝑑𝑑(𝑒𝑒1) + 𝐼𝐼𝐿𝐿 𝑜𝑜𝑜𝑜𝑑𝑑(𝑒𝑒1) ∗ 𝑋𝑋𝑔𝑔(𝑒𝑒2) 
 

[𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 4.55 

𝐼𝐼𝐿𝐿 𝑠𝑠ℎ𝑑𝑑(𝑒𝑒1) = 𝐼𝐼𝐿𝐿 𝑑𝑑𝑖𝑖𝑓𝑓(𝑒𝑒1) + 𝐼𝐼𝐿𝐿 𝑡𝑡𝑑𝑑𝑖𝑖𝑐𝑐(𝑒𝑒1) − 𝐼𝐼𝐿𝐿 𝑑𝑑𝑖𝑖𝑐𝑐(𝑒𝑒1) 
 

[𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 4.56 

Below a table is given for the calculation of the diffuse and direct radiation at different layers.  

Table 12. Formulas for diffuse and direct radiation at layer depth l1. 

𝐼𝐼𝐿𝐿 𝑑𝑑𝑖𝑖𝑓𝑓(𝑒𝑒1) = �1 − 𝛽𝛽𝑑𝑑𝑖𝑖𝑓𝑓� ∗ 𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑓𝑓 ∗ 𝑘𝑘𝑑𝑑𝑖𝑖𝑓𝑓 ∗ 𝜏𝜏𝑑𝑑𝑖𝑖𝑓𝑓(𝑒𝑒1) 
 

Diffuse radiation at leaf layer l1  [𝑊𝑊 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 4.57 

𝐼𝐼𝐿𝐿 𝑡𝑡𝑑𝑑𝑖𝑖𝑐𝑐(𝑒𝑒1) = (1 − 𝛽𝛽𝑑𝑑𝑖𝑖𝑐𝑐) ∗ 𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑐𝑐 ∗ 𝑘𝑘𝑑𝑑𝑖𝑖𝑐𝑐 ∗ 𝜏𝜏𝑑𝑑𝑖𝑖𝑐𝑐(𝑒𝑒1) 
 

Total direct radiation at leaf layer l1 [𝑊𝑊 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 4.58 

𝐼𝐼𝐿𝐿 𝑑𝑑𝑖𝑖𝑐𝑐(𝑒𝑒1) = (1 − 𝑓𝑓) ∗ 𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑐𝑐 ∗ 𝑘𝑘𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝐿𝐿 ∗ 𝜏𝜏𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝐿𝐿(𝑒𝑒1) 
 

Direct radiation at leaf layer l1 [𝑊𝑊 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 4.59 

𝐼𝐼𝐿𝐿 𝑜𝑜𝑜𝑜𝑑𝑑(𝑒𝑒1) =
1 − 𝑓𝑓
𝑓𝑓𝑒𝑒𝑓𝑓𝛽𝛽 ∗ 𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑐𝑐 

 

Direct flux leaves perpendicular to 
direct beam 

[𝑊𝑊 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 4.60 
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IP dif and IP dir are the diffuse and direct light in greenhouse. These are calculated with the 
transmittance of the roof for diffuse (𝜏𝜏𝑑𝑑𝑖𝑖𝑓𝑓𝑅𝑅) and direct (𝜏𝜏𝑑𝑑𝑖𝑖𝑐𝑐𝑅𝑅) light. The fraction diffuse or direct light 
is not constant throughout the year; each day the diffuse (IP difO) and direct radiation (IP dirO) is 
different. The formulas for the calculation of transmittance and the direct and diffuse light outside 
can be found in appendix 10.2, Table 30.  

𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑓𝑓 = 𝜏𝜏𝑑𝑑𝑖𝑖𝑓𝑓𝑅𝑅 ∗ 𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑓𝑓𝑂𝑂 [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 4.61 

𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑐𝑐 = 𝜏𝜏𝑑𝑑𝑖𝑖𝑐𝑐𝑅𝑅 ∗ 𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑐𝑐𝑂𝑂 [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 4.62 

 
Below all extinction coefficients are given (kx). The diffuse coefficients (kdif, kdifBL) are constant in 
time and layer depth. The direct extinction coefficients (kdir, kdirBL) are also constant for each layer 
depth, but they depend on the position of the sun. The transmittance (𝜏𝜏𝑚𝑚) is calculated with the 
extinction coefficients and it is layer depth dependent. These equations can be found in appendix 
10.2. The diffuse and direct extinction coefficients are calculated with following formulas and 
scattering coefficient (s): 

𝑘𝑘𝑑𝑑𝑖𝑖𝑓𝑓 = 𝑘𝑘𝑑𝑑𝑖𝑖𝑓𝑓𝑑𝑑𝐿𝐿 ∗ √1 − 𝑓𝑓 [−] 
 

4.63 

𝑘𝑘𝑑𝑑𝑖𝑖𝑐𝑐 = 𝑘𝑘𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝐿𝐿 ∗ √1 − 𝑓𝑓 [−] 
 

4.64 

𝑘𝑘𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝐿𝐿 =
𝑓𝑓𝑒𝑒𝑜𝑜
𝑓𝑓𝑒𝑒𝑓𝑓𝑍𝑍 [−] 

 
4.65 

The solar declination (𝛿𝛿𝑠𝑠𝑐𝑐𝑛𝑛) is the angle between the horizontal plane and position of the sun.  

𝛿𝛿𝑠𝑠𝑐𝑐𝑛𝑛 = asin �𝑓𝑓𝑒𝑒𝑓𝑓 �2𝜋𝜋 ∗
23.45
365 � ∗ 𝑐𝑐𝑜𝑜𝑓𝑓 �2𝜋𝜋 ∗ 𝑦𝑦𝑎𝑎𝑒𝑒𝑁𝑁 +

10
365�� 

[°𝜌𝜌] 
 

4.66 

SinB is the sine of the solar elevation, which has to be calculated for each hour with the following 
formulas. Obviously, the position of the sun changes during the day, therefore the solar time 
corrected for the Middle European time is calculated. 

𝑆𝑆𝑂𝑂𝐿𝐿ℎ𝑐𝑐 = ℎ𝑜𝑜𝑓𝑓𝑓𝑓 − �1 −
𝑒𝑒𝑜𝑜𝑓𝑓𝑖𝑖

15 � [ℎ] 
 

4.67 

𝑓𝑓𝑒𝑒𝑓𝑓𝑍𝑍 = sin(𝑒𝑒𝑎𝑎𝑎𝑎) ∗ sin(𝛿𝛿𝑠𝑠𝑐𝑐𝑛𝑛) + cos(𝑒𝑒𝑎𝑎𝑎𝑎) ∗ cos(𝛿𝛿𝑠𝑠𝑐𝑐𝑛𝑛) ∗ cos �2𝜋𝜋 ∗
𝑆𝑆𝑂𝑂𝐿𝐿ℎ𝑐𝑐 − 12

24 � [−] 
 

4.68 

 

4.2.3 Triose phosphate use 
As mentioned in the literature study in chapter 2, triose phosphate use (TPU) can inhibit 
photosynthesis at high light intensities and CO2 concentrations. This inhibition occurs if the rate for 
making starch and sucrose from triose phosphates is slower than Rubisco carboxylation and 
regeneration. Due to the fact that TPU can inhibit the CO2 assimilation rate the net max 
assimilation rate calculation (eq 3.8) is extended for TPU limitation. TPU is calculated with the 
carboxylation (Vc) and oxygenation rate (Vo). Vc can be calculated by using the maximum 
carboxylation rate, CO2 concentration, Michaelis-Menten carboxylation (Kc) and oxygenation (Ko). 
The maximum carboxylation rate is derived from Jmax, namely there is linear relationship between 
Jmax and Vc max (Walcroft et al., 1997). In the last divisor of equation 4.69 the oxygenation is 
multiplied with 𝛼𝛼𝑇𝑇𝑃𝑃𝑇𝑇, which represents the fraction of glycolate carbon not returned to the 
chloroplast (Von Caemmerer, 2000). 

𝐸𝐸𝑃𝑃𝑈𝑈 =
𝑉𝑉𝑐𝑐
3 −

𝐹𝐹𝑜𝑜𝑐𝑐 ∗ 𝑉𝑉𝑐𝑐
6 −

𝛼𝛼𝑇𝑇𝑃𝑃𝑇𝑇 ∗ 𝐹𝐹𝑜𝑜𝑐𝑐 ∗ 𝑉𝑉𝑐𝑐
2  [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 4.69 

Vc can be calculated using the electron transport rate at a given irradiance or by using 
carboxylation velocities (Farquhar et al., 1980; Von Caemmerer, 2000). Since the influence of light 
on Jmax is unknown, Vc is determined with the carboxylation velocity.  
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𝑉𝑉𝑡𝑡 = 𝑉𝑉𝑐𝑐 𝑚𝑚𝑎𝑎𝑚𝑚 ∗
𝜌𝜌𝑂𝑂2

𝜌𝜌𝑂𝑂2 + 𝐾𝐾𝑐𝑐 ∗ �1 + 𝑂𝑂
𝐾𝐾𝑜𝑜
�
 [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 

 
4.70 

After calculation of Vc and TPU, the maximum CO2 assimilation rate by TPU can be calculated with 
equation 4.71. Normally the mitochondrial respiration (Rd) is subtracted. However, the minimum of 
Pnc and Pmm and Ap determines which process is limiting for CO2 uptake. As a result, Rd is 
subtracted at the end of the model. 

𝐴𝐴𝑜𝑜 = 3 ∗ 𝐸𝐸𝑃𝑃𝑈𝑈 ∗ 𝑀𝑀𝑡𝑡𝑂𝑂2 [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 4.71 

4.2.4 Conversion mg CO2 to biomass 
In order to estimate the generated biomass, the CO2 assimilation rate has to be converted to fresh 
weight. First the gross assimilation rate has to be converted to the net assimilation and multiplied 
with the correction factors. 

𝑃𝑃𝑔𝑔 𝑁𝑁 = �𝑃𝑃𝑔𝑔 𝐿𝐿 ∗ 𝐿𝐿𝐴𝐴𝐼𝐼 − 𝑓𝑓𝐷𝐷 ∗ 𝑀𝑀𝜌𝜌𝑂𝑂2� ∗ 𝑝𝑝𝐻𝐻𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 ∗ 𝑀𝑀𝑎𝑎𝑎𝑎𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 ∗ 𝑁𝑁𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒 𝑓𝑓−1] 4.72 

Then CO2 assimilation rate is converted to formaldehyde (CH2O, ccs), subsequently the amount of 
formaldehyde is converted to kg DM. Additionally the equation is divided by the DM percentage, 
since the production data is also in FW. 

𝑓𝑓𝑟𝑟𝐶𝐶𝐶𝐶2 =
𝑐𝑐𝑐𝑐𝑠𝑠

𝐴𝐴𝑆𝑆𝐸𝐸𝑄𝑄 ∗
1
𝐷𝐷𝑀𝑀 [𝑘𝑘𝑖𝑖 𝐹𝐹𝑊𝑊 𝑘𝑘𝑖𝑖−1𝜌𝜌𝑂𝑂2] 4.73 

Consequently, this is multiplied with the net assimilation rate (Pg N). 

𝑦𝑦𝐹𝐹𝑊𝑊
𝑦𝑦𝑎𝑎 = 𝑓𝑓𝑟𝑟𝐶𝐶𝐶𝐶2 ∗ 𝑃𝑃𝑔𝑔 𝑁𝑁 

[𝑘𝑘𝑖𝑖 𝐹𝐹𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒 𝑓𝑓−1] 
 

4.74 

 

4.2.5 Modelling nutrients 

4.2.5.1 Intrinsic growth rate 
The photosynthetic model is made with the assumption that the nutrient concentration is always 
optimal. It might be possible that the nutrients become limiting, therefore a correction factor is 
applied. It is also possible to calculate the growth rate during integration and limit the growth rate 
if it is larger than the maximum growth rate at a given nutrient concentration. Due to the fact that 
the parameters of the photosynthetic model are affected at low concentrations (Walcroft et al., 
1997), it is better to multiply the net assimilation rate with a factor. 

The intrinsic growth rate as a function of nutrient concentration is determined with the following 
Michaelis-Menten models (Lasfar et al., 2007): 

𝑓𝑓𝑖𝑖𝑁𝑁 = 𝛼𝛼𝑁𝑁 ∗
𝜌𝜌𝑁𝑁

(𝜌𝜌𝑁𝑁 + 𝐾𝐾𝑁𝑁) ∗
𝐾𝐾𝑃𝑃𝑁𝑁

(𝐾𝐾𝑃𝑃𝑁𝑁 + 𝜌𝜌𝑁𝑁) 

 

[𝑦𝑦−1] 4.75 

And for phosphorus: 

𝑓𝑓𝑖𝑖𝑃𝑃 = 𝛼𝛼𝑃𝑃 ∗
𝜌𝜌𝑃𝑃

(𝜌𝜌𝑃𝑃 + 𝐾𝐾𝑃𝑃) ∗
𝐾𝐾𝑃𝑃𝑃𝑃

(𝐾𝐾𝑃𝑃𝑃𝑃 + 𝜌𝜌𝑃𝑃) 

 

[𝑦𝑦−1] 4.76 

Normally Michaelis-Menten models do not have parameters similar to KIN, and KIP, however high 
concentrations can inhibit growth. Therefore the last terms were added (Lasfar et al., 2007). After 
calculating riN and riP, the correction factor Ncorr is calculated with equation 4.75 or 4.76. 

𝑁𝑁𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 = min�
𝑒𝑒𝑐𝑐𝑖𝑖𝑁𝑁

𝑒𝑒𝑐𝑐𝑖𝑖𝑁𝑁𝑚𝑚𝑎𝑎𝑚𝑚 ,
𝑒𝑒𝑐𝑐𝑖𝑖𝑃𝑃

𝑒𝑒𝑐𝑐𝑖𝑖𝑃𝑃𝑚𝑚𝑎𝑎𝑚𝑚� 
[−] 4.77 
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4.2.5.2 N & P consumption and addition of nutrients  
For determining the concentration N and P as a function of time, the consumption rates have to be 
determined. The model of Zhang (2014) overestimated the consumption rate (Figure 1), since 
consumption rates higher than 665 mg N m-2 d-1 are unlikely. Unfortunately, there are no other 
models that describe the uptake of N as a function of the concentration. However, it is possible to 
determine the consumption rates based on generated biomass (∆x) and N or P content of the 
fronds. This method has been done for Lemna minor, which gave accurate results, as long there 
were no microalgae present (Frédéric et al., 2006). 

