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The mathematical model based on kinetic coefficients and dependencies obtained during the
experiments was constructed to estimate the character of functioning of the experimental module
of biological life support system (BLSS) and the possibilities of its controlling. The mathematical
model consists of two compartments — the ‘phytotron’ model (with wheat and radish) and the
‘mycotron’ model (for mushrooms). The following components are included into the model: edible
mushrooms (mushroom fruit bodies and mycelium); wheat, radish; straw (processed by mycelium);
dead organic matter in the phytotron (separately for the wheat unit and for the radish unit); worms;
worms’ coprolites; vermicompost used as a soil-like substrate (SLS); bacterial microflora; mineral
nitrogen, phosphorus and iron; products of the system intended for humans (wheat grains, radish
roots and mushroom fruit bodies),; oxygen and carbon dioxide. At continuous gas exchange, the mass
exchange between the compartments occurs at the harvesting time. The conveyor character of the
closed ecosystem functioning has been taken into account — the number of culture age groups can
be controlled (in experiments and in the model — 4 and 8 age groups). The conveyor cycle duration
can be regulated as well. The module was designed for the food and gas exchange requirements of
1\30 of a virtually present human. The model estimates the values of all dynamic components of the
system under various conditions and modes of functioning, especially those, which are difficult to
be realized in the experiment. The model allows dynamic calculation of biotic turnover closedness
coefficient for main considered elements. The coefficient of matter biotic cycle closure for systems
based on matter supplies has been formalized.
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Introduction

The mathematical model based upon kinetic
coefficients and dependencies obtained during
the experiments was constructed to estimate
the functioning pattern of the biological life
support system (BLSS) experimental module
(Tikhomirov et al., 2003a, 2003b) and its
controllability. The mathematical model consists
of three compartments — two ‘phytotron’ models
(with wheat and radish) and the ‘mycotron’ model
(for mushrooms). The following components
are included into the model: edible mushrooms
(mushroom fruit bodies and mycelium); wheat;
radish; straw (processed by mycelium); dead
organic matter in the phytotron (separately for
the wheat unit and for the radish unit); worms;
worms' coprolites; vermicompost used as a
soil-like substrate (SLS); bacterial microflora;
mineral nitrogen, phosphorus and iron; products
of the system intended for humans (wheat grains,
radish roots and mushroom fruit bodies); oxygen
and carbon dioxide. At continuous gas exchange,
the mass exchange between the compartments
occurs at the harvesting time. The conveyor
character of the closed ecosystem functioning has
been taken into account — the number of culture
age groups can be controlled (in experiments
and in the model — 4 and 8 age groups). The
conveyor cycle duration can be regulated as well.
The module was designed for the food and gas
exchange requirements of 1\30 of a virtually
present human.

The model also allows for the following
processes: photosynthesis of wheat and radish in
relation to the crop age, irradiance, the amount
of biogenic elements; respiration of mushrooms,
worms, bacteria and a human; consumption of
grain and radish roots by a human and a return of
biogenic elements in the mineral form; utilization
of dead phytomass by worms and bacteria;
processingofwheatstraw by mushroommycelium;

conversion of worms' coprolites into the mineral

form by bacteria. Continuous dynamic processes
going in each of three system compartments are
described by differential equations written in
terms of mass using subsidiary conditions for
parameters and discrete relations.

The model estimates the values of all
dynamic components of the system under various
conditions and modes of functioning, especially
those, which are difficult to be realized in the
experiment. Themodelallowsdynamiccalculation
of biotic turnover closedness coefficient for main
considered elements. The ratio of any i biogenic
element flow on the producer link to the sum of
the same flow and the flow of element coming into
the deadlock sediments is the closure measure of

any i element (coefficient CIi).

1. BLSS experimental module

We present brief description of the BLSS
module and methods of working with it (more
detailed description can be found elsewhere
2003a, 2003b)). The
experimental model of a BLSS consists of

(Tikhomirov et al.,

three interrelated components: autotrophic,

The

autotrophic component is represented by two

heterotrophic, and physicochemical.

plant species: the short-stemmed Triticum
aestuvi L. spring wheat (cultivar 232, selected
by G.M. Lisovsky) and Raphanus sativus L.
the radish cultivar Virovskii White. These
plant species have been extensively used in
life support systems (Gitelson et al., 1975;
Zamknutaya sistema... (Closed system...),
1979). In this BLSS model the plants were
grown under continuous lighting at 150-170
W/m? of photosynthetically active radiation
(PAR). The plants were grown in rectangular
chambers 0.155 m high, with the bottom area
0.032 m? (0.22 x 0.145). Wheat was grown in
16 chambers, radish in 8. During the growth
period, the chambers were placed very close to

each other, so that wheat and radish formed their
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cenoses. The growth period of the wheat was 64
days. The growth period of the radish was 32
days. To decrease the age dependence of plant
photosynthesis, an uneven-aged conveyor was
organized in the system (Gitelson, Lisovsky,
Tikhomirov, 1997). In the conveyor, wheat was
represented by 8 age groups and radish by 4.

