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Abstract

Future crewed space missions will make use of hybrid life support systems to sustain human presence in space and on other
planetary bodies. Plants fulfill essential roles in those systems such as carbon dioxide removal, oxygen production, and food
production. The systems required to grow plants in space, so-called space greenhouses, are complex and need to be built as
efficient as possible. Thereby, the resources mass, volume, energy, and crewtime required to grow a certain amount of food
are essential because these parameters define the effectiveness of the space greenhouse. However, the required resources
depend on the size of the greenhouse which in turn depends on the productivity of the crops which in turn depend on the
cultivation conditions. The output of such a system can be calculated using the Modified Energy Cascade plant production
model, which can simulate the food output depending on the cultivation conditions. Traditionally, life support systems are
evaluated using the Equivalent System Mass method, which can determine the cost effective life support architecture for a
given mission scenario. By combining both, the influence of the cultivation conditions inside the space greenhouse on the
effectiveness of the complete system can be investigated. It seems counterintuitive first, but it is more effective to increase
the energy per area provided to the plants in the form of light. Although that increases the electrical energy demand per area,
the reduction in required cultivation area and, therefore, system size leads to a more efficient system.
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Abbreviations the past, several small plant cultivation systems have been
ESM  Equivalent system mass part of space stations to test the response of plants to micro-
PPF Photosynthetic photon flux gravity and to test the technologies necessary to sustain
A Cultivation area plants [1]. VEGGIE [2] and the Advanced Plant Habitat
M Mass [3] onboard the ISS are the latest systems of this kind. To
v Volume contribute to the life support needs of humans (e.g., food,
P Electrical power oxygen), a space greenhouse needs to be substantially larger.
C Cooling power Analogue test facilities such as NASA’s Biomass Production
CT Crewtime Chamber [4], the South Pole Food Growth Chamber [5], and
TLEC Top-level energy cascade the EDEN ISS greenhouse in Antarctica [6, 7] are testing the
MEC Modified energy cascade operation of such larger facilities on Earth.

Determining the costs of launching and operating a green-
house is necessary to compare it to more conventional physi-
cal-chemical life support systems. While this is rather simple
for the latter, because of the static or semi-static production
behavior of physical-chemical systems, evaluating the costs
of a space greenhouse is more complex. This is caused by the
dynamic biological behavior of plants. During their develop-
54 Paul Zabel ment stages, plants require and produce different amounts of

paul.zabel @dIr.de resource which is also dependent on the crop species. But even
when the crops and the associated cultivation area are known,

1 Introduction

Humanity needs to develop space greenhouses to grow
plants to produce food during long duration exploration
mission for its endeavors to venture farther into space. In
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the production rate can be further influenced by the environ-
mental conditions in which the plants are cultivated.

The modified energy cascade (MEC) plant production
simulation model can be used to simulate the effects of
environmental conditions on the production rate of a wide
range of crops [8].

The equivalent system mass (ESM) method is used to
compare life support options to determine the most cost-
effective technology [9]. Therefore, the ESM calculates
a single mass value which incorporates also energy and
cooling demand, volume, and crewtime. These values are
transformed to a mass value by mission-specific conversion
ratios. The ESM has been used, among others, to evaluate a
Mars mission life support architecture [10], food processing
equipment [11], and to compare sunlight versus electrical
illumination in a plant production facility [12].

By combining the ESM method and the MEC plant
production model, it is possible to simulate the effects of
different production rates on the greenhouse ESM value.
The difference in production rates can be caused by vary-
ing the environmental conditions. Thereby, the influence of
the illumination intensity and the level of carbon dioxide in
the atmosphere are dominant. By optimizing both, the yield
per area of the greenhouse can be increased, which in turn
influences all ESM parameters and consequently, affects the
costs of plant production during a space exploration mission.

2 Methods
2.1 Simulation model

A comprehensive system dynamic model of a hybrid life
support system [13] has been used for the research of this
paper. This model combines a crew model, a plant cultiva-
tion model, several physical-chemical life support system
models, and a habitat model for conducting dynamic simu-
lations of life support architectures. The model also has the
capabilities to run sensitivity and perturbation analyses.

