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According to experimental data a dynamic model of biological life support system (BLSS) module
was verified. The soil-like substrate (SLS) lies in the basis of this BLSS. The module was designed
for requirements of 1/30 of a virtually present human; it involves higher plants, unit for vegetable
wastes processing and gas exchange for carbon dioxide and oxygen. Application of the model helped
in estimation of variants of system functioning at optimal and non-optimal modes of illumination and
according to the number of age groups in the phytoblock. The alternatives of system development at
death of a part or the whole wheat phytomass have been demonstrated, the degree of biotic turnover
closedness for C and N in different methods of system mass exchange organization has been estimated.
BLSS with SLS exceed the system with physico-chemical method of matter oxidation by the degree of
matter turnover closedness. From this viewpoint, SLS based experimental module can become the
prototype of new generation BLSS with more high closedness of internal matter turnover.
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Introduction 2003a, 2003b) and its controllability. The soil-

The mathematical model (Gubanov et al., like substrate (SLS) lies in the basis of this BLSS.
2009) was constructed to estimate the functioning ~ SLS is result of successive processing of straw
pattern of the biological life support system cereals (wheat, rice, etc.) by fungus Pleurotus

(BLSS) experimental module (Tikhomirov et al.,  ostreatus and worms Eisenia foetida. The
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model include higher plants, block processing
of vegetable waste, block physical-chemical
oxidation, which simulates human digestion of
useful plant biomass and returning of its products
in the internal circulation, gas exchange of carbon
dioxide and oxygen. The module was designed
for the food and gas exchange requirements of
I\30 of a virtually present human. According
to experimental data a dynamic model of BLSS
module was verified.

The mathematical model of the system is
able to show the alternatives of experimental
system development at critical behavior likely
for LSS. The model allows estimating the values
of system dynamic components under various
circumstances and functioning modes, especially
in conditions, which are difficult to realize,
and at application of expensive experimental
equipment.

Application of the model helped in
estimation of variants of system functioning at
optimal and non-optimal modes of illumination
and according to the number of age groups in
the phytoblock. The alternatives of system
development at death of a part or the whole
wheat phytomass have been demonstrated, the
degree of biotic turnover closedness for C and N
in different methods of system mass exchange
organization has been estimated. BLSS with
SLS exceed the system with physico-chemical
method of matter oxidation by the degree
of matter turnover closedness. From this
viewpoint, SLS based experimental module
can become the prototype of new generation
BLSS with more high closedness of internal

matter turnover.

1. Model verification

To verify the model we relied on the data
obtained in work with BLSS experimental module
(Tikhomirov et al., 2003a, 2003b). Reference

values of the coefficients for model verification

were obtained either in the experiments with BLSS
module or taken from the literature (Continuous
controlled ..., 1967; Mishoustin, 1970; Gitelson
et al., 1975; Vasiliev et al., 1975; Zamknutaya
sistema... (Closed system...), 1979; Fishtein et
al., 1983; Gubanov et al., 1996; Manukovsky et
al., 1996, 1997, Gitelson et al., 1997). At that, the
following values of model coefficients (in terms of
dry mass) were identified in iterative calculations
and used in scenarios:

i, =0.2 day", y,=0.02 day", k=1, K,=20 g,
/=02, 0,=1500 g, K;=0.0007 g' @=0.5,
Y:,=0.5, J; =0.032 m?, a,=3.96, b=0.5, ¢, =1.98,
K =27778 g, K;,=222.22 g, K ,=666.67 g,
t,=5 day, k=0.8, W,=20 g, K,=0.05 g',
E,, =200 W/m?, y,=0.009 day’, [1,=0.014 day",
K;,=100 g, Kz=50 g, yx=0.01 day’, Y=0.5,
Knz=20 g, p=2 day', Yz;~=0.5, Y;=0.5,
Y=0.02 day’!, Kp=0.5 g, 11,,=0.05 day',
Yroe=0.5, 9r=0.5, 95,=0.5, Yy5=10, @ =0.1,
a;251:0'1» a(*/zm:o-la twan=70 day, Yy5=100,
Apysy=0.01, @pys,=0.01, 0t1,,=0.01, Yy,5,=500,
Ops=0.002,  @py;=0.002,  @,5:=0.002,
J,=0.032 m? a,=44, b,=0.288, ¢, =198,
K,=21718 ¢, K ,=222.22 ¢!, K5 ,=666.67 g,
k=08,  Ypa=10, Yyns=100,  Yi,5=500,
Fo =02 g, 1,=0.28, 1,=0.36, X;yir=1, Xpvir=1,
1,=0.37, ¢=8, p=4, ap,~as=an=ar~=ay=0.54,
B=1, D,=D=Dz=Dz,=D,=1, Y xw=0.5,