The main representatives of the heterotrophic
unit were mushrooms, worms, and bacterial
microflora. The mushroom component was
represented by the oyster mushroom Pleurotus
ostreatus (Jacq.: Fr) Kummer, a higher edible
mushroom. The mushrooms P. ostreatus were
grown in non-sterile conditions, on straw
wheat, during 60-70 days; carposomes formed
within two, sometimes three, generations and
constituted 6-7 g per 100 g of the substrate
(dry basis). When the growth was completed,
the unutilized portion of lignocelluloses — the
residual substrate — amounted to 40-45% of the
initial mass. The residual substrate was used to
prepare vermicompost or as an organic fertilizer
for the plants.

The worm component was represented
by the red California worm, a hybrid close to
Eisenia foetida Savigny. The worms facilitated
the utilization of the abovementioned residual
substrate, radish tops, and other organic

substrates. During 60 days, five worms
normally introduced into 100 g of moist
substrate formed 25-30 g of vermicompost —
organic substance used as soil-like substrate
(SLS) to grow wheat and radish plants in
the system. SLS is a product of continuous
conversion of gramineous culture straw
(wheat, rice etc.) by wood-destroying fungus
P. ostreatus and worms E. foetida. In its main
characteristics SLS is similar to organic soils
(histosols), but it differs from them by the
absence of aluminosilicate matrix. Prior to
the launch of the system, the starting SLS was

made from wheat straw, using mushrooms and

worms, following the procedure described
elsewhere (Manukovsky et al., 1996, 1997).

Structurally, the BLSS model consisted
of two hermetically sealed chambers, 3 m? in
volume each (Fig. 1). The gas exchange between
the chambers was continuous, through air pipes.
The air exchange between the chambers was
effected with a fan. In the chamber used for
cultivation of wheat and radish on the SLS the
air temperature was maintained at 24+1°C. In
the other chamber, where mushrooms matured
and bore fruit, the temperature was maintained
at 19°C, the humidity at 90%, and the irradiation
at 15 W/m? PAR. The CO, concentration in the
entire system was maintained at 0.11+£0.03% and
the oxygen concentration at 20,6-21,5%. Higher
plant photosynthesis produced surplus oxygen,
necessary for human respiration, i.e. O,/CO, > 1
(the last ratio refers to O, and CO,consumption-
production not to their concentrations). Every
day, a human periodically breathed through a
special mask to equalize this ratio and maintain
it balanced. The system was designed for the
food and gas exchange requirements of 1/30 of a
virtually present human.

At the start, the experimental system was
supplied with 120 L of distilled water, including
70 L of irrigation water and 50 L of the water as
part of the SLS, plants, and other organic matter.

To collect and analyze the experimental
data, the system was opened once in eight days
for four hours. That time was spent on removing
chambers with mature plants out of the chamber
and on collecting samples of the phytomass: wheat
grains, straw, and roots; radish tops and both
edible and inedible roots. After these components
of the phytomass were removed from the growth
chambers, worms were counted in the remaining
SLS, the SLS mass was determined, and samples
were taken for analysis. The organic matter left
after sampling was returned to the respective

growth chambers, which were placed back

— 468 —



Vladimir G. Gubanov, Yury V. Barkhatov... Mathematical and Computer Simulation of the Biological Life Support...

outside view

Chamber 2

Fig. 1. A small experimental life support system (with a 1/30 fraction of virtually present human) with increased
closure degree. Chamber 1 — phytotron — autotrophic unit; chamber 2 — mycotron — heterotrophic unit

into the plant growth chamber. The harvested
wheat straw was used to make the substrate for
mushrooms. The P. florida mycelium was grown
in stainless-steel cylindrical containers in the
plant growth chamber at a temperature of 25°C
during 3 weeks. Then the containers were placed
into the other chamber, where the mushrooms
matured and fruited.