For the research presented in this paper, only the plant
cultivation simulation part of the hybrid life support system
model has been used, which is described in the following
chapter.

2.2 Modified energy cascade crop production
model

The Modified Energy Cascade (MEC) crop production
model was developed to calculate biomass production and
transpiration rates depending on environmental conditions
(e.g., light intensity, carbon dioxide concentration). The
model is based on a multivariate polynomial regression of
experimental data and links plant metabolic and growth
processes on a general level.
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The model was first created in 1995 and named Energy
Cascade model [14]. This first model simulated the growth
of wheat but did not include formulas for transpiration.
The model was then evolved to the Top-level Energy
Cascade (TLEC) model in 2000 [15], which increased
the number of crop species to nine, including most of the
preferred cultivars at that time. Furthermore, the formu-
las in the model were adapted to better fit the experimen-
tal observations. The TLEC also included formulas for
canopy transpiration. In 2002, the TLEC was improved
to the MEC by adjusting the formulas again and by add-
ing the calculation of daily oxygen production [16]. All
MEC formulas, parameters and also lists of the allowed
ranges of the environmental input parameters (see Table 1)
are documented elsewhere [17]. The MEC model exists
for nine different crops: dry bean, lettuce, peanut, white
potato, rice, soybean, sweet potato, tomato, and wheat.

2.3 Equivalent system mass

The equivalent system mass (ESM) is an evaluation tool
for life support systems and is used to determine which of
several system options with the same performance has the
lowest launch mass for a defined mission. For the evalu-
ation, different performance values such as volume (V),
power demand (P), cooling demand (C), crewtime (CT),
and logistics mass (L) are converted by being multiplied
with mission-specific constants (V,g, Peg, Ceq, CTeg) to a
mass value and added to the actual system mass (M) to
form the ESM value (see Eq. 1). The crewtime calculation

also includes the mission duration (D) [18].
ESM = M + VXV +PXPey+CXCpy +CTXxDXCT,, +L.
(H

The following analysis assumes a Mars surface mission.
Therefore, typical values as defined by Anderson et al. [17]

Table 1 Allowed ranges for the environmental input parameters in
the MEC model [17]

Crop PPF [pmol/(m*s)] CO, level [ppm] Light/dark
temperature
[°C]
Dry bean 200-1000 330-1300 32/28-23/19
Lettuce 200-500 330-1300 28/28-18/18
Peanut 200-1000 330-1300 32/28-23/19
White potato  200-1000 330-1300 25/21-15/11
Rice 200-2000 330-1300 34/26-24/16
Soybean 200-1000 330-1300 32/28-23/19
Sweet potato  200-1000 330-1300 33/27-21/17
Tomato 200-1000 330-1300 31/27-21/17
Wheat 200-2000 330-1300 28/28-18/18
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(specifically table 3.4 in this reference) with the conversion
parameters shown in Table 2 and ESM values for crop pro-
duction as shown in Table 3 were used for the calculations.

The values for P, and C,, represent only one of several
technology options. The P, value used in the calculations
of this paper is for nuclear static thermoelectric power pro-
duction. P,y has a range of 54-338 kg/kW depending on
the technology used. C,, depends on the location. For Mars
surface, the range is 121-145 kg/kW.

The logistics mass in Table 3 only accounts for lamp
spare parts (e.g., ballasts) and those only for high-pressure
sodium lamps. Other consumables such as substrate, nutri-
ent salts, and cleaning agents are not accounted for. The
EDEN ISS project or the plant growth chambers on board
the ISS (Veggie and APH) might provide up-to-date values
for consumables in the near future. For the calculations of
this paper, the logistics mass was excluded from the ESM
formula.

The thermal control value equals the power demand
value. The power demand value consists of two components,
an electrical illumination value (2.175 KW/m?, assuming
1000 pmol/(m? s)) and a value for the remaining equipment
of the plant growth chamber (0.44 kW/m?). While the lat-
ter is adequate and is also used for the following analysis,
the value for electrical illumination is outdated because it is
based on high-pressure sodium lamps. The rapidly evolving
development of plant growth LED lamps results in a much
lower power demand per square meter.