The values of these coefficients may be
found in (Gubanov et al., 2009), proposing the
mathematical model of a BLSS module.

Figures 1 and 2 compare model calculations
with experimental data on the biannual yield
dynamics in wheat growth chamber. It is clear
that this model accurately reflects the dynamics
of wheat plants mass in the stated period. Yield
dynamics in model calculations, at qualitative
compliance, slightly differ from experimental
data quantitatively. The reason is that no special
mechanisms for yield regulation in a closed

experimental system were put into the model
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Fig. 1. Dynamics of wheat mass in a separate growth chamber: model and experimental data
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Fig. 2. Dynamics of wheat yield in a separate growth chamber: model and experimental data. The upper straight
line shows the period average of the experiment, the lower — period average for the calculation data

because of lack of valid hypotheses. The model
shows direct dependence of wheat (grains) and
radish (edible roots) yield upon total biomass of
each type of plant. However, average calculation
and experimental data on the whole period are
sufficiently close (Fig. 2).

Theoretical dynamic (continuous) curves are
saw-toothed because of the accurate reproduction
of harvesting in the actual experiment. At the
same time experimental data constitute descrete
quantities (point mode).

Figures 3 and 4 show the dynamics of
main components calculated for radish and
mushroom modules respectively. The calculation
and quantitative

demonstrates  qualitative

compliance in behavior of these components in
the model and during the experiment. Radish
growth rate in terms of mass and yield is not high
but stable, which complies with experimental
data. Mushrooms fruiting 2-3 times per cycle,
with 5 g of total yield (dry mass) on each growth
chamber shows the actual situation (Tikhomirov
et al., 2003a).

Figure 5 illustrates the model calculation of
worms' mass in growth chamber. It is obvious
that mass of worms is in a quasi-stationary state
(10 g) tending to reduce slightly. On the whole,
it corresponds to the dynamics registered during
transplanting of the higher plants (Tikhomirov et
al., 2003a).
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Fig. 3. Model calculation of radish mass and edible roots dynamics in a separate growth chamber
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Fig. 4. Model calculation of the dynamics of micelium mass and mushroom fruit bodies. a) — dynamics, b) — yield
of fruit bodies (thick lines show limits of experimental data range, thin line shows their average value)
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Fig. 5. Model calculation of worms' mass dynamics in the system; congruence with experimental data
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Fig. 6. Model calculation of carbon dioxide mass dynamics in the system.Thick lines show the scale of experimental

data in the quasi-stationary state

Figure 6 demonstrates high qualitative
accordance of estimated and experimental mass
of CO, in quasi-stationary state of the module
atmosphere (total volume of the module is 6 m?).

Thus, in this work we have presented
the verification of the model according to its
main components, which in some extent can be
considered as «controller units» of the BLSS
module; atleast they are the main and continuously
controlled. Concerning other components we
should note that in model calculations they
correspond to experimental data and stay within
their actual changes, as in Figs. 2, 4 and 6.

As verification calculations, on the whole,
agree with experimental data, we can say that

the proposed mathematical model is adequate

to the BLSS experimental module (Tikhomirov
et al., 2003a, 2003b). However, this model is not
the end in itself. Despite of validity of the remark
»Blind faith in what a model predicts is not the
purpose of the modelling« (Grimm, 1999), we
think this model can be used for preliminary
estimate of scenarios of module exploitation in
actual experiments, including management of its
functioning. Strictly speaking, that is what the
model was constructed for. Let us demonstrate

some of its features.