Edible biomass — grains, roots, mushrooms —
were oxidized in the physicochemical reactor,
to simulate their consumption by a human.
The oxidation products — inorganic compounds
readily assimilated by plants — were returned
into the system. The physicochemical method
of waste utilization is based on using hydrogen
peroxide, which can be derived from water

within the system. Unlike other physicochemical

methods based on this principle, this one does
not require high temperatures or pressures and
is energy efficient, environmentally friendly,
and safe (Kudenko et al, 1997). To maintain the
physicochemical process, no auxiliary chemical
substances or other ingredients, which have to be
taken as a store, are needed.

The

metabolite water, carbon dioxide, and mineral

output oxidation products were
residue. The mineral residue consisted of the
mineralized organic matter (NH,", SO,*) and
phytomass ash (P, K, Mg, Ca, Na, S, Si). The
mineral residue was returned to the irrigation
water. Thus, oxidation yielded a solution of oxides
that did not contain any substances harmful for
plants. It was added to the SLS as a nutrient for

plants.
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Fig. 2. Scheme of mass exchange in the experimental system cucteme (Tikhomirov et al., 2003a, 2003b). Material
flows are given as g/day. Broad arrows show the water exchange circuit. Flows of metabolite water are given
separately. The SLS mass in the system was 15 kg (dry basis)

After the oxidation of the edible biomass
in the reactor, the carbon dioxide was returned
into the system. The destruction rates of the
substance were calculated based on the chemical
composition of the phytomass. The experiment
with the system, which was in a quasi-stationary
state, lasted about 90 days. The general scheme
of the material balance and water exchange in
the experimental system can be seen in Fig. 2.
This scheme displays the material balance in
the experimental system where the processes
of photosynthesis of wheat and radish biomass
counterbalanced by of

are the processes

biodestruction of inedible phytomass in the SLS
and by oxidation of grains, edible roots, and
mushroom carposomes in the physicochemical
reactor.

In the scheme the photosynthesis of the
plant biomass and the biosynthesis of mushrooms
from the wheat straw are shown as parts of one
unit. In this unit, the processes of synthesis are
counterbalanced by the processes of oxidation
of edible biomass (grains, edible roots, and
mushrooms) in the physicochemical reactor and
by the processes of biodestruction of inedible

phytomass (tops, roots, residual substrate) in the
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SLS and of extractive substances in the irrigation

water.

2. Mathematical model of the BLSS module
The

description of which is given in (Gubanov et
al., 2007) based on kinetic coefficients and

mathematical model  (primary

dependencies obtained during the experiments
was constructed to estimate the character of
functioning of the experimental module BLSS
and the possibilities of its controlling.

The mathematical model consists of two
compartments — the ‘phytotron’ model (with
wheat and radish) and the ‘mycotron’ model
(for mushrooms). The following components
are included into the model: edible mushrooms
(mushroom fruit bodies and mycelium); wheat;
radish; straw (processed by mycelium); dead
organic matter in the phytotron (separately for
the wheat unit and for the radish unit); worms;
worms' coprolites; vermicompost used as a
soil-like substrate (SLS); bacterial microflora;
mineral nitrogen, phosphorus and iron; products
of the system intended for humans (wheat grains,
radish roots and mushroom fruit bodies); oxygen
and carbon dioxide. Flow chart of the model is
presented in Fig. 3.

At continuous gas exchange, the mass
exchange between the compartments occurs at
the harvesting time. The conveyor character of the
closed ecosystem functioning has been taken into
account — the number of culture age groups can
be controlled (in experiments and in the model —
4 and 8 age groups). The conveyor cycle duration
canbe regulated as well. The module was designed
for the food and gas exchange requirements of
1\30 of a virtually present human.

The model also allows for the following
processes: photosynthesis of wheat and radish in
relation to the crop age, irradiance, the amount
of biogenic elements; respiration of mushrooms,

worms, bacteria and a human; consumption of

grain and radish roots by a human and a return
of biogenic elements in the mineral form;
utilization of dead phytomass by worms and
bacteria; processing of wheat straw by mushroom
mycelium; conversion of worms' coprolites into

the mineral form by bacteria.

2.1. Description of continuous

dynamic processes

Let us examine the structure of the
model in greater detail. First, the continuous
dynamic processes going in each of three
system compartments, described by differential
equations written in terms of mass, should be

conceived.

2.1.1. ‘Mycotron’ model

The growth rate of mushroom mycelium F,,

is defined as:

, F,>0

m

dF, | =Vu)E,

dt |, = 7,)F, = fFs F, <0’ M
where u, is mycelium specific growth rate, y,, is
the specific rate of mycelium metabolism, fis the
specific rate of fruit bodies growth (formation), F

is the mass of mushroom fruit bodies.