Equation 2 is used to determine the power demand per
square meter for LED lamps (P, gp) for different illumina-
tion levels (PPF). Therefore, the PPF value is converted to
Watts per square meter and multiplied by the efficiency of
converting electrical energy to light energy within PAR of
the LED lamps (ppag_c)-

Py gp = PPF X 0.22(W )/ umol/ ppag _ .- )

The conversion ratio for PAR intensity per square meter
to power per square meter of 0.22 (W s)/umol is normally
used to convert the PAR fraction of sunlight [19]. This con-
version ratio is a reasonable assumption for the calculation
in this paper although for LEDs the conversion ratio are
slightly different. However, the conversion ratio depends on
the specific spectrum of the LED lamps. A lot of research is

Table 2 Mars surface mission ESM mass penalties [17]

Ve, [kg/m?] P, [ke/kW] Ceq [ke/kW] CT,, [kg/h]

215.5 87.0 146.0 0.465

The value of P, is for power supply with a nuclear static thermoelec-
tric power production. The value of C,g is for a flow-through radiator
technology option on Mars surface

Table 3 Performance values for plant growth chambers [17]

Mass Volume  Power Cooling Crewtime  Logistics

(M) [kg/ (V) [m* (P)[kW/ (C) [kW/ (CT)[h/ mass

m’] m’] m’] m’] (m® years)] (L) [kg/
(m? years)]

101.5 1.03 2.6 2.6 13.1 (3.81)

Logistics mass is in brackets, because this value was not used in the
calculations of the manuscript

currently going on the field of plant illumination with LED
lamps and different spectrums are investigated. Therefore, a
more general conversion ratio for sunlight PAR was used in
this paper instead of a specific LED spectrum.

Table 4 shows power demand values for plant growth
LED lamps assuming a conversion efficiency of 0.35 which
is well in the limits of current LED technology. Compared
to the power demand value of 2.175 kW/m? for high-pres-
sure sodium lamps at 1000 pmol/(m? s), the value for LED
lamps (0.629 kW/m?) is less than one third for the same
light intensity.

The new power demand value P as a function of PPF is,
therefore, calculated as the following:

P(PPF) = P, ,(PPF) + 0.441%. ?3)

With these assumptions, Eq. 1 is modified to an ESM
equation (Eq. 4) for the trade-off analysis. Equation 4 calcu-
lates an ESM value per produced biomass as function of PPF
with A(PPF) being the cultivation area required to produce
one kilogram of biomass:

,ESM (PPF) = (M + V X V,, + P(PPF) X P,
Biomass 4)

+P(PPF) X C, + CT x D X CT,) X A(PPF).

2.4 Simulation inputs

This chapter lists the inputs used to run the simulations with
the MEC crop production model. A number of parameters
are defined as constants for the simulations:

Table 4 Power demand per

square meter of LED lamps for EEES[)F]lmOU Py p [kW/m?]
different PPF levels

200 0.126

400 0.251

600 0.377

800 0.503

1000 0.629

1500 0.943

2000 1.257
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e The photoperiod H is set to the nominal value HO for
each crop species.

e The relative humidity (RH) inside the greenhouse is set
to 0.75.

e The temperature during illumination (Tlight) is set to the
nominal value for each crop species.

e The growth cycles of all crop species include a germina-
tion period of five days at the beginning of the growth
cycle.

e Crops are harvested at the nominal time of crop maturity
(tM).

The light intensity (PPF) and the CO, concentration are
varied within the limits of each crop species as defined in
Table 1. The CO, level has been varied for all crop species in
four steps (330, 700, 1000 and 1300 ppm). The boundaries
for the variable PPF are different for the nine crop species.
Therefore, each crop species has different intervals of PPF
assigned for the simulations, see Table 5.