2. Scenarios

The model allows estimating the values
of system dynamic components under various

circumstances and functioning modes,
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Fig. 7. Model calculation of wheat biomass dynamics at different illuminance. a) — for one growth chamber,
b) — for uneven-aged conveyer with wheat as a system on the whole (total mass of wheat)

especially in conditions, which are difficult
to realize, and at application of expensive
experimental equipment. One of these variants
can be the long-term existence of the system
at illumination far from optimum. Performance
of such experiment in the BLSS module would
require tree times, at least once, consecutively
repeated tests at different illumination. First
of all, this would take much time (each test
takes nearly 1 year, taking into account the
period of system coming to steady state and its
maintenance) and, thus be expensive. The model
allows easy estimate of system development
tendencies. The example of such calculation is

given in Fig. 7 and Fig.8.

As can be seen from the figures, wheat mass
reduces significantly at long-term non-optimal
luminous mode (150 and 250 W/m?); after several
«growth-yield» cycles wheat reaches bound level
with the mass 3 times lower than at optimal
illuminance (200 W/m?). On the contrary, radish
displays more stable and equal growth with three
different values of light intensity (difference
in biomass is inessential — 1,3 times), which
indicates its higher resistance to changes of light
intensity in comparison with wheat.

The degree of closedness of biotic turnover
(closedness coefficient) on main accountable
elements i (CI) is one of the most significant

indices of life support systems and should be
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Fig. 8. Model calculation of radish biomass dynamics at different illuminance. a) — for one growth chamber,
b) — for uneven-aged conveyer with radish as a system on the whole (total mass of radish)

under continuous control in the model system
according to the equation (46) (Gubanov et
al., 2008). It is extremely difficult to define the
turnover closedness for some elements in real
conditions, whereas it is possible to estimate
Cl; in the model, where the respective material
flows are known. Such estimate reveals the ways
of increasing the LSS bioturnover closedness
for considered elements, especially C, P, N, Fe
etc. The model allows calculation of closedness
coefficients in their dynamics. Figure 9 shows the
calculation of dynamic closedness coefficients
for two main elements — carbon and nitrogen.
We chose nitrogen because, on the one hand, as

investigations show, of all the diverse nutrients

this one is most likely to be deficient in the
system with the SLS (analog of anthropogenic
and natural disturbances), when the technological
procedure is not properly followed. On the other
hand, nitrogen is difficult to control; it forms
compounds of different valence, each process
of formation has its own rate and refers to other
processes.

From Fig. 9 it is apparent that the system is
unstable on closedness coefficient in the initial
stage of constructing a uneven-aged conveyer
and adjustment of components. Later, when the
conveyer forms on the 70" day (after system
stabilization) and the second cycle on wheat is

completed (140" day), closedness coefficients
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Fig. 9. Dynamics of closedness coefficient for carbon and nitrogen in the model BLSS

also stabilize with a minor tendency to reduction.
Thus, the closedness coefficient can possibly
serve as measure of system stability.

The values of closedness coefficients for
nitrogen (0,5) and carbon (0,998) at the start
time result, first of all, from the fact that the
flows of these elements from heterotrophs to
producers (Q, and Q) are formed in different
ways (Gubanov et al., 2008) and, therefore, are
essentially different (in one case, it is the flow
of nitrogen into its background content; in the
other — it is carbon flow into CO,). Yet, they
have the same dead-end flow — non-mineralized
organic matter with the respective content
of nitrogen and carbon. On the other hand,
photosynthetic processes (the system starts
at planting of phytotrophic components, their
germination and the absence of photosynthetic
mass for this period) are almost absent in the
model system at the start and, therefore, there
is no sufficient dead organic matter serving as
a source of biogenic elements for the autotroph
unit and as a source of dead-end matter. That is
the reason why the initial matter flow and the
content of biogenic elements, including nitrogen
(By) and carbon (B.), are insufficient. The
content of biogens in the background (N, P, Fe

etc) is equal to their content in the dead-end flow,

therefore Cly = 0,5. The initial concentration of
CO, (carbon source for phytotrophs)is sufficient,
which brings the value of Clto 1 (equation 57 in
(Gubanov et al., 2008).