1 H
an:LOZL’
H+K, )
=y mFE, 0<k<I,

where L, is the coefficient of heterotroph
growth limitation by the oxygen content in the
atmosphere, [1,, is the maximum specific growth
rate of mycelium, H is the straw biomass in
mycotron, K is the constant of mycelium half-
saturation on straw, y*, = const, k — exponent, any
rational number from 0 to 1.

Ly, is defined as:

_ 1 9Q > Qopt

L - >
KQQ ’QSQupt

©)

0,
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Fig. 3. Flow chart of the mathematical model of the «phytocenosis — soil-like substrate — gas exchange with
a humany» system. Here, bacteria-1 are responsible for consumption of dead organic matter, bacteria-2 are

responsible for consumption of worms' coprolites

where QO is the mass of molecular oxygen in
system atmosphere, O, is the content of oxygen
in system atmosphere optimal for heterotrophs,
K, is the constant of heterotroph growth limitng
by the oxygen content in atmosphere.

The growth rate of mushroom fruit bodies F

is written in the form:

dF,
ar [T g =0
dr ) ’ ©)
0, F,<0
with subsidiary condition describing the

harvesting of mushroom fruit bodies:

F
F=0 o —<op,

where ¢ is the maximum possible proportion
of mushroom fruit bodies and mycelium mass,
0< ¢ <I, ¢ = const; the condition means that

harvesting of mushroom fruit bodies takes place

when the ratio of fruit bodies’ mass and mushroom
mycelium amounts to its maximal possible value
@ and at this moment the value F is «zeroing» —
fruit bodies are gathered in the harvest.

The rate of straw mass reduction in mycotron

H can be written as:

dH ﬂmFﬂl

7 ©)

' Y,

where Y, is the coefficient of mycelium yield on
straw.

The rate of «dead end» (the organic matter,
which does not take part in matter cycling)

formation for mycotron (By) is defined as:

dB, 1
=(—-Du,F,,
o (YH )t F, ©6)

2.1.2. ‘Wheat phytotron’ model

The growth rate of the total wheat mass X;

is defined as:
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dX,
sisl ERYRNY A
di Hx1/y @)

where uy; is wheat specific growth rate, J; is the

surface area of wheat growth chamber, at that that,

My =k Leo, Ly Lsicy(a (4 —1,) = by (4, _111)3/2) > (8)

where k; is the coefficient of photosynthesis
dependence of wheat growth rate, L, is the
coefficient of phototroph growth limitation by
carbon dioxide content in system atmosphere, Ly,
is the coefficient of wheat growth limitation by
illumination, a,, b,, ¢, are experimental constants,
Ly, is the coefficient of wheat growth limitation
by biogenic elements, #; is the current time for
wheat phytotron, #;, is the time of wheat grains
germination. With respect to dependency (8) see
the work (Gitelson et al., 1975).

| W,
Leo, = " ©)
KWW <W,,

where Wis carbon dioxide mass in the system, IV,
is carbon dioxide content in the system optimal for
wheat, K, is the constant of phototrophs limitation

by carbon dioxide content in the system.

-0.0076- E+25238, E2E,,

LE)(l = 5
0.0059- E-01707, E< Eopt

(10)
where E is the intensity of system illumination,
E ,, is the illumination intensity optimal for
wheat. The dependence (10) was obtained by
approximation of experimental data (Tikhomirov
et al., 2003a).

Ly, =min{K,S,. K, S,. Ky, 55,1, an

where Kg,, Kg,,, K, are the constants of wheat

21
growth limitation by the content of mineral
nitrogen, phosphorus and iron respectively in
the growth chamber, S, S,, S; is the content of
mineral nitrogen, phosphorus and iron in the

growth chamber.

The rate of worms' mass change G, in wheat
phytotron is defined as:
dG,

a = UG =766y,

12)
where ug; is worms' specific growth rate in wheat
growth chamber, y; is the specific rate of worms

metabolism, where

Her = Lo, (Hgrir + Hez1) » (13)

where 16z, 1s the specific growth rate of worms on
bacteria-1 (bacteria responsible for consumption
of dead organic matter) in wheat growth chamber,
Uz 18 the specific growth rate of worms on dead

organic matter in wheat growth chamber.

1
Z, +KGZ’
R, (14)
Rll +I{Rl S

Hez = Ozl
Herii = OrnHe

Z; is the dead organic matter in wheat
phytotron, R; R;, is the mass of bacteria-1 in
wheat phytotron, [i. is the maximum possible
specific growth rate of worms, K;;, Kz, are the
constants of worms' half-saturation on Z; and R,
respectively.