𝑁𝑁𝑐𝑐𝑜𝑜𝑛𝑛𝑐𝑐 = 𝑁𝑁𝑐𝑐𝑜𝑜𝑛𝑛𝑐𝑐 𝑂𝑂𝑑𝑑𝑑𝑑 +
𝑎𝑎𝑁𝑁𝑘𝑘 ∗ 𝑁𝑁𝑐𝑐𝑜𝑜𝑛𝑛𝑐𝑐𝐿𝐿
𝑉𝑉𝑜𝑜𝑒𝑒𝑓𝑓𝑚𝑚𝑒𝑒 +

∆𝑁𝑁𝑎𝑎𝑖𝑖𝑐𝑐 ∗ 𝐴𝐴𝑜𝑜𝑜𝑜𝑛𝑛𝑑𝑑
𝑉𝑉𝑜𝑜𝑒𝑒𝑓𝑓𝑚𝑚𝑒𝑒 −

∆𝑥𝑥 ∗ 𝑁𝑁𝑐𝑐𝑜𝑜𝑛𝑛𝑡𝑡𝑒𝑒𝑛𝑛𝑡𝑡 ∗ 𝐷𝐷𝑀𝑀 ∗ 106

𝑉𝑉𝑜𝑜𝑒𝑒𝑓𝑓𝑚𝑚𝑒𝑒  

 

[𝑚𝑚𝑖𝑖 𝑁𝑁 𝐿𝐿−1] 4.78 

The equation above describes the increase of N by adding thin fraction. Nconc Old, is the old 
concentration from previous integration. To calculate the increase in the N concentration the 
amount of litre thin fraction (tNk) added is multiplied with the NconcL and divided by the volume. 
Moreover, the concentration was influenced by ammonia in the air (paragraph 4.2.5.3). ΔNair is the 
integral of equation 4.80 minus the integral of previous time step. According to the report some 
trace elements have been added, yet none of these trace elements contain phosphorus. However, 
iron nitrate and manganese nitrate contain nitrogen atoms. The concentrations were ±7.5 µmol L-1 
Fe and ±5 µmol L-1 Mn. This means that if the trace elements are added the concentration N in the 
water increases with 0.18 mg N L-1 1. The last term in the formula represents the consumption rate 
as a function of generated biomass and the percentage N per DM (Ncontent). The Ncontent of duckweed 
is concentration dependent. Points of Figure 2 are used to derive their logarithmic relationship (see 
equation 4.79). Furthermore, the generated biomass (Δx) is multiplied with the dry matter content, 
106 is a conversion for kg to mg. The formula for P consumption rate is similar, only some 
parameters have different values.  

𝑁𝑁𝑐𝑐𝑜𝑜𝑛𝑛𝑡𝑡𝑒𝑒𝑛𝑛𝑡𝑡 =
12.59 ∗ ln(𝑁𝑁) + 32.013

1000  
[%] 4.79 

Equation 4.79 is only valid if N<9 mg N L-1, otherwise the Ncontent is equal to 5.7%. 

4.2.5.3 Ammonia mass transfer coefficient 
As mentioned in the literature study in chapter 2, it is possible that ammonia in the air dissolves in 
water. The rate depends on the mass transfer coefficients, Henry’s law and concentrations in gas 
and liquid. During the calculations, it is assumed that the concentration in the air is constant. 

𝜙𝜙𝑚𝑚′′ =
𝜌𝜌𝑚𝑚,𝑏𝑏
𝑔𝑔 − 𝑚𝑚𝑔𝑔𝑑𝑑𝜌𝜌𝑚𝑚,𝑏𝑏

𝑑𝑑

𝑚𝑚𝑔𝑔𝑑𝑑
𝑘𝑘𝑑𝑑

+ 1
𝑘𝑘𝑔𝑔

 𝑜𝑜𝑓𝑓 

𝜌𝜌𝑚𝑚,𝑏𝑏
𝑔𝑔

𝑚𝑚𝑔𝑔𝑑𝑑
− 𝜌𝜌𝑚𝑚,𝑏𝑏

𝑑𝑑

1
𝑘𝑘𝑑𝑑

+ 1
𝑚𝑚𝑔𝑔𝑑𝑑𝑘𝑘𝑔𝑔

  

 

[𝑚𝑚𝑖𝑖 𝑁𝑁 𝑚𝑚−2 𝑓𝑓−1] 4.80 

mgl is determined with the inverse of Henry’s law (inverse of H; equation 2.1), kl and kg are the 
mass transfer coefficients. Due to the fact that H/kl is relatively small, the total mass transfer 
coefficient (K2) is equal to kg (Ibusuki and Aneja, 1984). K is temperature independent and 
constant from 0.02 to 0.12 µmol NH3 L-1. Unfortunately, no other values are found in literature, 
therefore it is assumed that K is also constant for higher concentrations. 

4.2.6  Mat density limitations 
The light use efficiency formula is based on tomato plants and takes into account the effect of light 
at increased mat densities. An increased mat density results in an elevated LAI. It is possible that 
the mat density becomes extremely high. However, mat densities higher than 177 g FW m-2 are 
theoretically not possible (Frédéric et al., 2006). The maximum growth rate is mainly at low mat 
densities and the maximum production is at 82 g FW m-2 (Frédéric et al., 2006). The increase in 
the mat density can be calculated with 4.81 and 4.82.  

                                                
1 Total N in Fe and Mn= 12.5 μmol L-1 
2 1
𝐾𝐾

= 𝐻𝐻
𝑠𝑠𝑙𝑙

+ 1
𝑠𝑠𝑔𝑔

 𝑐𝑐𝑚𝑚 𝑓𝑓−1 
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𝑓𝑓𝑖𝑖 =
ln�𝑥𝑥(1)� − ln(𝑋𝑋𝑜𝑜𝑒𝑒𝑦𝑦)

Δ𝑎𝑎  

 

[𝑖𝑖 𝐹𝐹𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 4.81 

To determine the optimal mat density, equation 4.82 is calculated for all mat densities. 
Subsequently the optimal mat density is compared with the current mat density. The result of this 
comparison is converted to a fraction between 0 to 1. The assimilation rate is multiplied with this 
factor. However, this correction is only applied when current mat density was higher than the 
optimal density at given growth rate. Otherwise the assimilation rate is limited because the mat 
density is too low, which is not correct. Namely, the production is limited, because the mat density 
is not optimal, but the growth rate is not inhibited at low mat densities.  

𝐷𝐷 =
𝐷𝐷𝑑𝑑 ∗ 𝐷𝐷𝑜𝑜

(𝐷𝐷𝑑𝑑 − 𝐷𝐷𝑜𝑜)𝑒𝑒(−𝑐𝑐𝑖𝑖∗ℎ) + 𝐷𝐷𝑜𝑜
 

 

[𝑖𝑖 𝐹𝐹𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 4.82 

 
4.2.7 Dark respiration rate 
The dark respiration rate (rDul) was previously assumed to be constant, although according to 
literature the dark respiration is light intensity dependent (Fuhrer, 1983). rDul is inhibited for 
increased light intensities. Unfortunately, no model exists for this inhibition, therefore a model has 
been made based on Table 13. The net assimilation rate (Pg N) is determined by subtracting rD 
from the gross leaf assimilation Pg L, with rD (rDul*LAI), since the Pg N is in m-2 [soil] and not m-2 
[leaf]. 

𝑓𝑓𝐷𝐷𝑐𝑐𝑑𝑑 = �0.23 + (1 − 0.23) ∗ e−1.6∗10−4∗𝑃𝑃𝑚𝑚∗𝜁𝜁� ∗ 𝑓𝑓𝐷𝐷𝑐𝑐𝑑𝑑0 
 

[𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 4.83 

Table 13. Inhibition of dark respiration at given light intensities.  

Light intensity [µmol m-2 leaf s-1] 0 50 80 150 370 500 
Fraction inhibition rDul 1 0.65 0.45 0.30 0.23 0.23 
 

4.3 Correlation coefficient  
The correlation coefficient matrix is determined to establish which parameter are correlated. First 
the Jacobian matrix is calculated. This matrix is the partial derivative of the output y divided by the 
change of the parameters. A summary of this formula is given below. The size of the matrix is 
determined by the amount of measurements N and the amount of parameters Np (N*np).  

 

𝐽𝐽 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡𝜕𝜕𝑒𝑒

(1|𝑝𝑝)
𝜕𝜕𝑝𝑝1

𝜕𝜕𝑒𝑒(2|𝑝𝑝)
𝜕𝜕𝑝𝑝1
⋮

𝜕𝜕𝑒𝑒(1|𝑝𝑝)
𝜕𝜕𝑝𝑝2

𝜕𝜕𝑒𝑒(2|𝑝𝑝)
𝜕𝜕𝑝𝑝2
⋮

𝜕𝜕𝑒𝑒(𝑁𝑁|𝑝𝑝)
𝜕𝜕𝑝𝑝1

𝜕𝜕𝑒𝑒(𝑁𝑁|𝑝𝑝)
𝜕𝜕𝑝𝑝2 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

 

[−] 4.84 

Then the covariance is determined:  

𝑐𝑐𝑜𝑜𝐻𝐻 =
𝑉𝑉

𝑁𝑁 − 𝑓𝑓𝑜𝑜
∗ (𝐽𝐽′ ∗ 𝐽𝐽)−1 [−] 4.85 

The diagonal of the covariance gives the variance (varP). Given the square root of the variance 
(stdp) and the covariance matrix, the correlation coefficient (cc) can be calculated. 

𝑐𝑐𝑐𝑐 =
𝑐𝑐𝑜𝑜𝐻𝐻

𝑓𝑓𝑎𝑎𝑦𝑦𝑝𝑝 ∗ 𝑓𝑓𝑎𝑎𝑦𝑦𝑝𝑝′ 

 

[−] 4.86 
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4.4 Lasfar’s model 
The result obtained with optimal management of the photosynthetic model is compared with the 
results of Lasfar’s model (Lasfar et al., 2007). Already a part of this model is used in the 
photosynthetic model at nutrient deficit conditions and at high mat densities. The model is given 
below and it is photoperiod dependent. The model is simulated with the water temperature. 
Although the system is simulated with a time step of 0.05 day, the correction factor for the 
photoperiod is only determined once a day. 

𝑓𝑓𝑖𝑖𝐿𝐿 = 𝐸𝐸 ∗ 𝑓𝑓(𝐸𝐸) ∗ 𝑖𝑖(𝐸𝐸) ∗
𝜌𝜌𝑁𝑁

(𝜌𝜌𝑁𝑁 + 𝐾𝐾𝑁𝑁) ∗
𝐾𝐾𝑃𝑃𝑁𝑁

(𝐾𝐾𝑃𝑃𝑁𝑁 + 𝜌𝜌𝑁𝑁)
𝜌𝜌𝑃𝑃

(𝜌𝜌𝑃𝑃 + 𝐾𝐾𝑃𝑃) ∗
𝐾𝐾𝑃𝑃𝑃𝑃

(𝐾𝐾𝑃𝑃𝑃𝑃 + 𝜌𝜌𝑃𝑃) 
[𝑦𝑦−1] 4.87 

𝑓𝑓(𝐸𝐸) = 𝜃𝜃1
�
𝑇𝑇−𝑇𝑇𝑜𝑜𝑜𝑜
𝑇𝑇𝑜𝑜𝑜𝑜

�
2

∗ 𝜃𝜃2

𝑇𝑇−𝑇𝑇𝑜𝑜𝑜𝑜
𝑇𝑇𝑜𝑜𝑜𝑜  

[−] 4.88 

𝑖𝑖(𝐸𝐸) = 𝜃𝜃3
�
𝐸𝐸−𝐸𝐸𝑜𝑜𝑜𝑜
𝐸𝐸𝑜𝑜𝑜𝑜

�
2

∗ 𝜃𝜃2

𝐸𝐸−𝐸𝐸𝑜𝑜𝑜𝑜
𝐸𝐸𝑜𝑜𝑜𝑜  

[−] 4.89 

After the intrinsic growth rate (riL) is calculated, equation 4.82 is used to determine the increase in 
mat density. This increase is compared with the production of the photosynthetic model with 
similar inputs.  

4.5 Modelling feed requirements 
To determine the economic possibilities for duckweed the composition of the fodder should be 
taken into account. In Table 14 the requirements are given for cattle feed. For some cattle feed the 
maximum daily uptake is given (Table 15). In combination with the cost per ton of each raw 
material the reduced feed costs by cultivating duckweed can be calculated. Unfortunately, the 
maximum uptake of fresh duckweed is unknown. From the report of the company, daily water 
uptake was ±20.8 L d-1 per animal, which is in agreement with literature (Atkeson et al., 1934). It 
assumed that a maximum of 0.3 kg DM duckweed per animal per day is consumed, since it is 
unlikely that more than 25% of daily water requirement is taken up by eating duckweed. The rosé 
calves had a starting weight of 110 kg and an end weight of 400 kg; during a year the average 
weight was ±225 kg. The composition of the fodder changes during growth, however for modelling, 
it was assumed to be constant. The average weight of 225 kg is used in the model. At this weight 
one rosé calve eats 5 kg DM a day (CVB, 2012). Simulations were done with a yield of 9 ha grass 
and 36 ha maize, where each day the same amounts of grass and maize were given to the 
animals. At ECOFERM duckweed was not dried, but directly given to the animals. For each month, 
the daily average of the duckweed production is used. Simulations are done with the constraints 
given in Table 14 and Table 15. 

Table 14. Feed requirements rosé calves; values 1030, 1170 and 79.1 from (CVB, 2012) all other values from 
Kroes (2016). 

  Minimum Maximum 

VEVI units/kg DM 1030 1170 

DVE g/kg DM 79.1 120 

OEB kg/ton DM 0 65 

dvLYS g/100g RE 5.5 9 

dvMET g/ 100g RE 2.1 2.5 

NDF kg/ton DM 265 500 

P kg/ton DM 4.5 10 

Starch kg/ton DM 140 350 

DM per day at 225 kg [-] 5 
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Table 15. Composition of all raw materials (‘Forfarmers’, 2016). 

 Wheat 
straw 

Duckweed Grass 
sil. 

Maize 
sil. 

Soy60RC Potatoes 
Parings 

Turnip 
flakes 

Sugar 
Beet pulp 

DM 900 52 470 300 880 220 890 900 
VEVI 336 871 913 950 1242 1248 1185 1014 
DVE -4 140 65 47 267 85 137 93 
OEB -17 236 63 -28 213 -60 152 -62 
dvLYS 0.7 7.8 3.5 3.1 17.4 6.2 8.6 6.4 
dvMET 0.3 1.3 1.3 1.2 4.4 2.1 3.2 2.1 

NDF 745 231 499 390 145 75 261 366 
P 1.1 10.4 4.2 2 7.3 1.9 11 0.8 
Starch 0 15 0 304 10 695 22 0 
Limit  30% kg 

tot. 
0.3 kg DM 70% 

tot. 
70% 
tot. 

