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Abstract. The most critical parameters of the microclimate in greenhouses are air and soil temperature, air and soil
moisture, plant illumination, and carbon dioxide (CO2) concentration in photosynthesis. New energy sources and
resource-efficient management of microclimate parameters in greenhouses can be utilized to reduce greenhouse crop
cultivation costs and increase profits. As the plant mass increase depends on photosynthesis, which involves the
formation of glucose in the plant chloroplasts from water and carbon dioxide under the influence of light radiation, the
saturation of greenhouses with carbon dioxide has become popular in recent decades. However, insufficient light slows
down the process of glucose formation, while excessive light intensity negatively affects photosynthesis. Based on the
experimentally proven VVan Henten model of plant growth and using the MATLAB environment, a methodology was
proposed, and the dependence between CO2 concentration and leaf lettuce illumination power required for maximum
photosynthesis was determined. It is equal to 0.57 ppm/(W/m?). Such dependence should be considered when designing
control systems to reduce resource and energy costs for greenhouse crop cultivation while ensuring maximum yield.

Keywords: greenhouse gas, illumination, greenhouse effect, photosynthesis, energy efficiency, process innovation.

1 Introduction

The increasing population on Earth has led to a rise in
demand for food products. However, using only natural
conditions for crop cultivation is becoming insufficient.
Therefore, the issue of growing crops in artificial
conditions such as chambers and greenhouses is becoming
more pressing. This allows for the cultivation of exotic
crops and protects plants from adverse external climatic
conditions in the winter and spring periods. The latest
instruments and technologies expand the possibilities of
achieving high yields. There are several directions in the
pursuit of increasing yields, from developing genetically
modified varieties, new disease and pest control methods
and creating optimal conditions for plant growth. These
achievements are effectively realized during plant
cultivation in greenhouses. Additionally, creating
favorable conditions for plants during greenhouse farming
not only contributes to an increase in the yield of crops but
also affects their quality. Such plant growth improvement
is due to maintaining specific microclimate parameters in
the greenhouse.

Most of the scientific research is focused on studying
the impact of various factors on plant growth. These
studies primarily identify qualitative dependencies,
optimize control parameters, and various mathematical
models. An essential task of horticultural engineering is
optimal control of the microclimate parameters of the
greenhouse. Such a task should not be based on intuition
and results obtained from numerous experiments during
plant cultivation. Instead, it should rely on certain
principles of scientific optimization theory. Applying the
optimal control theory allows for determining strategies
for controlling microclimate parameters in greenhouse
farming.

It should be noted that plant growth occurs through
photosynthesis, which is a chemical reaction involving the
formation of sugars from carbon dioxide and water in the
presence of light. This reaction occurs in the leaves of
plants, which are like small factories that use energy from
the sun to produce food. Therefore, understanding the
factors influencing photosynthesis is crucial for optimizing
plant growth in greenhouses.
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2 Literature Review

The process by which plants form sugars from water
and carbon dioxide in the presence of light in chloroplasts
is referred to as photosynthesis. During this process, free
oxygen is released into the atmosphere. Despite its lack of
color and odor, carbon dioxide is essential for maintaining
life on Earth, with its concentration in the atmospheric air
being approximately 0.004 % by volume or 400 parts per
million (ppm). Although plants consume carbon dioxide
during photosynthesis and release it during respiration,
they consume much more gas than they exhale, creating a
deficit of CO; in the air that limits the potential for further
growth. The concentration of CO in the air is not constant
and depends on numerous factors, such as season, time of
day, the presence of plants, water bodies, industrial
enterprises, transportation, people, and animals, among
others. Nevertheless, in the open air, the concentration of
carbon dioxide varies only slightly.

A different state is characteristic of enclosed spaces,
where during the day, while photosynthesis occurs, the
concentration of CO; rapidly decreases, limiting glucose
formation and slowing down plant growth. Experimental
studies [1] confirm increased carbon dioxide consumption
during photosynthesis, as 400 g of CO- is expended for
every kilogram of cucumber harvest. Article [2] has shown
a decrease in carbon dioxide concentration in greenhouse
premises during the day by almost 2.0 times to 150-
200 ppm. At night, the concentration of CO rapidly
increases due to the absence of the photosynthesis process
in the absence of light and plant respiration, during which
plants consume oxygen and release carbon dioxide. At this
time, plants are already lacking oxygen, which can also
harm their life processes. However, even in a closed
environment, there is enough oxygen for plant respiration
at night, and the problem remains only with carbon dioxide
during photosynthesis in the daytime.