Normalizing quotients a;; and o, are defined

(Abrosov et al., 1992; Gubanov, Degermendzhy,

2002) as: e
Oy =— o,
Ag Z,+Kg,
P S T (15)
AGl R]l +KR]
Z, + Ry,

Gl = .
Z+Kg, Ry +Kp

The rate of bacteria-1 mass change in wheat

phytotron R;; is written in the form:

dR,, 1
= R, —ymBR, —— G,,
a0t Hriliy = Vet Yo Heri1b

(16)

where uy;; is bacteria-1 specific growth rate in
wheat growth chamber, y, is the specific rate of
bacteria-1 metabolism, Y, is the coefficient of
worms yield on bacteria-1.

VA

—, (7)
Zl + KRIZ

Wpp = Loznm
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where [i,, is the maximum specific growth rate of
bacteria-1, Ky, is the constant of bacteria-1 half-
saturation on dead organic matter.

The rate of dead organic matter utilization in

wheat phytotron Z, is defined as:

dz, 1 1
— ==t Ry ——— U616y
dt Yrz Ys,

(18)

where Yz, is the coefficient of bacteria-1 yield
on dead organic matter, Y, is the coefficient of
mushrooms yield on dead organic matter.

The change of bacteria-2 (responsible for
consumption of worms' coprolites) mass R, is

defined as:
dR,, B
d = U1 Ro) = VroRoy s (19)

where puz;; is bacteria-2 specific growth rate in

wheat growth chamber, y;, is the specific rate of

bacteria-2 metabolism.
C

Hro = Loz,[‘Rz 0
C + Ky

(20)

where |1, is the maximum specific growth rate
of bacteria-2, C;is the mass of worms' coprolites,
Kroc is the constant of bacteria-2 half-saturation
on coprolites.

The change of mass of worms' coprolites C,
is written in the form:

dac; _ Hpoi Ry 1

— ey (—-1 G,0p +
7 Yore (YGRI YHer11G16r1

1 (21
+(o— =Dt Gi66z,
YGZ
where Yi,c is the coefficient of bacteria-2
productivity on coprolites, dgz;, dgz 1S the part
of worms' excrements used for formation of
coprolites, at their consumption of bacteria-1 or
dead organics.
The change of mineral nitrogen mass in

wheat phytotron S;, can be written as:

ds,, I
== X, +aR2Sl[_]JﬂR21R2I +
dt Yyisi Yroc

22)
(1 . U@y ¢
+O‘Rls{y _lJﬂRan"'aUzsl A,

RIZ

max 1

where Yy, is the coefficient of wheat yield
on mineral nitrogen, &'z, & pass, & v2s; are the
specific content of mineral nitrogen in bacteria-1,
bacteria-2 and human metabolites respectively,
U, (t;;) is the biomass of products intended for a
human at the beginning of wheat growth period,
twar; 18 the time (duration) of wheat growth
period.

The mass change of mineral phosphorus S,
and iron S;, in wheat phytotron is written in a way
similar to nitrogen.

The rate of accumulation of product supplies
for humans in the current growth period in
mycotron and wheat phytotron U, is defined as:

dU,,

=0,
o (23)
with a subsidiary condition describing the

harvesting of mushroom fruit bodies:

F
Uy=Uy+F > FS‘P- 24)

The rate of expenditure of product supplies
for human accumulated during the previous
phase, from wheat phytotron U, :

%_ _Uzl(tn) ,

i @3)

max |

The rate of «dead end» formation B, (organic
matter falling out of the matter cycle by virtue
of its incomplete closure) for wheat phytotron is

calculated as:

dB 1 1
—L=( =Dptp Ry + (o— =D =86, 611G, +
dat Y Yo,
1 1 (26)
+( =D = S6r1) t6r1 Gy +(7Y =Dt Ry
GRI R2C

2.1.3. ‘Radish phytotron’ model

The model for radish phytotron is similar to
the model of wheat phytotron. Thus, here we will
point to considerable distinctions only, without
giving the full description.

The rate of radish growth X, is defined as:

dx,

a 27

= Uy,
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where J, is the surface area of radish growth

chamber, iy, is radish specific growth rate,

Hxs =kyLeo, L yyLsycra,(1- e ) >

28)

where k, is the coefficient of radish growth
rate dependence on the photosynthesis, Lgy,
is the coefficient of radish growth limitation
by illumination, Ls, is the coefficient of radish
limitation by the content of bioganic elements in
the growth chamber, a,, b, ¢, are experimental

constants.

Ly, =—0.00001- £% +0,0084- £ +0,0169 , 29)

EX1 =

The dependence (29) was obtained by
approximation of experimental data (Tikhomirov
et al., 2003a).