Max 2 
kg 

Max 10 
kg 

Max 2 
kg 

max 3 kg 

€ / 
DMton 

110 [-] [-] [-] 370 200 280 195 

*tot.=total 

 
The feed requirement for pigs is different and based on the energy value (EW), phosphorus (P), 
calcium (Ca) and intestinal digestible amino acids (dv(MET+CYS), dvLYS, dvTHR and dvTRP). 
Compared to rosé calves, methionine and lysine are essential, due to the fact that these amino 
acids cannot produced by the pigs themselves (Gwaze and Mwale, 2015). 50% of the protein 
content in a soy diet for pigs can be replaced by duckweed (Le thi Men et al., 1997). The minimum 
requirements are given below. Unfortunately, the cysteine (CYS) content of some raw materials is 
unknown, however in dvMET+CYS a minimum of 55% methionine is required. Therefore, the 
system is simulated with dvMET=0.55*dv(MET+CYS). 

Table 16. Requirements pig feed (Wertenbroek et al., 2013). 

  Minimum Maximum 

EW 2.1 2.6 

dvLYS g/EW 6.4 7.8 

dvMET g/EW 2.4 2.8 

P g/EW 1.9 2.3 

Ca g/EW 5.7 6.9 

DM per day at 
225 kg 

[-] 5 

 
On the next page, a summary is given of the most important processes to determine the duckweed 
production. The circles with a light blue background colour are inputs. The light blue rectangles 
represent the output of an equation of which the arrows to the rectangles are inputs. The subscript 
numbers in these rectangles show in which paragraph more information can be found. The dark 
rectangles are integrated with Runge-Kutta. Furthermore, the circles with a white background 
colour are inputs in the model which change at each time step. These are calculated with the blue 
lines.  
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Figure 12. Summary of all processes that are calculated to determine the kg FW duckweed with given inputs (circles).
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Table 17. All parameters and variables of paragraphs 4.2 to 4.5.  

Mat density 
𝑀𝑀𝑎𝑎𝑎𝑎𝑛𝑛𝑒𝑒𝑟𝑟 New mat density eq 4.49 [𝑖𝑖 𝐹𝐹𝑊𝑊 𝑚𝑚−2] 

𝑀𝑀𝑎𝑎𝑎𝑎𝑜𝑜𝑑𝑑𝑑𝑑 Old mat density from previous time step input [𝑖𝑖 𝐹𝐹𝑊𝑊 𝑚𝑚−2] 

𝐻𝐻𝑎𝑎𝑓𝑓𝐻𝐻𝑒𝑒𝑓𝑓𝑎𝑎(𝑍𝑍𝑍𝑍) Amount of duckweed harvested at time t input [𝑘𝑘𝑖𝑖 𝐹𝐹𝑊𝑊] 

Δ𝑥𝑥 Increase in biomass  input [𝑘𝑘𝑖𝑖 𝐹𝐹𝑊𝑊] 

TPU 
𝑉𝑉𝑐𝑐 𝑚𝑚𝑎𝑎𝑚𝑚 Maximum carboxylation rate model [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2 𝑓𝑓−1] 

𝑉𝑉𝑐𝑐 Carboxylation rate of RuBp eq 4.70 [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2 𝑓𝑓−1] 

𝐹𝐹𝑜𝑜𝑐𝑐 Fraction oxygenation and carboxylation  0.21 
[
𝑉𝑉𝑜𝑜 𝑚𝑚𝑎𝑎𝑚𝑚

𝑉𝑉𝑐𝑐 𝑚𝑚𝑎𝑎𝑚𝑚
] 

𝛼𝛼𝑇𝑇𝑃𝑃𝑇𝑇 
Fraction gluconate carbon not returned to 
chloroplast 0.5 [−] 

𝜌𝜌𝑂𝑂2𝑎𝑎 CO2 concentration in the air of the greenhouse input [𝑝𝑝𝑝𝑝𝑚𝑚] 

𝐾𝐾𝑐𝑐25 Michaelis-Menten carboxylation at 25°C 310 [𝜇𝜇𝐴𝐴𝑎𝑎𝑓𝑓] 

𝐾𝐾𝑜𝑜25 Michaelis-Menten oxygenation at 25°C 155 [𝑚𝑚𝐴𝐴𝑎𝑎𝑓𝑓] 

𝐾𝐾𝑐𝑐 Michaelis-Menten carboxylation eq 10.2 [𝜇𝜇𝐴𝐴𝑎𝑎𝑓𝑓] 

𝐾𝐾𝑜𝑜 Michaelis-Menten oxygenation eq 10.3 [𝑚𝑚𝐴𝐴𝑎𝑎𝑓𝑓] 

𝐸𝐸𝑐𝑐 Activation energy Kc 59356 [𝐽𝐽 𝑚𝑚𝑜𝑜𝑒𝑒−1] 

𝐸𝐸𝑜𝑜 Activation energy Ko 35948 [𝐽𝐽 𝑚𝑚𝑜𝑜𝑒𝑒−1] 

𝑂𝑂 Partial pressure O2 inside stomata  210 [𝑚𝑚𝐴𝐴𝑎𝑎𝑓𝑓] 
𝑀𝑀𝑡𝑡𝑂𝑂2 Molar mass CO2 44*10-3 [𝑚𝑚𝑖𝑖 𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒−1] 

𝐽𝐽𝑎𝑎𝑜𝑜𝑉𝑉𝑐𝑐 Conversion factor Jmax to Vc max 2.68 [−] 

Conversion CO2 to biomass 

𝑃𝑃𝑔𝑔 𝑁𝑁 
Net assimilation rate corrected for the pH, Mat 
density and nutrients eq 4.72 

[𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒 𝑓𝑓−1] 

𝑓𝑓𝐷𝐷 Total dark respiration  eq 4.83*LAI [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝜌𝜌𝑂𝑂2 𝑚𝑚−2𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒 𝑓𝑓−1] 

𝑦𝑦𝐹𝐹𝑊𝑊 𝑦𝑦𝑎𝑎−1 Amount of kg produced biomass per second eq 4.74 [𝑘𝑘𝑖𝑖 𝐹𝐹𝑊𝑊 𝑚𝑚−2𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒 𝑓𝑓−1] 

𝑐𝑐𝑐𝑐𝑠𝑠 Conversion CO2 to CH2O 30/44 [𝑘𝑘𝑖𝑖 𝜌𝜌𝐻𝐻2𝑂𝑂 𝑘𝑘𝑖𝑖−1 𝜌𝜌𝑂𝑂2] 

𝐴𝐴𝑆𝑆𝐸𝐸𝑄𝑄 Conversion CH2O to kg FW 1.2 [ 𝑘𝑘𝑖𝑖 𝜌𝜌𝐻𝐻2𝑂𝑂 𝑘𝑘𝑖𝑖 𝐷𝐷𝑊𝑊] 

Modelling nutrients 
𝜌𝜌𝑁𝑁 Nitrogen concentration input [𝑚𝑚𝑖𝑖 𝑁𝑁 𝐿𝐿−1] 

𝐾𝐾𝑁𝑁 Constant for inhibition at low CN 0.95 [𝑚𝑚𝑖𝑖 𝑁𝑁 𝐿𝐿−1] 

𝐾𝐾𝑃𝑃𝑁𝑁 Constant for inhibition at elevated CN 604 [𝑚𝑚𝑖𝑖 𝑁𝑁 𝐿𝐿−1] 

𝜌𝜌𝑃𝑃 Phosphorus concentration input [𝑚𝑚𝑖𝑖 𝑃𝑃 𝐿𝐿−1] 

𝐾𝐾𝑃𝑃 Constant for inhibition at low CP 0.31 [𝑚𝑚𝑖𝑖 𝑃𝑃 𝐿𝐿−1] 

𝐾𝐾𝑃𝑃𝑃𝑃 Constant for inhibition at elevated CP 101 [𝑚𝑚𝑖𝑖 𝑃𝑃 𝐿𝐿−1] 

𝑁𝑁𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 Correction factor at limiting concentrations eq 4.77 [−] 

N & P consumption formula 

𝑁𝑁𝑐𝑐𝑜𝑜𝑛𝑛𝑐𝑐 𝑂𝑂𝑑𝑑𝑑𝑑   
Nitrogen concentration from previous 
integration input [𝑚𝑚𝑖𝑖 𝑁𝑁 𝐿𝐿−1] 

𝑎𝑎𝑁𝑁𝐾𝐾 
Vector with amount and time when thin fraction 
was added input [𝐿𝐿 𝑎𝑎ℎ𝑒𝑒𝑓𝑓 𝑓𝑓𝑓𝑓𝑎𝑎𝑐𝑐𝑎𝑎𝑒𝑒𝑜𝑜𝑓𝑓] 

𝑁𝑁𝑐𝑐𝑜𝑜𝑛𝑛𝑐𝑐𝑡𝑡𝐿𝐿 Nitrogen concentration thin fraction 4016.6 [𝑚𝑚𝑖𝑖 𝑁𝑁 𝐿𝐿−1] 

Δ𝑁𝑁𝑎𝑎𝑖𝑖𝑐𝑐 Amount of ammonia from air to water model [𝑚𝑚𝑖𝑖 𝑁𝑁 𝑚𝑚−2] 

𝑁𝑁𝑐𝑐𝑜𝑜𝑛𝑛𝑡𝑡𝑒𝑒𝑛𝑛𝑡𝑡 Nitrogen content of duckweed model [%] 

𝑃𝑃𝑐𝑐𝑜𝑜𝑛𝑛𝑐𝑐𝑡𝑡𝐿𝐿 Phosphorus concentration thin faction  634.9 [𝑚𝑚𝑖𝑖 𝑃𝑃 𝐿𝐿−1] 
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Ammonia mass transfer coefficient 
𝜌𝜌𝑚𝑚,𝑏𝑏
𝑔𝑔  Nitrogen concentration (gas) 4 [𝑚𝑚𝑖𝑖 𝑁𝑁 𝐿𝐿−1] 

𝜌𝜌𝑚𝑚,𝑏𝑏
𝑑𝑑  Nitrogen concentration (liquid) equal CN [𝑚𝑚𝑖𝑖 𝑁𝑁 𝐿𝐿−1] 

𝐻𝐻 Henry constant eq 2.1 [𝑒𝑒𝑒𝑒𝑞𝑞𝑓𝑓𝑒𝑒𝑦𝑦/𝑎𝑎𝑒𝑒𝑓𝑓] 
𝑚𝑚𝑔𝑔𝑑𝑑 Inverse of Henry constant 1/H [𝑎𝑎𝑒𝑒𝑓𝑓/𝑒𝑒𝑒𝑒𝑞𝑞𝑓𝑓𝑒𝑒𝑦𝑦] 

𝑘𝑘𝑑𝑑 Mass transfer coefficient liquid - [𝑚𝑚 𝑓𝑓−1] 
𝑘𝑘𝑔𝑔 Mass transfer coefficient gas 0.0265 [𝑚𝑚 𝑓𝑓−1] 

𝐾𝐾 Total mass transfer coefficient 0.0265 [𝑚𝑚 𝑓𝑓−1] 

𝜙𝜙𝑚𝑚′′  Mass transfer from air to water eq 4.80 [𝑚𝑚𝑖𝑖 𝑚𝑚−2 𝑓𝑓−1] 

Mat density 
𝐷𝐷𝑑𝑑 Limited mat density 177 [𝑖𝑖 𝐷𝐷𝑊𝑊 𝑚𝑚−2] 

𝐷𝐷𝑜𝑜 Current mat density input [𝑖𝑖 𝐷𝐷𝑊𝑊 𝑚𝑚−2] 

𝑓𝑓𝑖𝑖 Intrinsic growth rate eq 4.81 [𝑦𝑦−1] 

ℎ Time step Runge-Kutta 0.05 [𝑦𝑦−1] 

Dark respiration 
𝐼𝐼𝑚𝑚 Measured irradiation in greenhouse input [𝑊𝑊 𝑚𝑚−2] 

𝜁𝜁 Conversion factor from W m-2 to µmol m-2 s-1 4.59 [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝐽𝐽−1] 

𝑓𝑓𝐷𝐷𝑐𝑐𝑑𝑑0 Dark respiration rate at 0 μmol m-2 s-1 1.36 [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 

𝑓𝑓𝐷𝐷𝑐𝑐𝑑𝑑 Dark respiration rate eq 4.83 [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 𝑓𝑓−1] 

Correlation coefficient and sensitivity 
𝐽𝐽 Jacobian matrix eq 4.84 [−] 

𝑉𝑉 Error of model compared with harvested data - [−] 

𝑁𝑁 Amount of measurements - [−] 
𝑓𝑓𝑜𝑜 Amount of parameters  18 [−] 

𝑐𝑐𝑜𝑜𝐻𝐻 Covariance matrix eq 4.85 [−] 

𝐻𝐻𝑎𝑎𝑓𝑓𝑃𝑃 Diagonal of covariance matrix - [−] 

𝑓𝑓𝑎𝑎𝑦𝑦𝑝𝑝 Standard deviation  - [−] 

𝑐𝑐𝑐𝑐 Correlation coefficient matrix eq 4.86 [−] 

Lasfar’s model 
𝐸𝐸 Standard growth rate 0.62 [𝑦𝑦−1] 

𝑓𝑓𝑖𝑖𝐿𝐿 Intrinsic growth rate Lasfar’s model eq 4.87 [𝑦𝑦−1] 

𝑓𝑓(𝐸𝐸) Correction factor for water temperature eq 4.88 [−] 

𝑖𝑖(𝐸𝐸) Correction factor for photoperiod eq 4.89 [−] 

𝜃𝜃1 Parameter for correction water temperature 0.0025 [−]∗2 

𝜃𝜃2 Parameter for correction water temperature 0.66 [−]∗2 
𝐸𝐸𝑜𝑜𝑜𝑜 Optimal water temperature 26 [°𝜌𝜌] 

𝜃𝜃3 Parameter for correction photoperiod 0.0073 [−]∗2 

𝜃𝜃4 Parameter for correction photoperiod 0.65 [−]∗2 
𝐸𝐸𝑜𝑜𝑜𝑜 Optimal water temperature 13 [ℎ] 

*2 In the research of Lasfar (2007), the values of these parameters are mentioned in the wrong order. 
In this table the values belong to the correct parameter.  
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5 Results  

5.1 Temperature model 
In the previous chapter, the formulas are given to determine the temperature of duckweed (Tdw). 
However, for determining Tdw also the roof temperature (Tr), soil temperature (Ts) and stable 
temperature (Tst) had to be calculated. Below the results of the month May are given. In the 
figures, the temperature is given as a function of time. The fluctuations are caused since 
temperature changes during day and night. The left figure is less clear, since a lot of temperatures 
are shown. However, it is given to be aware of all temperature processes that are calculated or 
measured. The soil temperature is relatively high compared to the temperature in the greenhouse 
(Figure 13B). This figure compares the soil temperature with the greenhouse temperature. On 
average the Ts is higher than the Tg. Irradiation of the sun is in an important factor for the 
relatively high Ts. This irradiation is absorbed by the soil; as a result, the temperature increases. 
Moreover, little energy of the soil is removed by convection, since the airflow in the greenhouse is 
relatively low.  

  
Figure 13A & B. The left image shows all temperature processes in May. Figure B shows the Ts compared with the 
Tg for the first ten days. 