3 Results

3.1 Effects of carbon dioxide concentration
and light intensity on crop productivity

The daily oxygen production (DOP), the total crop bio-
mass (TCB), and the water accumulation rate are all
functions of the daily carbon gain (DCG). While all of
the mentioned variables are simulated for each variable
combination, only the graphs of the daily carbon gain are
shown in the following. All effects of variations in PPF
and CO, explained on the daily carbon gain also apply to
the daily oxygen production, total crop biomass, and water
accumulation rate of the different crop species.

The graphs in Figs. 3, 4 show the daily carbon gain for
each crop species for all combinations of CO, and PPF. In
general, one can say that an increase in CO, or PPF leads
to a higher daily carbon gain. However, the increase is not
linear and with higher values of CO, and PPF, the increase

levels off indicating the approach to the maximum pro-
duction capacity. The effect of increased CO, alone while
keeping the PPF constant is relatively low compared to
the effects of increased PPF for a constant CO, level. This
indicates that the more limiting factor to a high daily car-
bon gain is the light energy provided to the plants. How-
ever, the combination of the highest allowed PPF and the
highest allowed CO, usually achieves the highest daily
carbon gain.

Lettuce has the lowest daily carbon gain of all nine
crop species, which results from the relatively small size
and low plant density during cultivation of the plants and,
therefore, their smaller total production capacity compared
to the other eight species. Furthermore, the upper limit
for the PPF with 500 pmol/(m? s) is much lower than for
the other plants. Dry bean, lettuce, tomato, white potato,
peanut, and soybean all have their highest daily carbon
gain values between 6.5 and 11 g/(m? days), while sweet
potato has a highest daily carbon gain of around 20 g/
(m? days). Rice and wheat have an even higher upper limit
of daily carbon gain of 27 and 35 g/(m? days), respectively,
because of the higher limit for the PPF input of 2000 pmol/
(m? s).

In general, an increase of CO, from 1000 to 1300 ppm
for a defined PPF level is very small or almost non-exist-
ent, e.g., lettuce daily carbon gain from 6.37 to 6.48 g/
(m2days). This corresponds very well with the typically
assumed CO, level for closed environment agriculture of
1000 ppm.

White potato, peanut, and soybean show a different
behavior for high PPF (600, 800, 1000), then the other
crop species. Their increase in daily carbon gain from
600 to 800 umol/(m2 s) is very small and from 800 to
1000 pmol/(m? s) almost negligible. This indicates that
those three plant species have already approached their
maximum production capacity at medium light intensities.

The daily transpiration rate (DTR) is not a function of
daily carbon gain, but a function of PPF/CO,. Consequently,
the daily transpiration rate graphs (Figs. 5, 6) decline with
increasing PPF and CO2 levels. Similar to the daily carbon

Table 5 Simulation intervals for

; ; Crop species
all nine crop species

CO, level simulation intervals in

PPF simulation intervals in pmol/(m2 s)

ppm

Dry bean 330; 700; 1000; 1300 200; 400; 600; 800; 1000

Lettuce 330; 700; 1000; 1300 200; 300; 400; 500

Peanut 330; 700; 1000; 1300 200; 400; 600; 800; 1000

Rice 330; 700; 1000; 1300 200; 400; 600; 800; 1000; 1500; 2000
Soybean 330; 700; 1000; 1300 200; 400; 600; 800; 1000

Sweet Potato 330; 700; 1000; 1300 200; 400; 600; 800; 1000

Tomato 330; 700; 1000; 1300 200; 400; 600; 800; 1000

Wheat 330; 700; 1000; 1300 200; 400; 600; 800; 1000; 1500; 2000
‘White Potato 330; 700; 1000; 1300 200; 400; 600; 800; 1000
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gain behavior, dry bean, lettuce, tomato, white potato, pea-
nut, and soybean form the groups of crops having a much
lower daily transpiration rate than sweet potato, rice, and
wheat. Also similar to the daily carbon gain calculations, the
daily transpiration rates for white potato, peanut, and soy-
bean at high PPF levels show almost no difference between
600, 800 and 1000 pmol/(m? s).