The mathematical model of the system is able
to show the alternatives of experimental system
development at critical behavior likely for LSS.
The example of this behavior is the death of some
biomass of green plants. The model calculations
for different cases of wheat biomass death were
carried out. As shown in Fig. 10, the death of half
of wheat biomass (upon the absence of other side
factors related to biomass death and the constant
functioning of conveyer) in growth chamber does
not affect phytomass total dynamics distinctly,
and in 30-35 days deviations (absence of biomass
death) eliminate entirely. When the half of wheat
biomass in each growth chamber (8 chambers) is
lost, the deviations are higher and longer, but they
gradually eliminate in 80-100 days. At death of
the wheat whole biomass conveyer returns to its
working condition in 50-70 days, the deviations
remain for more than 200 days. The conveyer is
supposed to work constantly, since a human in
the module seeds wheat again. For the period of
plant phytomass total death the human support
of the BLSS can be carried out by non-biological

methods, e.g. physicochemical system. In the case
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Fig. 10. Model calculation of «wheat biomass death in the BLSS». Effect in the model (death) takes place on the
175" day. 1 — control (no death), 2 — death of % of wheat biomass in the first growth chamber, 3 — death of 4 of
wheat biomass in each growth chamber, 4 — death of the whole biomass in all growth chambers; number of growth

chambers — 8

of human absence the conveyer can be maintained
by automatic units.

The model allows optimization of the
system on number of age groups in a conveyer.
It is an essential parameter; its low value leads to
instability of total mass of system components,
the high value results in complication of the
system and increase of its significance. Figure 11
shows the dependence of wheat and radish total
mass dynamics upon the number of age groups.
It is obvious that oscillations in the system (8
age groups for wheat and 4 — for radish) are
sufficiently weak, further increase in the number
of age groups is not required in the real system.
In the model system such increase leads to total
elimination of oscillations.

The increase in number of age groups also
smoothes the dynamic behavior of closedness
coefficient (Fig. 12). It means that we should
implement more age groups to approximate the
model system to the «ideal» continuous version.

Comparison of bioturnover closedness
coefficients (Cl) for systems with different
organization of mass-exchange flows reveals the
ways of biotic turnover organization improvement

for the purpose of increasing the system biotic

closedness. Calculating the dynamics of the
closedness coefficient for main biogenic elements
is of high interest for comparison of methods
of plant biomass utilization in the system: the
system with the SLS and biological utilization of
the straw; the system using the physicochemical
method of straw utilization (combustion and
partial re-involvement in the cycle of some
elements, such as carbon and nitrogen); and the
system in which the straw irretrievably leaves
the mass exchange cycle (as a store). The last
two variants arouse interest, as they were used in
BIOS-3 system (Gitelson et al., 1975; Zamknutaya
sistema... (Closed system...), 1979). During the
model calculations of these variants, the fact that
system contains neutral substrate (e.g. in BIOS-3
it was claydite) instead of SLS was taken into
consideration. At that, all flows related to SLS
specific nature were put to zero in the model.
While comparing the results we depended upon
the experimental data obtained in work with the
BLSS experimental module under study.

Figures 13 and 14 show the variants of one of
these calculations.

In all the variants the dynamics are

qualitatively similar — the closedness coefficient
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Fig. 11. Comparison of model variants for different age groups (growth chambers) in the conveyer. a) total mass of
wheat in the system, b) total mass of radish in the system. 1 — 2 age groups for wheat, 1- for radish, 2 - 8 age groups
for wheat, 4 — for radish (complies with experimental system), 3 - 100 age groups for wheat, 50 — for radish
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Fig. 12. Dynamics of BLSS closedness coefficient for nitrogen at different number of age groups in the conveyer.
1 — 2 age groups for wheat, 1- for radish, 2 - 8 age groups for wheat, 4 — for radish (complies with experimental
system), 3 - 100 age groups for wheat, 50 — for radish
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Fig. 13. Model calculation of dynamic closedness coefficents for nitrogen. 1 — system with the SLS — biological
utilization of straw, 2 — system without straw utilization, 3 — system with physicochemical method of straw
utilization (combustion). a) overall view, b) enlarged fragment (after 70 days)