The roof temperature is on average 6.1°C lower than the greenhouse temperature (Figure 14A). 
Convection from the greenhouse and longwave radiation from the soil and duckweed to the roof 
increased the Tr. However, a lot of energy is lost by convection to outside and evaporation of 
water; as a result, Tr is lower than Tg. The temperature of the stable is also calculated to make the 
energy process complete, this result can be found below. The temperature of the stable is on 
average lower than the greenhouse temperature, because there is no irradiation from the sun. 
Moreover, the stable has ventilation with the outside air. 

  
Figure 14A & B. Result of the Tr and Tg in May for the first ten days, clearly the Tr is lower than the Tg. Figure B 
shows the Tst compared with the Tg. On average, the Tst is lower than the Tg. 
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From physics, it is expected that in the months with a lot of radiation, the temperature of 
duckweed is higher than the water temperature. In Figure 15A the irradiation of the month July to 
September is given. Obviously, the irradiation in July is generally higher than in the other months. 
The irradiation in June was even higher; however, at this month, the pond was not covered with 
duckweed and therefore this data is not taken into account. The difference between Tdw and Tw is 
higher in July than in September and October. This difference might be caused by fact that the 
greenhouse is on top of a stable. As a result, conduction through the concrete increased the Tw. 
These temperature comparisons are given in Figure 15B for the first 10 days of July. However, 
from the graph during daytime the Tst is almost similar as Tw and Tdw. Consequently, the increase 
of the Tw by heat conduction through the concrete is relatively low. As a result, it is more likely that 
the lower temperature of duckweed than water is caused by another process for example 
evapotranspiration or a low greenhouse temperature in the night. 

  
Figure 15A & B. Figure A shows a decreasing irradiation from July to September. (Figure B) Comparison of Tdw 
with Tw and Tst. 

During the night, the duckweed temperature is much lower than Tw, which is partly caused by a 
lower greenhouse temperature. In the figures below, the water temperature shows fewer 
fluctuations than the greenhouse temperature, this is partly because the duckweed performs as an 
isolation layer. As a result, the water temperature does not fluctuate as much. Moreover, water has 
a high heat capacity, combined with the volume much energy is needed to increase the water 
temperature. Despite the fact that the model of the duckweed temperature has a lot of equations, 
the result shows that the temperature of duckweed does not differ much from the water 
temperature.  

  
Figure 16A & B. Tdw compared with Tw and Tg in May. The water and duckweed temperature are relatively similar 
and do not fluctuate as much as the temperature of the greenhouse. During the night both Tdw and Tg are lower 
than Tw (B). 
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Another important process is the evapotranspiration of water by duckweed. In the model, this 
process is calculated with the Penman-Monteith equation. This model is partly based on the vapour 
pressure deficit. September and October had duckweed temperatures closer to Tw and relatively 
high humidity’s of 91% or larger. July had a relative humidity of 83%. Calculations of September 
with a constant RH of 83% resulted in an increased difference between Tdw and Tw of 13.6%3. In 
other words, if the relative humidity decreases, the average temperature of duckweed is lower. 
This indicates that evapotranspiration has much influence on the duckweed temperature. Below the 
result of the total evaporated water in May is given. For comparisons with literature, the model is 
also simulated with a higher airflow. This results in an increased evapotranspiration of water.  

  
Figure 17A & B. Total evaporation per square meter in May, left result with VwindG=0.09 m s-1 and right with 
VwindG=3.2 m s-1. 

5.2 Consumption nutrients and parameter estimation 
5.2.1 Nutrient uptake 
Before determining the influence of the nutrient concentration on the model, the concentration has 
to be determined. In the figures on the next page the concentration of N and P in the pond are 
given as a function of time. The initial nutrient concentration is set to 20 mg N L-1 and 10 mg P L-1. 
Already in one month, all nitrogen was removed. As a result, growth will be strongly reduced, since 
optimal N concentrations are between 7 and 20 mg N L-1 (Caicedo et al., 2000; Lasfar et al., 
2007). Different values are also found in literature, but these values are certainly in the optimal 
range. Moreover, Figure 18A gives the N consumption in the pond calculated with the harvested 
data from the company. The figure is relatively static due to the fact that only the harvested data 
was used to determine the nutrient consumption. Figure 18B represents the result from the 
simulated biomass. Sometimes the concentration increases without adding thin fraction, because 
dark respiration caused a decrease of the total biomass during night. As a result, less N is taken up 
by duckweed, which results in a slight increase in the nutrient concentration. From the figures and 
uptake rates obviously too little thin fraction is added to have optimal nutrient concentrations. 
Especially the N concentration starts to inhibit photosynthesis early. The yellow and purple lines in 
Figure 18B at which concentrations growth is inhibited (Lasfar et al., 2007).  

                                                
3 𝑑𝑑𝑖𝑖𝑓𝑓𝑠𝑠𝑛𝑛𝑙𝑙−𝑑𝑑𝑖𝑖𝑓𝑓𝑜𝑜𝑙𝑙𝑑𝑑

𝑑𝑑𝑖𝑖𝑓𝑓𝑜𝑜𝑙𝑙𝑑𝑑
= −0.3972+0.3497

−0.3497
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 Figure 18A & B. (Left) Static nutrient consumption N and P consumption as function of time. (right) N and P 
consumption photosynthetic model, both figures are without the influence of ammonia from the air. 

According to paragraph 2.2.4 the ammonia from the air can increase the N concentration. The 
results with assuming a constant NH3 concentration of 6 ppm in the air are given below. The left 
figure is with ammonia from air and right without. Both graphs have similar trends, namely the 
concentration N and P concentrations are decreasing over time. Figure 19A shows more 
fluctuations and the concentration is generally more than 1 mg N L-1. In contrary to Figure 19B, the 
concentration decreases faster and after 7 days the concentration becomes almost zero. This result 
is obtained with a higher mat density, otherwise too much duckweed was harvested and the mat 
density became zero. A lower concentration in the air would result in faster nitrogen consumption 
caused by volatilization of ammonia. Dissolving of ammonia clearly results in an increase in N 
concentration. As a result, growth is still possible despite the fact that the concentrations are not 
optimal. 

  
Figure 19A & B. Nitrogen concentration in May as a function of time. Figure A with an ammonia concentration of 6 
ppm, and B without ammonia in the air. 

5.2.2 Sensitivity and correlation matrix 
A sensitivity analysis has been done to determine which parameters are most sensitive and 
therefore most promising for parameter estimation. From the ECOFERM report it is found that 
nitrogen was only added by adding thin fraction and trace elements. From the results above the 
volatilization and nutrient uptake by duckweed resulted in a low N & P concentration. 
Consequently, the initial concentration can have a large influence on the total produced biomass at 
the start of the integration. Therefore, the initial concentration is included as a parameter for the 
sensitivity analysis. On the next page the results of the Jacobian and correlation coefficients are 
given. The results are from May, simulated with an initial concentration of 3 mg N & P L-1 and an 
initial duckweed density of 296.3 g FW m-2. Due to the fact that the initial density is unknown, the 
result of a sensitivity analysis with an initial density of 311.1 g FW m-2 is also given (see appendix 
10.3).  
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According to the sensitivity matrix on the next page, the most sensitive parameters are Topt, Jmax26, 
FullA, JtoVc, Foc and the initial density. Topt is the optimal temperature and Jmax26 the maximum 
electron transport rate at 26°C. FullA determines at which mat density the LAI is equal to one. 
JtoVc is a conversion factor for converting the electron transport rate to the carboxylation rate. Foc 
is the fraction oxygenation and carboxylation. Some of these can be estimated, other parameters 
have a high correlation. If two parameters have a strong correlation with each other, only one of 
these parameters can be used for parameter estimation.  

From Table 19, Topt, is strongly correlated with FullA. For parameter estimation the parameters with 
high sensitivity and non-confident prior knowledge are the best option to obtain an accurate result 
(van Willigenburg and van Ooteghem, 2015). The parameters JtoVc and Foc both have a high 
sensitivity, but are not used for parameter estimation since the current values are applicable for all 
C3 plants. In the next paragraph, only the initial mat density is determined with parameter 
estimation, because this parameter is sensitive for small changes and the actual value of the initial 
mat density is unknown.
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Table 18. Sensitivity matrix of May with an initial mat density of 296.3 g FW m-2. The bold parameters have the highest sensitivity. 

 

Table 19. Correlation coefficient matrix of May with an initial mat density of 296.3 g FW m-2. The green blocks show a strong positive correlation and the red blocks a strong 
negative correlation. 
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5.2.3 Estimation of parameters in May  
Which parameters should be estimated is described above. Below the results of the parameters 
determined with least squares method are given. The figures show the production of duckweed 
compared to the harvested data. The mat density is estimated two times, one time for the nutrient 
model based on the Michaelis-Menten equation of Lasfar (2007) and the other one for the average 
half saturation coefficients mentioned by Landolt (1987) (for Lasfar see equation 4.75, 4.76 and 
4.76 and for Landolt equation 10.26, 10.27 and 10.28). The mat density as a function of time is 
also given. The influence of harvesting is visible in the mat density graph as vertical straight lines 
in the figure. 

Parameter estimation in May results in an initial mat density of 296.3 g FW m-2, which is low 
compared to the average mat density 350 g FW m-2 in Augustus. If the nutrient parameters of 
Landolt are used, the result is even lower. Obviously, both models can describe the data well and 
the difference between them is small; however, calculations in the next chapters will be done 
based on the model of Lasfar, since this model is more recent and the initial mat density is more in 
agreement with the harvest strategy at the ECOFERM. In the figure below the harvested data (red 
stars) is compared with the output of the photosynthetic model (PHS). 

  

 

 

Figure 20A, B & C. Result of May with Lasfar’s model initial nutrient concentrations mg N|P L-1 (Cn=[N, P] = [3 
3]), initial density=296.3 g FW m-2 and an deviation error of 3.5%.  
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Figure 21A, B & C. Result of May with Landolt’s model initial Cn= [3 3], initial density=265.2 g FW m-2 and a 
deviation fit of 3.2%. 

5.2.4 Simulations with measured mat density 
Unfortunately, the system is sensitive for small changes in the mat density. For example, a 
simulation with an increase of the initial mat density with 5% gives a monthly production of 3323 
kg FW, where in Figure 20A only a production of 2149 kg FW was obtained. Consequently, it seems 
that estimating the initial mat density removes errors in the system that that are not caused by the 
initial mat density, but other mechanisms in the model. 

A correct model should be able to determine the production from July to September. Only the initial 
mat density and initial nutrient concentrations should be determined. However, the results above 
show completely different results for small changes in the initial mat density. Consequently, if the 
model is simulated once for all months, a small error in the month July will result in a relatively big 
error for the month Augustus. It is therefore better to estimate the parameters with a known mat 
density. Moreover, it is unlikely that by only estimating the initial mat density the model can 
describe the harvested data, because this would assume that the model is perfect and only the 
initial mat density is an unknown or incorrect parameter. Therefore, the simulation starts at 24 
Augustus with the measured mat density of 325 g FW m-2 at 9 o’clock. The initial density was 
chosen a little bit higher than the measured value to prevent a lower mat density by dark 
respiration. Due to the fact that the mat density is now known, a new sensitivity analysis has been 
done. This sensitivity analysis can be found in appendix 10.3. Again, Topt is the most sensitive 
parameter followed by FullA. FullA is estimated, because the exact value is unknown, since 
literature shows a range between 457 to 620 g FW m-2 (Jupsin et al., 2005; Körner and Vermaat, 
1998). Furthermore, Jmax26 is also estimated, because the current value is only based on one 
research and this parameter did not have a correlation with FullA. Topt is not estimated, because it 
has a correlation with FullA and Jmax26. Some non-sensitive parameters without correlation could 
also be added, however this would result in fitting of errors.  
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Figure 22A, B & C. Results of estimating FullA for 24 Augustus to 30 September. The first figure shows the 
production from the model compared with the harvested data. The other figures show the mat density and 
nutrient concentration as a function of time. 

  



 50 

 

 

Figure 23A, B & C. Result of estimating both parameters FullA and Jmax26 for 24 Augustus to 30 September.  The 
first figure shows the production from the model compared with the harvested data. The other figures show the 
mat density and nutrient concentration as a function of time. 

The total production in Figure 22 is 133 kg FW lower than according to the harvested data. The 
model shows almost a straight line; in contrary to the harvested data that shows ups and downs. 
This is partly caused since the amount of harvested is duckweed is not constant. Consequently, the 
harvested data shows at day 14 and 31 an increased biomass. Similar to the result in May the 
effect of harvesting is obviously visible. 

After estimating the parameters above, the model should be able to predict the production from 
July to September, only the initial mat density has to be determined. The month October is not 
included due to the fact that all duckweed was removed from the pond. Otherwise, parameter 
estimation will give a wrong result, since the model tries to minimalize the error between harvested 
and biomass assimilation, but in fact there is no biomass generated since all harvested data is 
caused by removing all duckweed from the pond. The result is given below, the predicted 
production is less than the harvested data, but in general the model is in agreement with the 
harvested data. Moreover, the mat density at day 53 (24 Augustus) is not overestimated.  
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Figure 24A, B & C. Simulation of the model from July to September with only estimating FullA. The result has a 
deviation fit of 3.1%.  

5.3 Results with optimal management 
During the production of duckweed a lot of N and P was removed, however according to paragraph 
5.2.1 too little thin fraction was added to obtain a maximum production. The model is adapted to 
maximize N & P uptake and production. Therefore, thin fraction was added when N or P is lower 
than 9 mg N L-1 or 4 mg P L-1. The duckweed is harvested when the optimal mat density is 
exceeded. To prevent harvesting at every time step, at 2 o’clock the following decision is made; if 
the current mat density is higher than the optimal mat density, then the difference between 
current and optimal is harvested. The result below is obtained for 24 Augustus to 30 September. In 
38 days, a production of 5.6 kg FW m-2 is realised, which is 3 times more compared to the actual 
harvested data.  

  
Figure 25A & B. Left the production with optimal management with the same initial mat density as at ECOFERM. 
Right the mat density as a function of time, with a harvest frequency of one time a day and compared to with and 
without optimal management. 

The problem with current result is that the LAI becomes relatively large, namely at an optimal mat 
density, the LAI is ±3.0. In contrary, the parameters obtained with the least squares method are 
determined when the LAI of ±0.75. Consequently, the model is not validated for higher mat 
densities, in other words there is an uncertainty at these mat densities. From literature, an average 
growth rate of 0.29 is possible with optimal nutrients and an average light intensity of 179 µmol  
m-2 s-1. From 24 Augustus to 30 September the average light intensity was 168 µmol m-2 s-1. Given 
this growth rate and a harvest frequency of each day it is possible to have a maximum yield of 8.1 
kg FW m-2 (Frédéric et al., 2006). In other words, the optimal management result is theoretically 
possible. As expected with an increased production, more thin fraction has to be added to have 
optimal concentrations. Besides this, the increased concentrations result in a higher volatilization 
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rate. In Figure 26A the N & P concentrations as a function of time are given. 12.0 m3 thin fraction 
needs to be added to guarantee optimal uptake and production. It could be remarked that not only 
too little thin fraction increased the production, Figure 26B shows that if the company would not 
have harvested so much at low densities, a much higher production would have been possible.  