3.2 Trade-off between ESM per total crop
biomass and different illumination intensities
with electrically produced light

Achieving high values of PPF is usually done with electri-
cal illumination. Consequently, an increase in PPF always
means an increase in electrical energy demand and, there-
fore, more launch mass for the energy supply system which
leads to a higher ESM. However, an increase in delivered
light energy means higher productivity per cultivation area
and, therefore, a smaller plant production facility to produce
the same amount of biomass. A smaller plant production
facility means less launch mass and volume and a smaller
ESM. This results in a competition between increased energy
demand for increased productivity versus structural mass
and volume reduction caused by the productivity increase.

A CO, level of 1000 ppm is used for the ESM trade-off
calculations. This value is usually assumed as the nominal
value for the CO, level of closed environment agriculture.
While the model allows a higher level of up to 1300 ppm
for all crop species, the increase in production from 1000 to
1300 ppm is rather small, as shown in the previous chapter.

The value A(PPF) in Eq. 4 represents the cultivation area
required to produce one kilogram of biomass. This value is
crop specific and a function of PPF and can be determined
from the DCG values calculated in the previous chapter.
The value D is usually the mission duration. However, for
the following analysis, this value represents the life cycle
time of each crop.

Table 6 shows as an example the calculation results for
dry bean. One can see that when the PPF doubles, the power
demand per square meter (P) also doubles because P has a lin-
ear dependency on PPF. The cultivation area A, however, has a
non-linear dependency on PPF and decreases with an increase
in PPF. The ESM values power and cooling are a function of

PPF and A. Since A is also a function of PPF, the ESM for
power and cooling does not increase with increasing values
of PPF, because the resulting reduction in cultivation area
required for the production of one kilogram of total crop bio-
mass also reduces the total power and cooling demand. The
ESM values for mass, volume, and crewtime are a function
of A alone and, therefore, decrease with an increase of PPF.

Tables with the values of the ESM calculation for the
other eight crops of the MEC can be found in “Appendix”
in Tables 7, 8, 9, 10, 11, 12, 13, 14.

Figures 1 and 2 show the total ESM values as a func-
tion of PPF for all nine crop species of the MEC at a CO,
level of 1000 ppm. The positive effect on reducing the ESM
of an increased PPF is visible for all crops. White potato,
peanut, and sweet potato show a different behavior than the
other plants. Their lowest total ESM is not at the highest
PPF value like for the other six crop species, but at around
800 pmol/(m? s).

4 Discussion

There is clearly a benefit of increasing light intensity for plant
cultivation in space to reduce the ESM and, therefore, launch
cost. Although this means an increased energy demand per
cultivation area, the advantages of a faster growth and a
higher yield outweigh the higher resource demand (in terms
of ESM). Nevertheless, one should keep in mind that the
ESM is designed to evaluate life support system technologies,
which does not necessarily include plant cultivation systems.
Comparing two physical-chemical life support technologies
for the same function (e.g., supply of oxygen) is straightfor-
ward and rather easy using ESM. However, because plant-
based life support systems naturally fulfill different life
support functions simultaneously (e.g., supply of oxygen,
reduction of carbon dioxide), those systems cannot be com-
pared to a single physical-chemical technology option. A
comparison at the system or architecture level would be more
adequate. Furthermore, plant cultivation in a closed envi-
ronment also provides qualitative benefits such as increased
mood of the crew [20], which is not easily accounted for.
Plants are not technical systems such as other life sup-
port technologies. Especially, influencing the metabolism

Table 6 Exemplary ESM PPF P(PPF) [W/m?] A(PPF)  ESM ESM ESM ESM ESM total
Cz‘)lcz“éast‘é’“ V?ggs f:"rl g(r)(y) bean [pmol/ [m?/ P+Clkg Mlkg  Vikg  CTlkg/  [ke/KEyiomaed]
( ays; 2 ppm) (mZ h)] kgbiomass] kgbiomass] kgbiomass] kgbiomass] l(gbiomass]