Increasing CO; concentration during the daytime to
800-1000 ppm has a favorable effect on crop yield. The
study [3] considered the impact of carbon dioxide
concentration on plant growth. A quantitative increase in
biomass was found, and qualitative factors such as
increased oxidative stress resistance of plants and
increased concentration of minerals and vitamins in
vegetables and fruits were improved. The review article on
the influence of increasing carbon dioxide concentration
on plants [4] concluded a 30 % increase in biomass for
plants with C3 photosynthesis and a 10 % increase for
plants with C4 photosynthesis with only a doubling of CO,
concentration. However, research [2] found that the yield
of C3 photosynthetic plants increased by 40-100 %, and
C4 photosynthetic plants increased only by 10-25 %. Such
differences in the effect of increasing carbon dioxide
concentration on growth are due to different mechanisms
of photosynthesis (C3, C4, CAM photosynthesis) [5].
Results of studies during pea cultivation [6] confirm a
significant increase in plant mass with C3 photosynthesis
with increased CO; concentration.

It should be noted that more than 90% of all plants in
the world carry out C3 photosynthesis [5] without going

into detail on the mechanisms of photosynthesis. Only four
crops, i.e., corn, millet, sorghum, and sugarcane, have C4
photosynthesis. For other plants, increasing CO;
concentration significantly affects their development.

Further increases in carbon dioxide concentration
initially led to an increase in yield, but after a certain
optimum, it harmed their development. It should be noted
that such dependence is averaged, but for most plants, the
most significant increase in yield occurs at concentrations
of carbon dioxide in the air within the range of 800 ppm to
1400 ppm. Further increase in CO; concentration harms
plant development, and at a value of 1800 ppm, it becomes
toxic to them.

The optimization of microclimate parameters in
greenhouse farming has been an actual topic for almost
half a century by the global scientific community. An
example is in work [7], where greenhouse energy
consumption is proposed to be optimized (to reduce energy
costs by 27 %) by the proposed control scheme for
microclimate parameters. In work [8], the optimization of
greenhouse parameters is entrusted to neural networks, and
in [9], mathematical models and experimental
confirmations of optimization in growing lettuce are
presented. Even though microclimate parameters of
greenhouses include air temperature and humidity, soil
moisture, illumination, CO. concentration in the
greenhouse air, and oil acidity pH, research has mainly
been conducted for temperature and humidity control and
optimization. In [10], the feasibility of optimizing water
consumption  during  greenhouse  cultivation s
demonstrated, and in [11], a mathematical model of
optimal temperature and humidity control in the
greenhouse depending on environmental weather
conditions during rose cultivation is presented. In the study
[12], a model in MATLAB environment is developed for
controlling the heater’s operation and window opening.
The use of a Fuzzy controller for performing such
functions is studied, and in [13], dynamic models and
simulation results in MATLAB of temperature and
humidity in the greenhouse depending on the season, solar
radiation, wind speed, temperature, and humidity outside
the greenhouse are presented.

The MATLAB environment contains a powerful
package of programs that allows not only performing
mathematical calculations and modeling technical systems
but is also used as a computer graphic interface for
controlling microclimate parameters [14].

In the study [15], four temperature control techniques in
a greenhouse were compared: Pl control, fuzzy logic
control, artificial neural network control, and adaptive
neuro-fuzzy control, and it was concluded that the latter
controller is the most effective and fast. Although only
thermal processes were modeled in [16], this work
considers the type and orientation of the greenhouse, the
temperature at different points of the greenhouse,
environmental temperature, and the presence and absence
of a thermal screen. It provides the results of testing the
greenhouse model with experimental data and proposes
implementing a temperature control system.
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The direction of our research was determined by an
experiment described in a project [17]. In this study,
identical plants were selected for the experiment and sown
in glass jars with the same amount of soil. These jars were
placed on a windowsill. One jar was hermetically sealed
without the addition of CO,. The latter’s concentration was
likely around 350-400 ppm. The second glass jar was
sealed, and excess carbon dioxide was added. The
drawback of this study is the lack of data on the
concentration of this gas. The plants’ height was measured
every few days for three weeks. The experiment showed
that the plants in the glass jar without the additional carbon
dioxide content developed better than their excess, and it
was concluded that excess CO; harms plant development,
although initially, opposite results were expected.

The explanation for the experiment’s results described
above is the unknown carbon dioxide concentration in the
second jar. It is possible that the concentration there
exceeded 1800 ppm and thus was toxic to plant
development. Another factor is that photosynthesis also
requires light. Therefore, adding CO, without increasing
the brightness will not affect photosynthesis processes.
Furthermore, carbon dioxide molecules reflect sunlight,
which is a hindering factor in photosynthesis.

Therefore, it can be concluded from the research in this
study that a positive result in increasing crop yield through
an increase in carbon dioxide concentration in a confined
space (in this case, a greenhouse) can only be achieved
with a proportional increase in the illumination of the
surface of the plant leaves and enough water for
photosynthesis. Moreover, to ensure resource-efficient
management of CO; concentration and plant illumination,
their optimum levels should be maintained to provide
enough light specifically for photosynthesis, without
excess, as noted in the study [18], as excessive light
irradiation of tomatoes negatively affects photosynthesis
processes.