Ly, = min{KSlel,KS22S2,KS3253,1} > (30)

where K,, K;,,, Ky, are the constants of
radish growth limitation by the content of
mineral nitrogen, phosphorus and iron in growth
chamber respectively, #, is the current period for
radish.

The following description goes by the
analogy with wheat model.

2.2. Modelling of the processes
associated with planting

for the next cycle

Since not all processes in this model are
continuous, the differential equations are not
sufficient for their description. For each growth
chamber there is a moment of growth cycle
completion, when harvesting and planting for the
next cycle as well as biomass exchange between
wheat phytotron and mycotron (straw goes to
fungi) take place.

Thus, at the given time period (t=t,,. for
wheat phytotron and mycotron; t=t,,,,, for radish
phytotron) the following ratios are implemented
(here []* is the value after mass redistribution;

[] — before redistribution):

a) For wheat phytotron and mycotron:

F *=F

m m[NIT > (31)
where F,,;y;r is initial mass of mycelium,

F*=0, (32)

H*=X-1,X,-LX,, (33)

where /;; is the quantity of roots in wheat total

mass, [, is the quantity of grains in wheat total

mass,
Xi* =X 34)
where X;u;r; is the mass of planted grains,
Z*=Z +1, X, +(F, - F, )+ F+H, 35)
U, *=U, +U,, +(LX, — X ur) - (36)
6) For radish phytotron:
Xy% =X 37

where X;u;r; is the mass of planted radish seeds,

Z*=Z +(-1,)X,, (38)

where /;, is the quantity of edible roots in radish

total mass,

Up*=Up + Uy Xy = Xpyirs) - (39

Other variables of the system do not change

during mass redistribution.

2.3. The calculation of conveyor organization

of the system

Since the ‘phytocenosis —soil-like substrate —
gas exchange with a human’ closed system has
a conveyor of growth chambers of different
ages in each compartment, a similar conveyor
is organized in the model system, where each
element has its own current model period. Each
element of the conveyor is calculated separately,
the total biomass of each element is summed up

conveyor-wise.
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The total mass of mushroom mycelium in

the system F,, ,,, can be written as:

M=

Fmtm‘: an’

(40)

1

n

where g is the number of conveyor age groups for
wheat phytotron and mycotron.

ITomoOHBIM ke 00pa3oMm 3amucheiBaeM the
total mass of mushroom fruit bodies in the system
F,, the total straw mass in the system H,,, the
total mass of wheat in the system X; ,,, the total
mass of radish in the system X, ,, .

The total mass of the «dead end» in the
system B,,,can be written as:

q p
B, :Z(BF +B8), +ZBZ 1>
n=l

& 1)
where p is the number of conveyor age groups for
radish phytotron.
The total mass of worms in the system G,,:
q P
G =26, +§G2 I

Z 42)

Similarly we write down the total mass of
bacteria-1 in the system R, ,,;, the total mass of
dead organic matter in the system Z,,, the total
mass of bacteria-2 in the system R, ,,, the total
mass of worms' coprolites in the system C,,, the
total mass of mineral nitrogen in the system S,
o> the total mass of mineral phosphorus in the
system S, ,;, the total mass of mineral iron in the
system S ;.

The total mass of products intended for

humans in the system U,

9 P
U :Z(Un 2 tUs ;1)+ZU22 I
=1

n=l

“3)

2.4. Equations for oxygen and carbon dioxide

of the module atmosphere

Another of a

closed ecological

important component
system are atmospheric
constituents — oxygen and carbon dioxide.
Their dynamics can be calculated according
to differential equations, as in the works of

Abrosov et al., 1981.

The change of oxygen mass in the system QO

is defined as:

di q
8 S Ly (b + 1)~
dt n=1
—ag(Uein +76)G1, — api (Hpiry + Ve Ripy —
-U,,, (t

21a € :1n)))+

max|
+ JikiLeo, L x i Lsicy(ay (1, —1y,) — b (1, —1,,)"%)

BY,,

—apy (Mrarn + 7 p2) Rty —ay (

)+
44)

D

+ Z(LoZ (—ag(tga +76)Gy — ap (1o + Vi) Riy —
=

Uy (1))
max2
JokyLep, L vy Lgycaay (1—e220)°

+ 0, LE x2ls26292

BY

—apy(Hpaor + Vr2)Ropy —ay )+

>

where ap,, ag, ag;, agz,, ay are the coefficients
showing the amount of oxygen used per unit
of biomass consumed during respiration by
mushrooms mycelium, worms, bacteria-1,
bacteria-2 and virtual human respectively, B is
the assimilation (photosynthetic) coefficient of
producers, Yy, — coefficient of producer yield
with respect to carbon dioxide.