200 125.71 273 359.27 27665 60500  3.09 1244.01

400 251.43 1.34 215.40 13571 29678 152 649.41

600 377.14 0.93 177.51 9463 20695  1.06 480.15

800 502.86 0.75 164.82 7615 16653  0.85 408.35

1000 628.57 0.66 163.86 66.80 14608  0.75 377.49
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Fig.2 Total ESM values for rice, sweet potato, and wheat

by changing environmental conditions (e.g., increased
light intensity) can lead to a variety of changes in the
plant’s produce beyond the mere increase of yield. An
increase in light intensity does not only affect the growth
rate and the yield of the plants but can also affect the tex-
ture and taste of the produced food. This is especially true
for leafy greens, such as lettuce. The leaves can become
thicker and harder. The taste gets more bitter, up to a point
where the taste of the produce is not acceptable anymore
[20, 21]. This means that even when the ESM is lower at
higher light intensities, lower intensities are more favora-
ble to produce a tasty lettuce. The concentration of second-
ary plant ingredients (e.g., antioxidants) is also influenced
by the light intensity. Here a higher light intensity can be
beneficial to produce more valuable compounds [23, 24].

This paper focuses on a Mars surface mission. The same
calculations can be made for a lunar surface mission. The
absolute values are then lower compared to the Mars surface
scenario; because the ESM penalty values for power, volume,
and cooling are lower for lunar surface missions, only the
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crewtime penalty is higher, but this value has only very little
influence. The trends of the graphs of the lunar mission sce-
nario are the equal to the ones of the Mars surface scenario.
One should note that the ESM total values shown in this
paper should not be used for plant selection evaluation. It is
assumed here that all crops have the same structural mass
and volume requirement per square meter. In a space green-
house, the structure of the different plant compartments will
be adapted to the morphology and size of the crop culti-
vated. This would lead to different structure mass and vol-
ume penalty for each crop species. The crewtime for tending
plants is also different for each crop species (e.g., lower for
lettuce, higher for tomato). However, these crop-specific
values for mass, volume penalty, and crewtime penalty are
not available in the current literature. With the current val-
ues, small plants (e.g., lettuce) have a much higher total
ESM value than tall plants. Although the total ESM values
for all crop species are based on the same mass, volume, and
crewtime values and, therefore, not ideal, the general trend
of a lower total ESM with higher PPF remains the same.

5 Summary

This paper presented the results of calculating ESM values
for plant-based food production in space for varying light
intensities. The goal of this investigation was to understand
the effects of higher intensities on the ESM of each crop.
Therefore, the MEC model was used to simulate plant devel-
opment under different conditions. As a conclusion, one can
say that the positive effect of a reduced cultivation area,
caused by an increased light intensity, on the total ESM is
greater than the negative effect of an increased power and
cooling demand for illumination. This means that in prin-
ciple an increase in light intensity makes plant cultivation
systems more efficient, in terms of ESM. Nevertheless, one
also needs to keep in mind the effects on the plant-produced
food caused by the increase in light intensity which means
that the ESM value cannot be the only value used to evaluate
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a plant production system. Other factors such as taste, tex-
ture, and appearance of the produce are equally important.
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Appendix

See Figs. 3,4, 5, 6 and Tables 7, 8, 9, 10, 11, 12, 13,14,
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Fig.4 Rice, wheat and sweet Rice Wheat
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Fig.5 Dry pean, lettuce, Dry Bean Lettuce
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and soybean daily transpiration 4000 ' 4000
rate (DTR) average over one — & =
growth cycle (including germi- 5? 3000 * 3000
nation) for different PPF [pmol/ (S £
<< 2000 -+ 2000
(m2 s)] and CO, [ppm] values E E
£ 1000 - £ 1000 -
[2) [a)
0 : . : . 0 -
330 700 1000 1300 330 700 1000 1300
CO, level [ppm] CO, level [ppm]
==¢=200 umol/(m?2*s) ==400 umol/(m?2*s) ) )
=600 pmol/(m?*s) —3¢=800 pmol/(m?2*s) =9=200 umol/(m?*s) ={=300 umol/(m?*s)
===1000 pmol/(m?*s) =400 umol/(m?2*s) =3¢=500 umol/(m?*s)
Tomato White Potato