increases in the period prior to the establishment
of the quasi-stationary state (140-150 days) and
then stabilizes, tending to decrease. However, the
closedness coefficient for system with biological
utilization of straw is the highest, and its behavior
after attaining maximum is more stable as
compared to other systems. From this point of
view, the experimental module (based on SLS)
considered in this work can become the prototype
of new generation BLSS with high closedness of
internal turnover.

We should note that at the initial period
90-100 days) the
coefficient of closure for nitrogen in the system

(formation of conveyer,

with physical-chemical utilization of straw is

higher than in the system with the SLS. Probably,
combination of these methods of straw utilization
will be expedient for the period of conveyer
formation.

It is possible to find another application for
the model. Once installed and adjusted, the model
system can be helpful for educational purposes:
students can use it to play back the possible and
hypothetical variants of such systems functioning.
Here is the example of hypothetical scenario.
It is possible to estimate pattern of behavior of
a really existing experimental system at the
specific mass correlation of two interchangeable
phytocomponents — wheat and radish. Basically,

BLSS can exist including only one component.
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Fig. 14. Model calculation of dynamic closedness coefficents for carbon. 1 — system with the SLS — biological
utilization of straw, 2 — system without straw utilization, 3 — system with physicochemical mechanism of straw
utilization (combustion). a) overall view, b) enlarged fragment (after 70 days)

Model system can define the variant displaying
a higher closedness coefficient. This calculation
is shown in Fig. 15. Closedness parameter
demonstrates the explicit advantage of system
with radish. Closedness coefficient in the system
with wheat only is slightly lower than in the
system with both components. It is attributed
to a quicker circulation of radish phytomass
elements in comparison with wheat; radish tops
after harvesting are left in the growth chamber
but wheat straw is processed additionally in a
cycle with mushrooms and only then its elements
are returned to the phytotron growth chamber.
Although it is obvious that closedness coefficient

is not the only parameter defining the type of

changes to be made in the system, still it should
be taken into consideration. In this case it will be
possible to analyze the development dynamics of

each system component.

Conclusion

The dynamic model of the biological life
support system experimental module, based
on soil-like substate has been examined. The
module was designed for requirements of 1/30
of a virtually present human; it involves higher
plants, unit for vegetable wastes processing and
gas exchange for carbon dioxide and oxygen.
The coefficient of matter biotic cycle closure

for systems based on matter supplies has
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Fig. 15. Model calculation of dynamic closedness coefficients for nitrogen (a) and carbon (b). 1 — system with
radish, 2 — system with wheat, 3 — system with both components

been formalized. The model has been verified
according to experimental data (Tikhomirov
et al., 2003a, 2003b); its adequacy to the
experimental model of BLSS module has been
demonstrated.

Application of the model helped in estimation
of variants of system functioning at optimal and
non-optimal modes of illumination and according
to the number of age groups in the phytoblock.
The alternatives of system development at death
of a part or the whole wheat phytomass have
been demonstrated, the degree of biotic turnover
closedness for C and N in different methods of
system mass exchange organization has been

estimated. It was shown that biocycle closedness

coefficient can be the measure of system
stability.

BLSS with SLS exceed the system with
physico-chemical method of matter oxidation by
the degree of matter turnover closedness. From
this viewpoint, SLS based experimental module
can become the prototype of new generation
BLSS with more high closedness of internal
matter turnover. However, it would be expedient
to combine these two approaches for the period
of conveyer formation, as at the initial period
(conveyer formation) the closedness coefficient
on nitrogen is higher in the system with physico-
chemical utilization of straw than in the system

with SLS. We may recommend this model system
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for educational purposes as it helps anticipating
various scenarios of its development.
The

for preliminary estimate of tendencies and

represented model can be used
functioning pattern of BLSS module at carrying
out long-term and sophisticated experiments,
and for experiment management directly in the
course of its execution.