  
Figure 26A & B. A Nutrient concentration with optimal management as a function of time. B The duckweed 
production with optimal management and a constant nutrient concentration of 1 mg N|P L-1. 

The dark respiration is influenced by the light intensity and the initial value of dark respiration not 
inhibited by light. Below the fraction of dark respiration divided by the net assimilation rate (Fnet 
mg net CO2) is given. The first peak is caused since the system starts in night. As a result, the light 
intensity is low, so there is a high dark respiration rate. In the first 15 days the 𝑐𝑐𝐷𝐷

𝐹𝐹𝑠𝑠𝑛𝑛𝑜𝑜
 is ±20%, 

however at the end of the simulation this increases to 32%. 

  
Figure 27A & B. Dark respiration from 24 Augustus to 30 September. In the right figure optimal management is 
applied with an initial density of 333 g FW m-2. The difference between the two figures is caused by an elevated 
LAI. 

In the previous calculation, the optimal yield was calculated at the measured initial density. On the 
next page the result is given if at all months optimal management is applied, the initial density was 
1500 g FW m-2. The result of the photosynthetic model is compared with Lasfar’s model. The 
intrinsic growth rate is calculated based on the daily photoperiod and water temperature. 
Combined with equation 4.82, the maximum production with given intrinsic growth rate is 
calculated and compared to the optimal production of the photosynthetic model.  
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Table 20. Comparison of optimal production with photosynthetic model compared with the model of Lasfar 
(equation 4.82) and actual production. 

Month Average 
Tdw [°C] 

Average 
I_A [µmol 
m-2] 

Prod kg 
FW PH 
model 

Prod kg 
FW 
Lasfar’s 
model  

Total m3 
thin 
fraction 

Actual m3 
thin 
fraction 

Actual 
production 
kg FW 

May 22.8 296.4 7914 6366 14.22 0.32 2072 
June 25.1 327.6 8847 4538 14.89 [-] 925 
July 26.4 308.4 8835 5245 11.95 0.4 4500 
Aug.  26.7 260.3 7081 7753 9.71 0.3 2895 
Sept. 21.3 155.6 3300 9000 4.10 0.1 1220 
Oct. 16.4 95.3 913 5769 2.24 0.05 640 
 

5.4 Simulations compared with literature 
Although the results in paragraph 5.2.4 were relatively accurate, it is unknown if the model is in 
agreement with literature. The model of Frederic (2006) calculates the increase in mat density at 
given intrinsic growth rate. Unfortunately, the CO2 concentration in this experiment has not been 
given. Therefore, it is assumed that the CO2 concentration is equal to the ambient CO2 

concentration of 400 ppm. Furthermore, the temperature was constant 20°C and the photoperiod 
was 12.5 h with a light intensity of 342 µmol m-2 s-1. With these inputs, the photosynthetic model 
is simulated and compared with generated biomass based on equation 4.82. Below the results are 
given; obviously the model cannot describe the production from literature at low CO2 levels. The 
model is clearly too sensitive for low CO2 concentrations. 

  
Figure 28A & B. Result with photosynthetic model with an initial mat density of 1467 g FW m-2. Figure A is with a 
CO2 level of 400 ppm and B with 1500 ppm. 

As mentioned in the literature study in chapter 2, the growth rate of duckweed is not sensitive for 
elevated CO2 concentrations. The growth rates as a function of the CO2 from Table 4 were 
measured at a room temperature of 25°C with a light intensity of 180 µmol m-2 s-1 and a 
photoperiod of 8 hours.  The daily maximum production is calculated again by using equation 4.82. 
The photosynthetic model is simulated with similar inputs and a CO2 concentrations of 350 and 
1500 ppm. The result at an CO2 concentration of 1500 ppm can be found on next page.  
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Figure 29. Result of simulation with the inputs of Andersen (1984); 1500 ppm and 8 h photoperiod of 180 µmol  
m-2  s-1. 

According to literature an relative growth rate of 0.288 was found at 1500 ppm (Andersen et al., 
1985). Without the effect of harvesting, the photosynthetic model calculated a production of 0.79 
kg FW m-2 at 1500 ppm (Figure 29). Obviously, this production is much lower than theoretically 
possible. Moreover, the low light conditions increased the dark respiration rate and decreased the 
assimilation rate. As a result, a low production is calculated. Unfortunately, in the simulations at 
350 ppm CO2 the dark respiration is higher than the net CO2 assimilation rate. Consequently, the 
mat density decreased to zero. 

5.5 Costs maintaining duckweed 
As mentioned in the introduction only the electricity use is taken into account for the economic 
analysis. The depreciation and labour costs are neglected. The table below shows the average 
amount of rainfall compared with the amount of evaporated water by duckweed. The evaporated 
water by duckweed is clearly less; therefore, the cost of water can be neglected. 

Table 21. Total evapotranspiration of water by duckweed given for each month. 

Month Evaporated water by 
duckweed [kg m-2] 

Rainfall of water 
[kg m-2] 

May 53.2 62 
June 54.6 65 
July 54.3 80 
Augustus 45.9 72 
September 23.7 78 
October 13.8 82 
 
The total electricity consumed in 2015 was 2500 kWh (Kroes et al., 2016). Unfortunately, it is 
unknown which calculations they have done to determine this. On next page a table is given for the 
energy consumption of each component. The components are similar as mentioned in the report. 
For the production of duckweed only a blower, conveyor and impeller are needed. The energy 
consumption of the ventilation is not taken into account, since these costs belongs to the rosé 
calves and not to the production of duckweed. 
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Table 22. Summary of energy costs, based on the production of 2015 (1('Peekoi', 2016),2('123Rollenbaan', 2016), 
3(Kroes et al., 2016)) 

 Energy 
consumption 
kWh (source) 

Hours per 
day 

Yearly energy 
costs, € (214 
days) 

Blower 1.51 1.3 89.3 
Conveyor 0.252 1.5 17.2 
Impeller 1.083 12 593.5 
 
With an increased production, the electricity costs of the blower and conveyor increase. The 
production increased with a factor of 2.6. As a result, the total electricity cost at optimal production 
is €865.7. 

5.6 Cattle feed composition and cost 
The idea behind growing duckweed is to reduce the manure transport costs and decrease the costs 
for cattle feed. Yearly the energy cost was €700.0. The table below is based on the feed 
requirements given in Table 15 and Table 16.  

Table 23. Composition of the fodder at current duckweed production compared with the optimal duckweed 
production. 

 Current yield O.y. PHS 
model 

O.y. Lasfar 
model 

Wheat straw 1.42E+00 3.98E-01 5.64E-01 

Duckweed 8.59E+02 2.33E+03 2.44E+03 

Grass sil. 9.00E+04 9.00E+04 9.00E+04 

Maize sil. 4.50E+05 4.50E+05 4.50E+05 

Soy60RC 2.41E+00 6.91E-01 9.57E-01 

Potatoes 
Parings 

1.12E+06 1.12E+06 1.12E+06 

Turnip flakes 1.79E+06 1.79E+06 1.79E+06 

Sugar Beet 
pulp 

1.58E+06 1.59E+06 1.59E+06 

Grass sil. 1.03E+06 1.03E+06 1.03E+06 

Maize sil. 2.34E+00 6.70E-01 9.05E-01 

Total costs € 1,189,488 € 1,189,255 € 1,189,238 

*O.y. =Optimal yield 

 
With the production of 2015, only € 136.2 is saved on cattle feed. According to the report 1220 L 
thin fraction was added throughout the year, which means that 18 euro has been saved by lower 
transportation costs of manure. 

Besides the profit of using manure and less soy, there are some subsidies for lower emission of 
CO2. In 2006 for each recycled ton CO2, 30 euros was given; unfortunately, nowadays this has 
been reduced to 5 euros per ton CO2. The conversion factor from kg CO2 to kg FW of duckweed is 
9.46. With a production of 14,430 kg FW per year, the production of duckweed gives a subsidy of 
€7.6 for reducing the greenhouse effect. During cold days it is possible that the heat produced by 
the rosé calves is used in the greenhouse. Air from the stable is then transported to the 
greenhouse. However, Ts and Tw are mostly higher than Tst (Figure 15B), which means that there is 
energy transfer from the greenhouse to the stable. Therefore, no CO2 emission has been reduced 
by using the heat of the stable from May to October. In the winter energy from the stable will 
increase the water temperature. However, according to Van den Top (2014) no growth is possible 
during the winter. In the table on the next page, a comparison is given between current situation 
and optimal management. 
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Table 24. Result of economic possibilities with current situation compared with the production when optimal 
management is applied. 

 Current situation (€) Optimal management (PHS 
model) (€) 

Cattle feed savings 136.2 369.9 
CO2 equivalents 7.6 19.5 
Manure (15+0.6*1.05)*m3 19.1 892.6 
Profit -430.6 416.3 
 
The table above gives the results for the combination of duckweed and rosé calves. In contrary to 
rosé calves, pigs have less feed requirements. Therefore, the production of duckweed might have 
more opportunities for pigs than rosé calves. Unfortunately, the solution is non-feasible, because 
the phosphorus content of pig feed is relatively high. In addition, a simulation with a food 
composition with sugar beet pulp feed, still results in a non-feasible solution, despite the fact that 
the phosphorus content of sugar beet pulp is relatively low. It seems that current raw materials 
have a too high phosphorus content and the constraints are too strict, if the phosphorus constraint 
is neglected then a feasible solution is found.  
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6 Discussion 

6.1 Temperature model 
In paragraph 5.1 the results of the temperature model were given. This model was made to 
establish the difference between the water and duckweed temperature. In the previous version of 
the photosynthetic model the crop temperature was assumed to be equal to the water 
temperature. Consequently, it is important to know if there is big difference between the water and 
the duckweed temperature. The temperatures of soil, roof and stable temperature cannot be 
validated, since these variables were not measured. However, comparisons with physics and other 
temperatures are possible.  

The soil temperature (Ts) can be estimated well, namely on average in May Ts-Tg = 2.8°C. In all 
other months the average difference was 2.0°C. Tg is influenced by all processes in the 
greenhouse. The high Ts elevated the Tg, but the Tg is decreased by heat loss through convection 
with Tr, Tdw and Tw. It would be strange if Ts<Tg in the middle of the day because there is 
irradiation from the sun. During the night Ts is also higher than Tg (Figure 13B), which is surprising 
since in the night the radiation is almost zero. Tg decreases fast enough through heat loss by 
convection, as a result during the night Ts>Tg. Unfortunately, no measurements of Ts have been 
done, consequently Ts cannot be validated with data. 

Further, the roof temperature (Tr) has been calculated. According to Figure 14A Tr is mostly lower 
than the Tg. On average in all months the Tg was at least 4.0°C higher than Tr. Although some 
parameters like CTsky and VwindG had to be estimated and Itot is determined with the transmittance 
of the roof, the result seems to be theoretically possible. Convection between Tout and Tr causes a 
decrease of Tr. It was also possible to determine Itot given the climate data of De Bilt. However, this 
would result in highly inaccurate estimations, since the measured irradiation in the greenhouse 
would differ from the data of De Bilt by time delay or clouds for example. In appendix 10.4, the 
measured irradiation is converted to the outside radiation and compared with the data of the KNMI. 
It seems that the transmittance is estimated too high. In other words, the total radiation outside is 
underestimated. Although this fact, the obtained result is still theoretically possible.  

The stable temperature (Tst) is determined with the model of Van den Top (2014). According to this 
research the stable temperature was almost constant, because there is always heat production by 
rosé calves and the only variable heat transfer is the transfer of cold air from outside the stable. In 
appendix 10.4, a figure is given with the results of Van den Top. In contrary to his conclusion at 
day 120 the daily temperature also varied with 8°C. Figure 14B of the temperature model ranges 
between 18 and 27°C. As a consequence, Tst does not differ much compared to the result of Van 
den Top. 

The temperature of duckweed (Tdw) is according to literature on average 1 to 3°C higher than the 
Tw (Landolt and Kandeler, 1987). Furthermore, in open cultures at 5000 lux, Tdw is 2°C higher than 
Tw (Casperson, 1956). In contrary to another research the duckweed temperature is closely related 
to the temperature 2 cm below or above the fronds (Dale and Gillespie, 1976). According to this 
experiment, during irradiation Tdw, Tw and Tair/g were almost the same, and during the night Tdw 
was closely related to the air temperature. This is similar to the result of the simulation (Figure 
16B). Only there is a difference between Tg, Tw and Tdw at irradiation. Particularly, the greenhouse 
temperature was much higher at irradiation and lower during the night. This result is in contrary to 
the results of Landolt, Casperson and Dale. It might be caused by the fact that the soil temperature 
has a relatively big surface compared to the duckweed pond; 4560 and 880 m2 respectively. As a 
result, the Tg is largely determined by the Ts. In the night the result was similar to the experiments 
of Dale, namely the Tdw was lower than the Tw. On average, over the whole months for each 
simulation, Tdw did not often exceed the water temperature. This is probably caused since the 
original model for evapotranspiration is developed for non-floating plants, therefore some 
adaptions had to be made, which resulted in an approximation for e.g. the aerodynamic resistance. 
Consequently, the evapotranspiration might be overestimated. 
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In Figure 17A, the total amount of evaporated water by duckweed is given; on average 1.72 kg m-2 
water was evaporated daily. Normally a duckweed pond evaporates 60 to 80% water compared to 
open water (Al Nozaily, 2000). In a relatively dry climate, daily evaporation was 6 to 10 kg water 
m-2 (Al Nozaily, 2000). In other words, compared to literature less water was evaporate; 1.72 vs 6 
kg water m-2. This was partly caused by the fact that there is almost no wind in the greenhouse, 
increasing VwindG to 3.2 m s-1 increased daily water evaporation to 2.48 kg water m-2 (Figure 
17B). The measurements of Al Nozaily were outside in Yemen and evapotranspiration is climate 
dependent. As a result, with an average humidity of 47% the VPD was much higher. Consequently, 
the plants could evaporate water more easily. In January, the relative humidity was 77%, and the 
evapotranspiration was 3.85 mm (Vwind=3.38 m s-1) (Al Nozaily, 2000), clearly this is closer to our 
results. Simulation of May with the constant parameters RH=77% and VwindG=3.38 gave 2.33 kg 
water m-2. Obviously, this is a rough comparison, since irradiation and temperature are different 
and therefore change the VPD. However, from this comparison it can be concluded that the 
evapotranspiration is not overestimated. 