4000 4000
R

DTR [g/(m?*d)]
= N w
o o o
o (=] o
o o o

DTR [g/(m?*d)]
= N w
o o o
o o o
o o o

e 4

o
o

330 700 1000 1300 330 700 1000 1300
CO, level [ppm] CO, level [ppm]

=4=200 pmol/(m**s)  =i=400 pmol/(m**s) =4=200 pmol/(m?*s)  ==400 pmol/(m?*s)
=600 umol/(m?*s) =6=800 umol/(m?*s) ==e=600 umol/(m?*s) =3¢=800 umol/(m?2*s)

=3=1000 pmol/(m?*s) ==i=1000 pmol/(m?*s)
Peanut Soybean

4000 4000
? 3000 - T 3000 -
£ 5000 £ o0
= = |
& 1000 - & 1000 -
o [a]

0 . . . . 0 . . : )
330 700 1000 1300 330 700 1000 1300
CO, level [ppm] CO, level [ppm]

a=g=200 pmol/(m?*s) «={li=400 pmol/(m?*s) a=g=200 pumol/(m?*s) «=fll=400 umol/(m?*s)
w600 umol/(m?*s) == 800 pumol/(m?2*s) w600 umol/(m?*s) == 800 umol/(m?*s)
=3=1000 pmol/(m?*s) =3=1000 umol/(m?*s)

@ Springer



P. Zabel

Fig.6 Rice, wheat and sweet Rice Wheat
potato daily transpiration rate
(DTR) average over one growth 10000 10000
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IZ:’JE:fOE?xH‘iIC(“DIa_“;’;‘ o PPF P(PPF) [W/m?] A(PPF)  ESM ESM ESM ESM ESM total
CO, = 1000 ppm) s %?d/ [m% P+Clky M [kg/ V [kg/ CT [kg/  [Ke/KEhiomass]

m” s)] KShiomass]  KEbiomass] Kghiomass]  K8biomass]  KSbiomass]

200 125.71 15.52 204522 157490 344407  9.06 7073.26

300 188.57 459 671.97 46570 101841  2.68 2158.75

400 251.43 254 408.64 257.46  563.02 148 1230.59

500 314.29 1.80 315.65 18230  398.65  1.05 897.65
IZ?stsfofo;jtlc(uDh—ﬁ??s e, PPF P(PPF) [W/m?] A(PPF)  ESM ESM ESM ESM ESM total
CO,=1 008 opm) ¥ss E:;I?Ol/ [m?% P+Clkg/ M kgl V[kg/ CT [kg/ [ke/Kgpiomass]

)] K@hiomass]  Kpiomass] K&piomass]  KZbiomass]  Kbiomass]

200 125.71 1.90 250.10 19259  421.16  3.64 867.48

400 251.43 0.88 141.24 88.99 19460  1.68 426.52

600 377.14 0.65 123.54 65.86 14403 125 334.67

800 502.86 0.59 129.46 5081 13080  1.13 32121

1000 628.57 0.61 151.50 6176 13506 117 349.49
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Table 9 ESM calculation
values for rice (D =93 days;
CO,=1000 ppm)

Table 10 ESM calculation
values for soybean (D =91 days;
CO,=1000 ppm)

Table 11 ESM calculation
values for sweet potato (D =125
days; CO,=1000 ppm)

Table 12 ESM calculation
values for tomato (D =85 days;
CO,=1000 ppm)

PPF P(PPF) [W/m?] A(PPF)  ESM ESM ESM ESM ESM
[pmol/ [m?% P+Clkg/ M kg V [kg/ CT [kg/ total[kg/
(m®s)] KEhiomass)  KEbiomass) Kehiomass]  KSbiomass]  KSbiomass)  KSbiomass
200 125.71 1.29 170.42 131.23 28698  2.01 590.63
400 251.43 0.66 106.11 66.85 14620  1.02 320.19
600 377.14 0.45 85.47 45.56 99.64  0.70 231.38
800 502.86 0.35 75.89 35.06 76.68  0.54 188.16
1000 628.57 0.28 70.87 28.89 63.18 044 163.38
1500 942.86 0.21 67.10 21.14 4622 032 13478
2000 1257.14 0.18 70.12 18.00 3936 0.28 127.76
PPF P(PPF) [W/mz] A(PPF) ESM ESM ESM ESM ESM total
[pmol/ [m?% P+Clkg/ M lkg/ V [kg/ CT [kg/ [ke/Kgpiomass]
(m®s)] KEhiomass]  Kpiomass] KZpiomass]  KZbiomass]  KEbiomass]