The module itself can be used as a tool for
studying some biospheric processes; in this case
it will be important to determine the degree of
similarity for these processes. The model can be
applied for estimate of development tendencies
of investigated processes in the experimental
system with their further extrapolation on

similar biospheric processes. For example,
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with its help it will be possible to estimate
CO, dynamics depending on thermal changes
in the module atmosphere, supposing that
processes of CO, production (respiration) and
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MaremaTuyeckoe MojieJIMpOBaHHe
U BBIYUCJIUTEIbHASI HMUTANUSA MOTYJIA
OMOJIOTHYECKON CUCTEMBI JKU3HE00eCIIeueHu s

2/2. Bepu¢pukauus MoOAeJH U CLEHAPHbIE PACYeThI

B.I'. I'y6anoBf*, FO.B. bapxaros**, H.C. ManykoBcKkuii*,

C.A. Ymakosa®, U.B. 'pudosckan®, A.A. Tuxomupos™?®,
A.T'. lerepmenaxu™ %, JKan-bepuap P. I'po®, K. Jlaccép”
“ Unemumym ouoguszuxu CO PAH,

Poccus 660036, Kpacnosipck, Akademeopoook

¢ Cubupckuil pedepanvhpiil ynusepcumemn,

Poccus 660041, Kpacnospck, np. Ceéo600nbwiii, 79

¢ JII'CH, Ynusepcumem bnesa llackans,

@panyus 63174, Knepmonm-Deppan, BP206

¢ Egponetickoe kocMuueckoe a2eHmcmeo,

omoe dcuzneobecneyenuss U KOHMpPOosa OKpyrcarouell cpeobl,
Huoepnanowt 2200 AG, Hoposetix, Postbus 299

Io sxcnepumenmanbHblM OAHHLIM 8ePUDUYUPOBAHA OUHAMUYECKAS MOOETb MOOYILsl OUONI02UYECKOT
cucmemul  dcusneobecneuenuss (BCIKO). B ocunose BCIKO ucnonvzosanue nowsonodobnoco
cyocmpama (I1IIC). Modynv exniouaem evicuiue pacmenus, 010K nepepabomxu pacmumenbHbixX
0mx0008, 2a3000MeH NO Y2AEKUCIOMY 2A3Y U KUCAOPOOY, U NO MACCO-2A3000MeHy paccuuman
Ha ycnoguoe npucymcmeue 1/30 donu uenogexa. Ilpu nomowu modenu oyeumeHvl 6apuUaHmbl
@dyHKRYyUOHUpOBANUSL cUCMEMbl NPU HEONMUMATLHOM U ONMUMAILHOM PENCUMAX OCBEUEeHHOCTNU
U no KOIuuecmey 803pacmos 6 Gumodioxe, NPOOEMOHCMPUPOBAHbL BAPUAHTNBL PA3EGUMUSL
cucmemul 0 MAKOU KpUMUYECKOU CUMyayuu Kax eubeib yacmu uil 6cell Yumomaccsvl nueHuybl,
oyenena cmenenv 3aMKHymocmu buomuyeckoeo kpyeoeopoma no C u N 015 pasiuunvix cnocobos
opeanuzayuu maccoobopoma cucmemvl. BCIKO c IIIIC no cmenenu 3aMKHYmMocmu Kpy2o8opoma
sewecmea umeem npeuMyujecmseo neped cUCmemol ¢ PU3UKO-XUMUYeCKuUM Cnocobom OKuUCieHus
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seujecmaa. B smom cmvicne sxcnepumenmanvHuiii Mooyas (Ha ocunoge I1IIC) moocem nocayxcumeo
npoobpasom 8 cozoanuu Hoeoz2o nokonenus BCIKO ¢ nosviueHHbIM 3aMbIKAHUEM BHYMPEHHE2O0
Kpy2osopoma eeujecmaa.

Kuiouegvie crosa: mamemamuueckoe MOOEIUPOSAHUE, OUOTOSUNECKAs CUCTEMA JICU3He0beCneyeHus,
K03 uyuenm 3amKHymocmu