Another factor why the model is not fully in agreement with the results of Landolt and Dale is partly 
caused by different climate conditions and through climate data. Specifically, the climate data is 
not perfect, because water was added to decrease the duckweed temperature; moreover, a part of 
the pond was covered with a screen to decrease the temperatures during summer. As a result, the 
energy processes of water and duckweed change. Given all these reasons it is logical that the 
duckweed temperature is not fully in agreement with literature. The result is partly in accordance 
with the conclusions of Dale, namely the water and duckweed temperature are related to each 
other at irradiation. However, the duckweed temperature was in the night more closely related to 
the water temperature, which is in contrary to the results of Dale. The result was mainly in 
agreement with literature, therefore it is better to simulate the model with the temperature of 
duckweed instead of the water temperature. It is possible to simulate the model with the water 
temperature since the average difference is less than 0.5. However, during the night the difference 
between the water ad duckweed increases. Therefore, it is favourable to simulate the 
photosynthetic model with the temperature of duckweed.  

6.2 Nutrient consumption rates 
Nutrient consumption by duckweed was calculated with the N & P content of newly generated 
duckweed at a given concentration in the water. A similar method was used in literature (Frédéric 
et al., 2006). It was possible to calculate the removal rates with different models. However, other 
methods based on Michaelis-Menten models did not give reliable results or were not nutrient 
dependent. From 24 Augustus to 30 September the total N & P consumption by duckweed was 1.1 
kg N ha-1 d-1 and 0.3 kg P ha-1 d-1. As mentioned in paragraph 2.2, nutrient consumption by 
duckweed is 1-4.8 kg N ha-1 d-1 and 0.1-0.6 kg P ha-1 d-1 (Al-Nozaily et al., 2000). Frederic (2006) 
obtained consumption rates in the range of 4.8 kg N ha-1 d-1 and 1.2 kg P ha-1 d-1. Compared to 
this the consumption rate is relatively low. However, this is caused by the fact the N and P content 
of the fronds is concentration dependent. Moreover, less biomass was produced compared to the 
results of Frederic. Consequently, the total consumption rates were much lower than in literature. 
Accurate consumption rates were obtained when the result is compared to the research of Al 
Nozaily (2002). In other words, current removal rates are theoretically possible.  

The N concentration in the water was influenced by the concentration in the air. For simulations a 
constant concentration of 6 ppm in the air was assumed, which was lower than ammonia 
concentration in the stable (Koerkamp et al., 1998). However, the bio bed removes an unknown 
amount of ammonia and therefore a lower concentration is expected. The average mass transfer 
was 1.3*10-3 mg N m-2 s-1, from the air to the water. Normally at high N concentration only 
volatilization takes place, however the low concentration in the water at ECOFERM caused a mass 
transfer from the air to the water. According to literature, mass transfer rates of 108.1 mg N m-2  
s-1 are possible (Ibusuki and Aneja, 1984). The difference originates from the fact that the average 
value is calculated. Obviously, the current average mass transfer rate is not overestimated and 
thus theoretically possible. 
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6.3 Nutrient correction factor 
As mentioned in previous chapter, too little nitrogen was added to have optimal growth. The total 
gross leaf assimilation rate (Pg L) is multiplied with a correction factor to correct the assimilation 
rate at N deficit conditions. This correction factor was based on Michaelis-Menten models derived 
from literature. A lot of different models were available and unfortunately the results from these 
models were not the same. Eventually, two models were compared and the differences between 
these models are given in appendix 10.4. Clearly, the model of Landolt has a smaller correction 
factor than Lasfar's. Simulations with both models resulted in a different production, which was 
mainly caused by the fact that the correction factor determined the initial density. Therefore the 
result of Landolt’s model in Figure 21 was obtained with a lower initial mat density. All simulations 
were done with the Michaelis-Menten model of Lasfar, since the results with this model were 
theoretically better. As mentioned in paragraph 2.2.5, non-optimal nutrient concentration causes a 
decrease in important photosynthetic parameters for example the Jmax, Vc max and the activation 
energies (Bown et al., 2007; Walcroft et al., 1997). Besides these parameters, also the internal 
resistance and chloroplast CO2 concentrations are influenced (Warren, 2004). Therefore, it would 
be better if the parameters of the model were adapted instead of using a correction factor based on 
the Michaelis-Menten equation. Unfortunately for duckweed species no research has been done, 
probably because the parameters Jmax and the Vc max are hard to measure (Walcroft et al., 1997). 
Besides this, for macrophytes it is more convenient to measure the nutrient concentrations and 
then determine the growth rate. 

6.4 Dark respiration rate 
The result for the dark respiration rate was given in Figure 27. The model was mainly based on the 
model of Farquhar. According to this model, dark respiration is ±5.8% of net assimilation (Fuhrer, 
1983). From other literature at normal O2 concentrations the percentage loss of all C available in 
duckweed was 1.7% in light and 3.2% in dark (Filbin and Hough, 1985). Mean dark respiration for 
Lemna gibba is 1.85 and for Spirodela oligorrhiza 2.44 mg CO2 g-1 FW h-1. Photosynthesis rates at 
low light are 13.37 and at 200 µmol 21.00 mg CO2 g-1 FW h-1 (Takemoto and Noble, 1986). This 
means that the dark respiration rate is 13.8% at low light and 8.8% at 200 µmol m-2 s-1. Dark 
respiration was calculated with equation 4.83 based on the results of (Fuhrer, 1983). According to 
this study at saturating light conditions rD was 7.7% of net assimilation at ambient CO2 and O2. In 
appendix 10.4 a figure of the dark respiration and light intensity is given. The rD/Fnet ratio 
decreased for increased light intensities and at the first 5 days the ratio was ±20%. Slowly this 
increased to 32%, which was caused by an increased LAI and a reduced assimilation rate.  

Compared to literature, the model seems to overestimate dark respiration, especially at the last 15 
days. The increased ratio is partly caused by the correction factors for pH, mat density and nutrient 
concentration. Moreover, the light intensity decreased during time (Figure 15A). Consequently, the 
light dependent dark respiration increased and the produced biomass decreased. Moreover, the 
rD/Fnet ratio is determined by integration, as a result the error at low light intensities increases with 
time. Therefore, the first 20 days are more representative.  

Furthermore, an important parameter is the LAI, because the measurements by Furher are done 
with an unknown mat density. However, in the photosynthetic model the rD is multiplied with the 
LAI to adapt the respiration for the increasing mat densities. At a higher LAI, the fronds absorb less 
light, but the dark respiration rate is multiplied with the same factor. Consequently, the respiration 
increased but the net assimilation rate decreased. The theory mentioned above, was supported by 
the results of the optimal model. At an optimal nutrient concentration and LAI, the rD/Fnet ratio 
reached levels above 50%. Fast growing grass species have in in general a loss of 14 to 30% of the 
carbon assimilated per day (Van der Werf et al., 1992). Even when duckweed is compared with 
these species, the dark respiration rate is overestimated at high mat densities. Obviously, a high 
LAI causes an error in the model. Unfortunately, no measurements were done at high mat density. 
Therefore, parameters have to be estimated for higher mat densities to reduce this error. 
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6.5 Photosynthetic model 
The photosynthetic model could describe the harvested data in May accurately by estimating the 
initial mat density. The error was relatively low compared to previous research, namely from 24 
Augustus to 30 September the error was 7.4%. In previous research the lowest obtained error was 
9% (Rooijakkers, 2016). It is possible that some errors in the model are removed by estimating 
the parameters. For example, the O2 concentration in the water was ±59.5 ppm. However already 
at 20 ppm O2 the net photosynthesis rate is strongly reduced (Filbin and Hough, 1985). Besides 
this, some parameters were estimated with standard values and equations. For example, the 
boundary resistance (Rb heat) is determined with a standard equation. Furthermore, the maximum 
electron transport is temperature dependent, but the temperature dependency is calculated with a 
standard formula. 

Furthermore, with estimating the initial mat density a small deviation of 5% resulted in a 
production increase of 50%. Therefore, simulations were done with a known mat density and 
estimating the maximum electron transport rate at 26°C (Jmax26) and FullA, which is a parameter 
that determines at which mat density the LAI is equal to one. However, when both parameters 
were estimated FullA was 382.4 g FW m-2 and consequently outside the range of 457 to 620 g FW 
m-2 (Jupsin et al., 2005; Körner and Vermaat, 1998). Therefore, all other simulations were done 
with only estimating FullA, because then FullA was 455.4 g FW m-2, which is more in agreement 
with the value found in literature. From Augustus to September, with only estimating the 
parameter FullA, an accurate result was obtained, however some errors of the other parameters 
are fitted in FullA. As a result, for the simulation from July to September at day 53 (24 Augustus) 
the mat density was not the same as measured. Namely, 325 g FW m-2 was measured, but the 
model calculated a mat density of 273 g FW m-2. Besides this, the initial mat density had to be 
determined with a number of at least 7 digits behind the comma, otherwise the mat density 
became zero after 75 days. This error could be reduced if the model was validated for higher mat 
densities, because then a better relation between the duckweed production, mat density and LAI 
can be determined.  

The model was compared with literature. From this it was obvious that high growth rates are 
possible at low CO2 concentrations (Andersen et al., 1985; Björndahl and Nilsen, 1985). 
Simulations with a low CO2 concentration did not give accurate results. This was caused by the CO2 
limited rate (Pnc), since this variable was relatively low compared to the CO2 assimilation rate from 
the Pmm and TPU. Consequently, the CO2 assimilation rate is mainly determined by Pnc. Pnc is 
calculated with the CO2 concentration and the total CO2 resistance. The total resistance might be 
overestimated. However, even a lower resistance did not give a better result, because then TPU 
starts to inhibit the CO2 assimilation rate. In other words, the resistance is not the problem, but the 
low CO2 concentration. Duckweed is not sensitive for different CO2 concentrations, but obviously 
the photosynthetic model is sensitive for low CO2 levels. Therefore, it might be a good option to 
reduce the effect of the Pnc and TPU at low CO2 levels in the photosynthetic model. Simulations with 
a low photoperiod of solely 8 hours and a light intensity of 180 µmol m-2 s-1 did not give an 
accurate result, partly caused by the high respiration and the photoperiod. The photosynthetic 
model does not take the effect of the photoperiod into account. As a result, the production will 
always increase if the light duration increases, however literature shows an optimum of 13 hours 
(Lasfar et al., 2007). In other words, it seems that the model should be adapted for low CO2 levels 
and photoperiods. 

6.6 Optimal management 
The climate data of ECOFERM was used to determine the production when optimal management 
was applied. There was a clear difference between the optimal production based on the 
photosynthetic model and the model of Lasfar. This difference was mainly caused by the fact that 
the model of Lasfar is determined by the photoperiod, but the photosynthetic model uses the light 
intensity. The photosynthetic model has problems with calculating the dark respiration, nutrient 
influence and mat density. Figure 36 in the appendix clearly shows that the photoperiod is the most 
limiting factor in the model of Lasfar. Unfortunately, this photoperiod is not light intensity 
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dependent; therefore, the model assumes that the growth rate is not influenced by the light 
intensity. However, the growth rate of duckweed is obviously light intensity dependent (Docauer, 
1983). In other words, both models have their advantages and disadvantages and are not perfect.  

The optimal mat density was calculated with the model of Lasfar. Unfortunately, the photosynthetic 
model is not validated for higher mat densities, since the LAI is mainly lower than 0.95 4. The 
photosynthetic model takes the effect of less light on the fronds at higher mat densities into 
account. The model calculated a higher CO2 assimilation rate at lower mat densities than according 
to the optimal mat density from equation 4.82. Despite this fact, no data was available to prevent 
this error. This error could not be prevented by using the inputs from literature, since the model is 
sensitive to low CO2 concentrations. According to paragraph 5.2, a higher yield could be obtained 
when more thin fraction would be added. The mat density was relatively low 350 g FW m-2 
compared to an optimal mat density of ±1300 g FW m-2. Although the optimal management 
models are not perfect, higher yields were certainly possible.  

When optimal management was applied, the profit was increased by adding more manure. It is 
possible to obtain optimal concentrations of N and P with only adding thin fraction. It was assumed 
that the costs for the trace elements were not significant, since the costs for these elements are 
not mentioned in the ECOFERM report. However, for a more reliable result these costs should have 
been added. With optimal management, it was possible to make profit, however this profit does not 
take into account the depreciation or labour costs. Moreover, it remains a question if it is possible 
to apply the optimal management in practice. 85% of all electricity costs are determined by the 
impeller. However, if enough duckweed is harvested an impeller is unnecessary (van der Werf, 
2016).  

Simulations for pigs did not give a feasible solution due to the fact that the phosphorus content of 
the feed was too high. Sugar beet pulp has a low phosphorus content; however even with sugar 
beet pulp, no feasible solution was found. It seems that with current raw materials, it is not 
possible to have an optimal production. Although, according to literature it is possible to replace 
50% of all protein sources by duckweed for sows (Le thi Men et al., 1997). Another research found 
no difference in weight gain when 10% of pig feed was replaced by duckweed (Gutierrez et al., 
2001). In contrary for rosé calves duckweed has to be dried using the heat of a gas turbine or 
using ultraviolet light. The last one causes a reduced concentration of beta carotene (Skillicorn et 
al., 1993), beta carotene is used for vitamin A production. At ECOFERM duckweed was not dried, 
but directly given to the animals, no problems occurred due to low amounts of duckweed were 
given. Drying is also not a good option, because it will increase the price significantly (Holshof et 
al., 2009). It is also possible to squeeze or ferment the duckweed. Squeezing is not an good option 
either due to the fact that there is only a small increase in dry matter percentage and there are 
losses of valuable products (Hoving et al., 2012). By adding additives, fermentation has more 
opportunities, but unfortunately current methods are not applicable for silage. Furthermore, 
according the same research the uptake of fresh duckweed by cows is limited due to the taste and 
odour (Hoving et al., 2012). In other words, for rosé calves and cows duckweed has to be dried. 
Besides this, it is expected that only 2% of all concentrate can be replaced by duckweed (Holshof 
et al., 2009). In other words, duckweed has much more possibilities for pigs than for rosé calves.  

  

                                                
4 Average mat density from July to September is ±431 g FW m-2; LAI= 431

455.4
= 0.95 
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7 Conclusion 
In the previous model, the temperature of the water was used for the temperature of the 
duckweed in the photosynthetic model. Simulations with all energy processes showed that the 
temperature of duckweed does not differ much from the temperature of water. This result was 
partly in agreement with literature. At night the difference between the water and duckweed 
temperature increased, therefore it is better to do simulations in the photosynthetic model with the 
temperature of duckweed instead of the water temperature. 

The estimated parameters from previous research were compared to literature; clearly previous 
parameters were in a different range. These parameters are adapted; still some other parameters 
are determined with standard equations. It is assumed that these equations are correct, however 
as shown with the formula of the CO2 compensation point this is not always true. It would be better 
if these equations were validated for duckweed species. 