200 125.71 1.05 138.91 10697 23393  1.60 481.41
400 251.43 0.50 79.94 50.36 110.14 075 241.19
600 377.14 0.35 65.90 35.13 76.83  0.53 178.39
800 502.86 0.28 62.05 28.67 6270 043 153.85
1000 628.57 0.25 63.18 25.76 5633 0.39 145.66
PPF P(PPF) [W/m%] A(PPF)  ESM ESM ESM ESM ESM total
[umol/ [m?/ P+Clkg/ Mlkg  VIikg/  CTIkg  [ke/kgiomas]
(m’5)] Kghiomass]  KSbiomass] Kghiomass]  Kbiomass]  K&biomass]

200 125.71 0.70 92.53 71.25 155.82 1.46 321.08
400 251.43 0.34 55.51 34.97 76.48 0.72 167.67
600 377.14 0.24 46.28 24.67 53.95 0.51 125.41
800 502.86 0.20 43.76 20.22 44.21 0.42 108.61
1000 628.57 0.18 44.59 18.18 3975 037 102.90
PPF P(PPF) [W/m?] A(PPF) ESM ESM ESM ESM ESM total
[pmol/ [m% P+Clkg/ M [kg/ V [kg/ CT [kg/ [kg/Kpiomass]
(m” )] Kpiomass]  Kbiomass] Kgpiomass]  KZbiomass]  KZbiomass]

200 125.71 2.43 319.80 246.26 538.53 3.44 1108.04
400 251.43 1.07 173.14 109.08 238.55 1.52 522.30
600 377.14 0.72 136.16 72.59 158.74 1.01 368.50
800 502.86 0.55 121.42 56.10 122.68 0.78 300.97
1000 628.57 0.46 115.46 47.07 102.94 0.66 266.13

@ Springer



P. Zabel

Table 13 ESM calculation

PPF P(PPF) [W/m?] A(PPF)  ESM ESM ESM ESM ESM total
g’(l)“e_s for wheat (D=67 d; [pmol/ [m? P+Clkg Mlkg  Vkg/  CT[kg/  [ke/Kgpomaed]
2= 1000 ppm) (m’s)] Kehiomass]  KSbiomass] Kghiomass]  K8biomass]  KSbiomass]
200 125.71 1.49 196.41 15124 33074 167 680.05
400 251.43 0.73 117.83 7424 16234 082 355.22
600 377.14 0.49 93.73 4997 10927 0.5 253.51
800 502.86 038 82.65 38.19 83.51 042 204.76
1000 628.57 031 76.81 31.31 68.47 034 176.94
1500 942.86 0.22 72.00 22.68 49.60 025 144.53
2000 1257.14 0.19 74.39 19.10 4176 021 135.46
Table 14 ESM calculation PPF P(PPF) [W/m?] A(PPF)  ESM ESM ESM ESM ESM total
:‘1“?3 for white potato (D=143 oy [m?/ P+Clkg Mlkg  Vikg  CTlkg/  [ke/KEyiomaed]
ays; €O, = 1000 ppm) (m’s)] Kghiomass]  KSbiomass] K8hiomass]  K8biomass]  KSbiomass]
200 125.71 1.14 149.63 11522 25197 271 519.52
400 251.43 051 82.26 5182 11333 122 248.63
600 377.14 036 67.90 36.20 79.16  0.85 184.11
800 502.86 0.30 66.73 30.83 6743 072 165.72
1000 628.57 031 76.67 31.25 6835 073 177.01
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