The change of carbon dioxide mass in the

system W is defined in a similar way:

aw
— = Z(Loz (@ gD (B + V) +
[ —
+agDg (Ui, +76)Gry + ap D (U1 + 7 )R +

Ui tir)

max|

=JikiLeo, Ly L (a1 (8, = ty,,) = by (4, _tlln)B/z)/YXW) +(45)

)_

+apyDpy (o1 + Vr2)Ra1y + ay Dy

»
Z:(Lo2 (agDg(tga +76)Gy + ap Dpy (ttgizs + V1) Ry +

=
Uy (t12))
max 2

= JykyLeg, L yyLsyCyay (1= €200 1Y),

)_

+agy Do (Hgons + V) Ry +ay Dy

where Dy,,, D¢, Dg;, Dy, Dy are the coefficients
of respiration for mushrooms mycelium, worms,

bacteria-1, bacteria-2 and a virtual human.

3. The degree of closedness
of biotic matter turnover

The important characteristics of matter

biotic turnover, determining the sustainability
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and resistance of super-organism systems with
bioturnover, are its intensity and the degree
of closedness. We should note that the latter
feature is favourable for maintaining the integral
properties of the biotic system. We introduce the
measure of biotic closedness of matter turnover
for similar systems, including ecological.

The degree of closedness of the biotic
turnover was determined in a way similar to the
approach proposed in Finn’s works (1976, 1978)
for the determination of the cycling index (using
a similar, though essentially different, approach
proposed by (Gubanov, Degermendzhy, 2003,
2008; Tikhomirov et al., 2003a)). Namely, the
degree of closedness of the biotic turnover ( =
coefficient of the closedness of turnover) is the
ratio of the flow rate of the substance supplied
by heterotrophic organisms to producers
(autotrophic organisms) () to the sum of the flow
rates of the substance supplied by heterotrophs
to autotrophs () and the substance going to the
dead end (B), i.e. the substance (or deposition),
which cannot be completely oxidized (reduced)
to initial mineral (biogenic) elements used by
autotrophs in biosynthesis, by biota forming
the system, and thus, naturally falling out of the

biotic turnover.
PN
a) Cl = —=—f—cu—)
A oIS 373
k 1
pIPIM
222+ By
ik il

(46)

b) Cl =

where CI; , CI are coefficients of the closedness
of turnover for the i-th biogenic element and
the matter as a whole, £ and / are all possible
channels through which the substances move
from heterotrophic organisms to producers and
to the dead end. Evidently, 0<CI;,CI <1.

This

closedness is realistic, at least for the systems that

determination of the degree of

must contain some material stores, e.g. systems

of the LSS type, including the systems discussed
here.

A priori, we can assert that the degree of
closedness on various elements is different. From
this assertion and determination of the turnover

degree of closedness (46) it follows that

Cl, <Cl<CI, 47)

where CI,.CI, are the minimum and the maximum
closedness on some j and k elements. To all
appearances, (47) is a general property.

From the formulas (46), we can see that the
change of CI goes in the same direction with
change of CI, for any i chemical element. But it
is obvious that C/ change happens not necessarily
unidirectional with C; change for any i* chemical
element. It is obvious that, if, on any account, the
degree of closedness of matter biotic turnover
as the whole (C/) stays invariable at the change
of degree of closedness on some i-th element
(CI), then there should be the change of degree
of closedness at least on one element m with the
coefficient opposite to i element. So, the change
of degree of closedness of biotic turnover on some
element with the same coefficient of closedness on
the matter as the whole, results in the change of
closedness degree of the turnover with opposite
coefficient on the other element (or elements).

In practice it means the following. For
example, if there is a need to increase the BLSS
degree of closedness on some element (usually,
there is an attempt to reach the high degree of
closedness on the key elements — C, O, S, N etc)
and to maintain the degree of closedness as the
whole (for mass optimum, energy supply, or other
requirements), it is obvious, that the spontaneous
decrease of closedness on the other element (or
elements) will, most probably, take place, which
is not always beneficial, as this may even drop out
of sight of the researcher, since it is technically
difficult to track and correct the closedness on all

elements simultaneously.
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Thus, the mathematical model (1-45) of the
BLSS experimental module «phytocenosis —
soil-like substrate — gas exchange with a humany
based on higher plants (wheat and radish) and use
of soil-like substrate (SLS) intended for 1/30 of
a virtually present human has been constructed.
The new method of measuring the degree of

closedness of matter biotic turnover in super-

verification of the model and various scenarios

will be introduced in the next paper.
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organism systems (46) has been proposed. The
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MaremaTuyeckoe MojieJIMpOBaHHe
U BBIYUCJIUTEIbHASI HMUTANUSA MOTYJIA
OMOJIOTHYECKON CUCTEMBI JKU3HE00ecCIIeueHu s