According to literature study in chapter 2, the most important nutrients were nitrogen and 
phosphorus. The photosynthetic model is based on optimal concentrations for all nutrients. Current 
results of the nutrient consumption rates are in range with literature, however too little thin 
fraction was added to obtain optimal N & P concentrations. Therefore, the model is adapted for 
nutrient deficit conditions. This adaption is made on a Michaelis-Menten equation of Lasfar. Other 
models were also available, but did not give a reliable result after estimating the parameters. It 
would be better if the photosynthetic parameters were adapted instead of using a correction factor. 
Unfortunately, the change of the parameters at nutrient deficit conditions is currently unknown. 

The model is mat density dependent. The results showed clearly that the system is sensitive for 
small changes in the mat density. As a result, determining the initial mat density for each month 
would result in fitting of errors. From 24 Augustus to 30 September an accurate prediction of the 
production is made with a deviation fit of 7.4%. The error from July to September was relatively 
small; 3.1%. However, it is unlikely that the photosynthetic model is able to predict the production 
of a different data set without estimating any parameters. Namely, it was not possible to obtain an 
accurate result from July to September if the estimated parameter for the initial mat density has 
less than 7 digits behind the comma. To improve the model, the parameters should be determined 
from a data set with high mat densities.  

The model is simulated with parameters from literature; only at high CO2 concentrations, the 
model could give an accurate result. Besides, at low light intensities the production was too low 
compared to literature. Currently the CO2 sensitivity of the model is a problem, because the growth 
rate of duckweed does not change for elevated CO2 concentration. However, the CO2 limited rate 
and TPU are CO2 concentration dependent. As a result, simulations with a low CO2 concentration 
did not give an accurate result. Therefore, more research has to be done to improve the model for 
low CO2 concentrations.  

The possible production with optimal management was determined. Clearly, a much higher yield is 
obtained in both the optimal photosynthetic model and the optimal model of Lasfar. The increased 
profits were mainly obtained by adding more thin fraction, instead of the reduced feed costs. If the 
depreciation and labour costs are taken into account, then it is not possible to cultivate duckweed 
commercially. Probably a semi-closed loop with duckweed and pigs is more suitable, since it is 
possible to replace 50% of current soy in the pig feed composition with duckweed. More research is 
needed for pigs to validate this and calculate the reduced costs by using duckweed. 
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8 Recommendations 
The accuracy of the photosynthetic model can be increased if the correction factor at nutrient 
deficit conditions is replaced by nutrient dependent activation energies, maximum electron 
transport rate and carboxylation rate. Moreover, it would be better if the nutrient concentration 
would be measured, because the nutrient concentration is determined with ammonia from air and 
nutrient uptake by duckweed. However, also other processes for example denitrification by algae 
can influence the nutrient concentration, in the model this influence is not taken into account. 
Furthermore, to validate the model at elevated mat densities, more data is needed. Currently the 
parameters were only fitted at an LAI of ±0.95. Consequently, the optimal management model had 
dark respiration rates higher than theoretically possible. Moreover, the mat density should be 
measured more times, because the model is sensitive to the mat density. As a consequence, the 
model could only be validated once from 24 Augustus to 30 September. 

The disadvantage of the photosynthetic model is the sensitive for the CO2 concentration. 
Consequently, the results of the model with low CO2 levels and inputs from the literature did not 
give an accurate result. As a result, for further research the CO2 limited photosynthesis rate (Pnc) 
and the triose phosphate use (TPU) should be adapted or neglected at low CO2 levels. If this 
adaption is hard to realise or theoretically not possible, then it might be better to improve the 
model of Lasfar and extend the model with an equation for the light intensity instead of using the 
photoperiod. Furthermore, it might be a good idea to implement the effect of the photoperiod in 
the model, due to the fact that the model assumes that for an increasing light duration the 
production always increases.  

Finally, more research to the requirements of pig feed has to be done. More raw materials have to 
be added to improve the photosynthetic model. Besides this, the requirements for the maximal 
phosphorus content should be validated with more literature, since a lot of raw materials have a 
higher phosphorus content than the permissible concentration. Moreover, more research has to be 
done to the maximum uptake of duckweed by pigs. Subsequently the profit with and without 
duckweed needs to be determined. 
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10 Appendix 

10.1 Appendix literature chapter 
Table 25. Composition of a Hutner 1/5 solution (Landolt and Kandeler, 1987). 

Substance mg L-1 
NH4NO3 40 
K2HPO4 80 
Ca(NO3)2*4 H2O 40 
MgSO4*7H2O 100 
FeSO4*7H2O 5 
MnSO4*7H2O 3 
ZnSO4*7H2O 13 
H3BO3 3 
Na2MoO4*2H2O 5 
CuSO4*5H2O 0.8 
CoSO4*7H2O 0.2 
Na2 salt of EDTA 100 
The following carbohydrates cannot be used by Lemnaceae species; ethanol, glycerol, mannitol, 
inuline, starch, lactose, arabinose, ribose, tartrate, succinate, acetate, citrate, malonic acid, oxalic 
acid, glucuronic acid, and glutamic acid. 

Below the equations for Figure 1 (N consumption rate by duckweed) can be found (Zhang, 2014); 
x is the ammonium concentration. 

𝑒𝑒 =
�0.082 ∗ 𝑥𝑥

1.877 + 𝑥𝑥�
18.04 ∗ 14 

[𝑚𝑚𝑖𝑖 𝑁𝑁 𝑚𝑚−2 ℎ−1] 10.1 

 
Table 26. Parameters for calculation CO2 compensation point calculation (Farquhar et al., 1980). 

𝐾𝐾𝑐𝑐 Michaelis-Menten constant for CO2 460 [𝜇𝜇𝐴𝐴𝑎𝑎𝑓𝑓] 
𝐾𝐾𝑜𝑜 Michaelis-Menten constant for O2 330 [𝑚𝑚𝐴𝐴𝑎𝑎𝑓𝑓] 
𝑘𝑘𝑐𝑐 Turnover number of RuP2 carboxylase 2.5 [𝑓𝑓−1] 
𝑘𝑘𝑜𝑜 Turnover number of RUP2 oxygenase 0.525 [𝑓𝑓−1] 
𝑂𝑂 Partial pressure of O2 210 [𝑚𝑚𝐴𝐴𝑎𝑎𝑓𝑓] 
𝐸𝐸𝑑𝑑 Dark respiration (Fuhrer, 1983) min=0.34;max=1.36 [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2𝑓𝑓−1] 

𝑉𝑉𝑐𝑐 𝑚𝑚𝑎𝑎𝑚𝑚26 Maximum carboxylation rate 23.8 [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2𝑓𝑓−1] 
 

Table 27. Parameters for calculating the mesophyll resistance. Some values might be different then Table 26, due 
to this model is based on a different research (van Ooteghem, 2007).  

𝐾𝐾𝑐𝑐25 Michaelis-Menten constant for CO2 310 [𝜇𝜇𝐴𝐴𝑎𝑎𝑓𝑓] 
𝐾𝐾𝑜𝑜25 Michaelis-Menten constant for O2 155 [𝑚𝑚𝐴𝐴𝑎𝑎𝑓𝑓] 
𝐾𝐾𝑐𝑐 Michaelis-Menten carboxylation eq 10.2 [𝜇𝜇𝐴𝐴𝑎𝑎𝑓𝑓] 
𝐾𝐾𝑜𝑜 Michaelis-Menten oxygenation eq 10.3 [𝑚𝑚𝐴𝐴𝑎𝑎𝑓𝑓] 
𝐾𝐾𝑚𝑚 Effective Michaelis-Menten constant eq 10.4 [𝜇𝜇𝐴𝐴𝑎𝑎𝑓𝑓] 
𝐸𝐸𝑐𝑐 Activation energy Kc 59356 [𝐽𝐽 𝑚𝑚𝑜𝑜𝑒𝑒−1] 
𝐸𝐸𝑜𝑜 Activation energy Ko 35948 [𝐽𝐽 𝑚𝑚𝑜𝑜𝑒𝑒−1] 
𝐸𝐸𝑣𝑣𝑐𝑐 Activation energy Vc max 58520 [𝐽𝐽 𝑚𝑚𝑜𝑜𝑒𝑒−1] 
𝑂𝑂 Partial pressure of O2 210 [𝑚𝑚𝐴𝐴𝑎𝑎𝑓𝑓] 

𝜌𝜌𝜌𝜌𝑂𝑂2𝐸𝐸 Density of CO2 eq 3.2 [𝑘𝑘𝑖𝑖 𝑚𝑚−3] 
𝑉𝑉𝑐𝑐 𝑚𝑚𝑎𝑎𝑚𝑚26 Maximum carboxylation rate at 26 23.8 [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2 [𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 𝑓𝑓−1] 
𝑉𝑉𝑐𝑐 𝑚𝑚𝑎𝑎𝑚𝑚 Maximum carboxylaton rate at given T eq 10.5 [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2 [𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 𝑓𝑓−1] 
𝐸𝐸𝑚𝑚 Mesophyll resistance eq 10.6 [𝑓𝑓 𝑚𝑚−1] 
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Below all equations are given to calculate the mesophyll resistance. 

𝐾𝐾𝑐𝑐 = 𝐾𝐾𝑐𝑐25 ∗ 𝑒𝑒𝐸𝐸𝑐𝑐∗𝑋𝑋 [𝜇𝜇𝐴𝐴𝑎𝑎𝑓𝑓] 10.2 

𝐾𝐾𝑜𝑜 = 𝐾𝐾𝑜𝑜25 ∗ 𝑒𝑒𝐸𝐸𝑜𝑜∗𝑋𝑋 [𝑚𝑚𝐴𝐴𝑎𝑎𝑓𝑓] 10.3 

𝐾𝐾𝑚𝑚 = 𝐾𝐾𝑐𝑐 ∗ (1 +
𝑂𝑂
𝐾𝐾𝑜𝑜

) 
[𝜇𝜇𝐴𝐴𝑎𝑎𝑓𝑓] 10.4 

𝑉𝑉𝑐𝑐 𝑚𝑚𝑎𝑎𝑚𝑚 = 𝑉𝑉𝑐𝑐 𝑚𝑚𝑎𝑎𝑚𝑚26 ∗ 𝑒𝑒𝐸𝐸𝑣𝑣𝑐𝑐∗𝑋𝑋 [𝜇𝜇𝑚𝑚𝑜𝑜𝑒𝑒 𝑚𝑚−2𝑓𝑓−1] 10.5 

𝐸𝐸𝑚𝑚 =
𝐾𝐾𝑚𝑚
𝑉𝑉𝑐𝑐 𝑚𝑚𝑎𝑎𝑚𝑚

∗
𝜌𝜌𝜌𝜌𝑂𝑂2𝐸𝐸
𝑀𝑀𝜌𝜌𝑂𝑂2

+ 15  [𝑓𝑓 𝑚𝑚−1] 10.6 

 

10.2 Appendix theory model 
Table 28. Formulas to calculate the fictive emission of a clear sky and the vapour pressure outside. 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑑𝑑𝑒𝑒𝑎𝑎𝑐𝑐 = 0.53 + 6 ∗ 10−3 ∗ �𝑝𝑝𝑜𝑜𝐻𝐻2𝑂𝑂 Fictive emission coefficient of clear 
sky 

[−] 10.7 

𝑝𝑝𝑜𝑜𝐻𝐻2𝑂𝑂 = 𝑝𝑝𝑜𝑜𝐻𝐻2𝑂𝑂𝑓𝑓 ∗ 𝐸𝐸𝐻𝐻𝑜𝑜𝑐𝑐𝑡𝑡 Vapour pressure outside [𝑃𝑃𝑎𝑎] 10.8 
 
Below the formulas are given for determining the diffuse fraction. Io is in this case the measured 
outdoor radiation. Otherwise the 𝜏𝜏𝑎𝑎𝑡𝑡𝑚𝑚 could not be calculated due to the fact that for determining 
the outside radiation fpar is needed eq. 10.12. If the sinB is smaller than 0.001, only diffuse 
radiation is possible, because then the position of the sun is too low to cause direct radiation.  

Table 29. Formulas to determine the diffuse fraction fdifpar. 

𝑆𝑆𝑜𝑜𝑒𝑒𝑎𝑎𝑓𝑓𝑡𝑡 = 1367 ∗ (1 + 0.033 ∗ cos �2𝜋𝜋 ∗
𝑦𝑦𝑎𝑎𝑒𝑒𝑁𝑁
365 �) Solar radiation at outer layer of 

atmosphere 
[𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 10.9 

𝜏𝜏𝑎𝑎𝑡𝑡𝑚𝑚 =
𝐼𝐼𝑜𝑜

𝑓𝑓𝑜𝑜𝑒𝑒𝑎𝑎𝑓𝑓𝑡𝑡 + 𝑓𝑓𝑒𝑒𝑓𝑓B Transmittance of atmosphere [−] 10.10 

𝑓𝑓𝑑𝑑𝑖𝑖𝑓𝑓𝑜𝑜𝑎𝑎𝑐𝑐 = 1 
𝑜𝑜𝑓𝑓 𝑒𝑒𝑓𝑓 𝑓𝑓𝑒𝑒𝑓𝑓𝑍𝑍 > 1 ∗ 10−3 

𝑓𝑓𝑑𝑑𝑖𝑖𝑓𝑓𝑜𝑜𝑎𝑎𝑐𝑐 = min (𝑓𝑓𝑑𝑑𝑖𝑖𝑓𝑓 ∗ (1 + 0.35 ∗ 𝑓𝑓𝑐𝑐𝑑𝑑𝑒𝑒𝑎𝑎𝑐𝑐), 1) 

Fraction diffuse PAR in total 
radiation 

[−] 10.11 

The table below is a summary to determine the direct and diffuse radiation inside and outside the 
greenhouse. IPO is PAR outside greenhouse. Normally the outside radiation is converted to PAR, 
however IPO is calculated with equation 10.12 and 10.13, as a result fpar was not needed. 

Table 30. Calculation of the diffuse (IP dif) and direct (IP dir) radiation inside the greenhouse.  

𝐼𝐼𝑜𝑜 =
𝐼𝐼𝐿𝐿

𝑓𝑓𝑜𝑜𝑎𝑎𝑐𝑐 ∗ 𝜏𝜏𝑑𝑑𝑖𝑖𝑐𝑐𝑅𝑅
 Radiation outside, IA is measured 

radiation in greenhouse.  
[𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 10.12 

𝐼𝐼𝑃𝑃𝑂𝑂 = 𝑓𝑓𝑜𝑜𝑎𝑎𝑐𝑐 ∗ 𝐼𝐼𝑜𝑜 PAR outside greenhouse [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 10.13 

𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑓𝑓𝑂𝑂 = 𝑓𝑓𝑑𝑑𝑖𝑖𝑓𝑓𝑜𝑜𝑎𝑎𝑐𝑐 ∗ 𝐼𝐼𝑃𝑃𝑂𝑂 Diffuse PAR outside [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 10.14 

 𝐼𝐼𝑃𝑃𝑑𝑑𝑖𝑖𝑐𝑐𝑂𝑂 = 𝐼𝐼𝑜𝑜𝑂𝑂 − 𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑓𝑓𝑂𝑂 Direct PAR outside [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 10.15 

𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑓𝑓 = 𝜏𝜏𝑑𝑑𝑖𝑖𝑓𝑓𝑅𝑅 ∗ 𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑓𝑓𝑂𝑂 Diffuse PAR inside [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 10.16 

𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑐𝑐 = 𝜏𝜏𝑑𝑑𝑖𝑖𝑐𝑐𝑅𝑅 ∗ 𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑐𝑐𝑂𝑂 Direct PAR inside [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 10.17 

To convert the direct and diffuse radiation outside to the irradiation inside the greenhouse Ipdif and 
IPdir are multiplied with the transmittance coefficients below.  

𝜏𝜏𝑑𝑑𝑖𝑖𝑓𝑓𝑅𝑅 = 0.59 Transmittance of the roof for 
diffuse radiation 

[−] 10.18 

𝜏𝜏𝑑𝑑𝑖𝑖𝑐𝑐𝑅𝑅 = 0.85 ∗ �1 − 𝑒𝑒−0.083∗3602𝜋𝜋 ∗𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠� Transmittance of the roof for 
direct radiation 

[−] 10.19 
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Table 31. Formulas for reflection, transmittance and fraction sunlit leaf area.  

𝛽𝛽𝑑𝑑𝑖𝑖𝑓𝑓 =
1 − √1 − 𝑓𝑓
1 + √1 − 𝑓𝑓

 
Diffuse reflection by canopy [−] 10.20 

𝛽𝛽𝑑𝑑𝑖𝑖𝑐𝑐 =
2

1 +
𝑘𝑘𝑑𝑑𝑖𝑖𝑓𝑓𝑑𝑑𝐿𝐿
𝑘𝑘𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝐿𝐿

∗ 𝛽𝛽𝑑𝑑𝑖𝑖𝑓𝑓 
Direct reflection by canopy [−] 10.21 

𝜏𝜏𝑑𝑑𝑖𝑖𝑓𝑓 = 𝑒𝑒−𝑠𝑠𝑑𝑑𝑖𝑖𝑑𝑑∗𝐿𝐿𝐿𝐿𝑃𝑃𝑙𝑙 Diffuse transmittance [−] 10.22 

𝜏𝜏𝑑𝑑𝑖𝑖𝑐𝑐 = 𝑒𝑒−𝑠𝑠𝑑𝑑𝑖𝑖𝑑𝑑∗𝐿𝐿𝐿𝐿𝑃𝑃𝑙𝑙 Direct transmittance [−] 10.23 

𝜏𝜏𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝐿𝐿 = 𝑒𝑒−𝑠𝑠𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑∗𝐿𝐿𝐿𝐿𝑃𝑃𝑙𝑙 Direct transmittance for black leaves [−] 10.24 

𝑓𝑓𝑠𝑠𝑑𝑑𝑎𝑎 = 𝜏𝜏𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝐿𝐿 
 

Fraction sunlit leaf area, in other 
words which part of the fronds is in 
the sun. 

[−] 10.25 

 

Table 32. All variables and parameters for the leaf area index light correction. 

Leaf area index light correction variables and parameters 
𝐿𝐿𝐴𝐴𝐼𝐼 Fraction of Apond covered by duckweed eq 4.50 [−] 

𝐿𝐿𝐴𝐴𝐼𝐼𝑑𝑑 LAI at given layer depth l1 eq 4.51 [−] 
𝑃𝑃𝑔𝑔 𝑠𝑠𝑐𝑐𝑛𝑛 Gross leaf assimilation rate sunlit fronds eq 4.52 [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 
𝑃𝑃𝑔𝑔 𝑠𝑠ℎ𝑑𝑑 Gross leaf assimilation rate shaded fronds eq 4.53 [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 
𝑃𝑃𝑔𝑔 𝑑𝑑 Total leaf assimilation rate eq 4.54 [𝑚𝑚𝑖𝑖 𝜌𝜌𝑂𝑂2 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 
𝑋𝑋𝑔𝑔 Layer depth correction values [0.11,0.5,0.89] [−] 
𝑊𝑊𝑔𝑔 Weighing factors [0.28,0.44,0.28] [−] 

𝑒𝑒1 First counter for canopy depth [1,2,3] [−] 

𝑒𝑒2 Second counter for sunlit leaves [1,2,3] [−] 

𝐼𝐼𝐿𝐿 𝑠𝑠𝑐𝑐𝑛𝑛 
Total irradiation sunlit fronds at layer depth l1 
and light correct l2 eq 4.55 [𝑊𝑊 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 

𝐼𝐼𝐿𝐿 𝑠𝑠ℎ𝑎𝑎𝑑𝑑𝑒𝑒 
Total irradiation shaded fronds at layer depth 
l1 eq 4.56 [𝑊𝑊 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 

𝐼𝐼𝐿𝐿 𝑑𝑑𝑖𝑖𝑓𝑓 Diffuse radiation at leaf layer l1  eq 4.57 [𝑊𝑊 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 

𝐼𝐼𝐿𝐿 𝑡𝑡𝑑𝑑𝑖𝑖𝑐𝑐 Total direct radiation at leaf layer l1 eq 4.58 [𝑊𝑊 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 

𝐼𝐼𝐿𝐿 𝑑𝑑𝑖𝑖𝑐𝑐 Direct radiation at leaf layer l1 eq 4.59 [𝑊𝑊 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 

𝐼𝐼𝐿𝐿 𝑜𝑜𝑜𝑜𝑑𝑑 
Direct flux leaves perpendicular on direct 
beam eq 4.60 [𝑊𝑊 𝑚𝑚−2 𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓] 

𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑓𝑓 Diffuse light in greenhouse eq 4.61 [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 

𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑐𝑐 Direct light in greenhouse eq 4.62 [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 

𝑆𝑆𝑜𝑜𝑒𝑒𝑎𝑎𝑓𝑓𝑡𝑡 Solar radiation at outer layer of atmosphere eq 10.9 [𝑊𝑊 𝑚𝑚−2] 

𝜏𝜏𝑎𝑎𝑡𝑡𝑚𝑚 Transmittance of atmosphere eq 10.10 [−] 

𝑓𝑓𝑦𝑦𝑒𝑒𝑓𝑓𝑝𝑝𝑎𝑎𝑓𝑓 Fraction diffuse par in total radiation eq 10.11 [−] 

𝐼𝐼𝑂𝑂 
Radiation outside, IA is measured radiation in 
greenhouse. eq 10.12 [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 

𝐼𝐼𝑃𝑃𝑂𝑂 PAR outside greenhouse eq 10.13 [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 
𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑓𝑓𝑂𝑂 Diffuse PAR outside eq 10.14 [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 

𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑐𝑐𝑂𝑂 Direct PAR outside eq 10.15 [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 
𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑓𝑓 Diffuse PAR inside eq 10.16 [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 

𝐼𝐼𝑃𝑃 𝑑𝑑𝑖𝑖𝑐𝑐 Direct PAR inside eq 10.17 [𝑊𝑊 𝑚𝑚−2 𝑓𝑓𝑜𝑜𝑒𝑒𝑒𝑒] 
𝜏𝜏𝑑𝑑𝑖𝑖𝑓𝑓𝑅𝑅 Transmittance of the roof for diffuse radiation 0.59 [−] 
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𝜏𝜏𝑑𝑑𝑖𝑖𝑐𝑐𝑅𝑅 Transmittance of the roof for direct radiation eq 10.19 [−] 
𝛽𝛽𝑑𝑑𝑖𝑖𝑓𝑓 Diffuse reflection by canopy eq 10.20 [−] 

𝛽𝛽𝑑𝑑𝑖𝑖𝑐𝑐 Direct reflection by canopy eq 10.21 [−] 
𝜏𝜏𝑑𝑑𝑖𝑖𝑓𝑓 Diffuse transmittance layer depth dependent eq 10.22 [−] 

𝜏𝜏𝑑𝑑𝑖𝑖𝑐𝑐 Direct transmittance layer depth dependent eq 10.23 [−] 

𝜏𝜏𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝐿𝐿 
Direct transmittance for black leaves layer 
depth dependent eq 10.24 [−] 

𝑓𝑓𝑠𝑠𝑑𝑑𝑎𝑎 

Fraction sunlit leaf area, in other words which 
part of the fronds is in the sun. Layer depth 
dependent eq 10.25 [−] 

𝑓𝑓 Scattering coefficient  0.15 [−] 
𝑘𝑘𝑑𝑑𝑖𝑖𝑓𝑓𝑑𝑑𝐿𝐿 Diffuse extinction coefficient black leaves 0.8 [−] 
𝑘𝑘𝑑𝑑𝑖𝑖𝑓𝑓 Diffuse extinction coefficient eq 4.63 [−] 

𝑘𝑘𝑑𝑑𝑖𝑖𝑐𝑐𝑑𝑑𝐿𝐿 Direct extinction coefficient black leaves eq 4.65 [−] 

𝑘𝑘𝑑𝑑𝑖𝑖𝑐𝑐 Direct extinction coefficient eq 4.64 [−] 

𝑓𝑓𝑒𝑒𝑜𝑜 Specific leaf orientation 0.5 [−] 

𝑆𝑆𝑂𝑂𝐿𝐿ℎ𝑐𝑐 
Solar Time of the day corrected for Middle 
European Time eq 4.67 [ℎ] 

𝑓𝑓𝑒𝑒𝑓𝑓𝑍𝑍 Sine of solar elevation eq 4.68 [−] 

𝑍𝑍𝑠𝑠𝑐𝑐𝑛𝑛 Elevation of the sun sin-1(sinB) [𝑓𝑓𝑎𝑎𝑦𝑦] 

𝛿𝛿𝑠𝑠𝑐𝑐𝑛𝑛 
Solar declination angle between horizontal 
plane and sun eq 4.66 [°] 

𝐿𝐿𝑎𝑎𝑎𝑎 Latitude ECOFERM 52.26 [°] 
𝐿𝐿𝑜𝑜𝑓𝑓𝑖𝑖 Longitude ECOFERM 5.78 [°] 

 

  



 75 

10.3 Appendix results 
Table 33. Figures of Tdw vs Tw for all months. 

May June 

  
July Augustus 

  
September October 
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Table 34. Result of sensitivity analysis with an initial density of 311.1 g FW m-2.  

 
Table 35. Correlation coefficient of May with an initial density of 311.1 g FW m-2. 
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Table 36. Result of sensitivity analysis with a known mat density from 24 Augustus to 30. 

 

 

Table 37. Correlation coefficient from 24 Augustus to 30 September. 
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Table 38. Table of the results of each month obtained with optimal management of the photosynthetic model. 

May 

   
June 

   
July 

   
Augustus 

   
September 
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October 

   
 
Below the equations are given to determine nutrient correction factor if the model of Landolt 
(1987) was used.  

𝑓𝑓𝑛𝑛 = 𝐴𝐴𝑛𝑛 ∗
𝜌𝜌𝑛𝑛

𝐾𝐾𝑛𝑛 + 𝜌𝜌𝑜𝑜
 [𝑦𝑦−1] 10.26 

𝑓𝑓𝑜𝑜 = 𝐴𝐴𝑜𝑜 ∗
𝜌𝜌𝑜𝑜

𝐾𝐾𝑜𝑜 + 𝜌𝜌𝑜𝑜
 [𝑦𝑦−1] 10.27 

𝑁𝑁𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 = min�
𝑒𝑒𝑐𝑐𝑠𝑠

𝑒𝑒𝑐𝑐𝑠𝑠𝑚𝑚𝑎𝑎𝑚𝑚 ,
𝑒𝑒𝑐𝑐𝑜𝑜

𝑒𝑒𝑐𝑐𝑜𝑜𝑚𝑚𝑎𝑎𝑚𝑚� 
[−] 10.28 

 

Table 39. Parameters for determining the nutrient correction factor based on Landolts (1987) research. 

𝐴𝐴𝑛𝑛 Growth rate factor 0.36 [𝑦𝑦−1] 

𝜌𝜌𝑁𝑁 Nitrogen concentration input [𝑚𝑚𝑖𝑖 𝑁𝑁 𝐿𝐿−1] 

𝐾𝐾𝑁𝑁 Constant for inhibition at low CN 0.95 [𝑚𝑚𝑖𝑖 𝑁𝑁 𝐿𝐿−1] 

𝑓𝑓𝑛𝑛𝑚𝑚𝑎𝑎𝑥𝑥 Growth rate at optimal N concentration 0.36 [𝑦𝑦−1] 
𝐴𝐴𝑜𝑜 Growth rate factor 0.36 [−] 
𝜌𝜌𝑜𝑜 Phosphorus concentration input [𝑚𝑚𝑖𝑖 𝑃𝑃 𝐿𝐿−1] 

𝐾𝐾𝑃𝑃 Constant for inhibition at low CP 0.31 [𝑚𝑚𝑖𝑖 𝑃𝑃 𝐿𝐿−1] 
𝑓𝑓𝑜𝑜𝑚𝑚𝑎𝑎𝑥𝑥 Growth rate at optimal P concentration 0.36 [𝑦𝑦−1] 

𝑁𝑁𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 Correction factor at limiting concentrations eq 4.77 [−] 



 80 

10.4 Appendix discussion 

 

Figure 30. Comparison of measured light intensity at ECOFERM and De Bilt. 

 

Figure 31. Simulated stable temperature of Van den Top (2014). 

 

Figure 32. Evaporation in May with VwindG=3.38, RH was constant 77% (2.33 kg water m-2). 

 

Figure 33. Dark respiration fraction and the influence of the light intensity. At high irradiance, the fraction 
decreased. 
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Figure 34. Total kg N obtained from the air. 

Calculation mass transfer rate based on literature at a concentration difference of 5 mg L-1 NH3. 

𝐽𝐽 = −𝐾𝐾�𝜌𝜌𝑔𝑔 − 𝐻𝐻𝜌𝜌𝑑𝑑� ∗
1000
17.03 ∗ 14 

𝐾𝐾 0.0265 [𝑚𝑚 𝑓𝑓−1] 
𝜌𝜌𝑔𝑔 6 [𝑚𝑚𝑖𝑖 𝑁𝑁𝐻𝐻3 𝐿𝐿−1] 
𝜌𝜌𝑑𝑑 1 [𝑚𝑚𝑖𝑖 𝑁𝑁𝐻𝐻3 𝐿𝐿−1] 
𝐻𝐻 1.04 [−] 
𝐽𝐽 108.1 [𝑚𝑚𝑖𝑖 𝑁𝑁 𝑚𝑚−2 𝑓𝑓−1] 

 

 

Figure 35. Comparison the correction factor based on Lasfar’s or Landolt’s model at given N concentration.  

 

Figure 36. Correction factors of the month July, obviously the photoperiod (yellow) is the most limiting factor for 
optimal production. 
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Figure 37. Growth rate as a function of the light intensity, obviously the growth rate is light intensity dependent 
(Docauer, 1983). 
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