1/2. Onucanue Moaeju

B.I. I'y6aunosl*, ¥0.B. Bapxaros**, H.C. ManykoBckuii®,
A.A. Tuxomupos® %, A.I. lerepmenku™°,
Kaun-bepnap P. I'po®, K. Jlaccép®

“ Unemumym ouoguszuxu CO PAH,

Poccus 660036, Kpacnosipck, Akademeopoook

¢ Cubupckuil pedepanvhpiil ynusepcumemn,

Poccus 660041, Kpacnospck, np. Ceo0600nbwiii, 79

¢ JII'CH, Ynusepcumem bnesa llackans,

@panyus 63174, Knepmonm-Deppan, BP206

¢ Esponetickoe kocmuueckoe a2eHmcmeo,

omoe dcuzneobecneyenuss U KOHMpPOosA OKpyxcarouell cpeobl,
Huoepnanowvt 2200 AG, Hoposetix, Postbus 299

s oyenxu xapaxmepa yHKyuOHUPOBAHUSL IKCREPUMEHMATLHO20 MOOYIISl OUOIOSULECKOU CUCTEMbL
JIcusHeobecnedeHuss U B03MOJICHOCIU YNPAGIEHUS. UM HOCMPOEHA MAMEeMAMU4eckas Mooelb,
ORUPAIOWASLCA HA KUHEMUYeCKUe KO PuyueHmol u3a6UCUMOCHU, NOTYYEHHbLE 8 IKCHEPUMEHTNATIbHBIX
uccne0o8aHuUaX.

Mamemamuueckas mooenb cocmoum u3 08yX KOMNAPMMEHMO8 — Mooenell «DUmMompoHay (c
nuenHuyel u ¢ peoucom) u Mooeiu «KMUKOmpoua» (0as epubos). B modenv exniouenvl credyoujue
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KOMNOHEeHMbl: RUleHUYd, peouc, coioma (nepepabamvieaemasi Muyenuem), Mepmeoe opeanuieckoe
seujecmeo 6 umompoHe, CbedoOHble 2pudbvl (n10008ble Mmena U Muyeauti), yepsu, npPooOyKmbl
JHCUZHEDESIMENLHOCIU Yepaell (KONPOIUmbl), 6EPMUKOMNOCH, UCNOAb3VIOWULICSL KAK NOYBONOOO0OHbI
cyocmpam, baxmepuanvbhas MUKpo@piopa, MUHepatvbHvle GOopMbl OUOLEHHbIX DNEMEHMO8 (a30m,
Gocghop, oicenezo), npodykyusi cucmemvl Olsi HeN0BEKA (3ePHO NULEHUYBL, KOPHENLo0bl peoducd,
n10006ble mena 2pubog), KUCI0poO u yenekucavli 2as. Ilpu nocmosinuom 2azoobmene maccoobmen
MeNCOY KOMNAPMMEHMAMU NPOUCXOOUM MOAbKO 60 6peMsi CHAmMus ypooicas. Yuumvleaemcs
KOHGelepHblIl Xapakmep yHKYUOHUPOBAHUSL 3AMKHYMOU IKOCUCEMbL — YUCLO 803PACMOE KYIbINYPbl
MOdCem pezyiuposamvcs (8 IKCnepumenme — uyemvlpe U 6ocemv gospacmos). Taxoice nodoaemcs
pe2yiuposanuio OnuHa Koneellepno2o yukia. Ilo nuwe u 2a3000Mmeny MoOyib paccuuman Ha YCio8Hoe
npucymcmeue 1/30 donu uenogexa.

Mooenv nozgonsiem oyeHums 3HAYEHUsL 6CEX YUUMbIBAEMbIX OUHAMUYECKUX KOMIOHEHTNO8 CUCTNEMbL
NPUPAZTULHBIX YCIOGUSIX U PENHCUMAX €€ PYHKYUOHUPOBAHUSL, 8 YACTHOCTU, NPUMPYOHOPEATUIYEMBIX 8
aKcnepumenme yciosusix. Popmanuzosan KodIQ@Guyuenm 3aMKHYmocmu OUOMULECKO20 KPY208OPOmda
sewecmsa sl CUCeEM HA 3anacax 6euecmasd.

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