A study [19] is attractive in terms of investigating the
effect of carbon dioxide concentration on the rate of
photosynthesis. This study proposes the main balance
equations of the greenhouse microclimate model and
provides the dependencies of the specific rate of crop
photosynthesis on the concentration of carbon dioxide, the
falling visible radiation and the temperature of the plant
leaves. It was found that the maximum specific rate of
photosynthesis occurred at a CO concentration of 950
ppm, with sufficient light power for photosynthesis.

Modern control systems for monitoring the
microclimate  parameters  of  greenhouses and
environmental balance, balancing the supply of nutrients,
and lighting systems that use various types of light and
renewable energy sources. have achieved high perfection.
Despite the popularity of using industrial greenhouse
farming, driven by their automation and latest
technologies, some systems that significantly affect the
yield of greenhouse crops are still in the early stages of
development. The only factor limiting maximum plant
growth is the amount of carbon dioxide in the greenhouse
air, which is necessary for photosynthesis. Therefore,
adding CO; offers potential opportunities for increasing

the yield of crops grown in greenhouses, but it is necessary
to consider the advantages and disadvantages of increasing
the concentration of carbon dioxide.

The quantity of carbon dioxide in the greenhouse is
most often maintained constant [20], and the greenhouse
lighting is turned on depending on the time of day. Such
control leads to losses in the energy spent on lighting and
excess carbon dioxide consumption. At the same time,
climate control inside the greenhouse for growing a
particular plant can be considered based on a model of the
evolution of the crop over time as a function of the climate
created inside the greenhouse. During the development of
such models, it is necessary to have a clear understanding
of the biological processes that occur in the plant.

Before the 1980s, the development of mathematical
modeling of greenhouses was sluggish. However, as the
world population grew and science and technology
advanced, greenhouses became increasingly used to grow
crops in unfavorable conditions. This led to increased
commercial and scientific interest in organizing
greenhouse farms. The commercial component of
greenhouse  farms influenced the expansion of
greenhouses, the search for new materials, the
implementation of new technologies, new equipment, and
new scientific research. Consequently, the number of
mathematical models overgrew from the 1980s. There was
also a continuous improvement of mathematical models of
greenhouses, with the discovery of new dependencies,
patterns, and modeling methods. Various models
describing greenhouses from different aspects, such as
goals, precision, complexity, and transparency, emerged.
Inadequate transparency of mathematical models led to the
creation of new models. In pursuit of accuracy and
comprehensiveness, models became increasingly
complex, losing an understanding of critical processes.
Therefore, among such a variety of models, without
systematization, it is not easy to choose a mathematical
model that meets specific requirements. Choosing the
wrong initial model makes it impossible to obtain adequate
results.

Regarding mathematical models of greenhouse
farming, they have a typical structure but differ in various
components and dependencies. Most models combine
previously published elements of mathematical models,
with only a small number containing new components.

To identify standard features of mathematical models of
plant cultivation in greenhouses, review articles are
emerging that analyze the commonalities and differences
of models.

In the paper [21], more than 100 scientific publications
on dynamic models describing climatic conditions in
greenhouses were analyzed. Models were considered in
terms of their purpose (theoretical or applied application),
the set goal of controlling microclimate parameters
(proportional-integral-derivative  regulation, optimal,
adaptive, robust, and predictive control), methods of
parameter estimation, and the possibility of expanding the
application of dynamic models of greenhouses to other
objects.
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3 Research Methodology

The concentration of carbon dioxide (COy) in the air of
greenhouses is a microclimate parameter that is not always
considered. The starting point for investigating the need to
control and regulate the concentration of CO», which is one
of the parameters of the greenhouse microclimate, was
associated with the peculiarities of plant cultivation,
specifically the process of photosynthesis. It is well known
from biology that organic compounds are formed from
carbon dioxide and water in plants under the influence of
light energy with the participation of chlorophyll. This
reaction has a chemical formula [24]:

6 CO,+ 6 Hy0 = C4H1204+ 6 0,

Chlorophylls, which are found in plant chloroplasts, are
primarily located in leaves. Each leaf cell contains 20-100
chloroplasts, which are structural components of cells that
convert CO; into glucose C6H1206.

Based on the above facts, it can be concluded that to
increase crop yields, it is necessary to increase the amount
of carbon dioxide and water. The amount of light should
be sufficient for photosynthesis. Considering the resource-
saving orientation of this work, it is essential to find an
optimum between the amount of light required for
photosynthesis and the concentration of CO2, considering
the presence of chloroplasts, the number of which depends
on the area of the plant’s leaves.

We will assume that water
photosynthesis and plant growth.

We will use a mathematical plant growth model and
simulation modeling in MATLAB Simulink to identify the
optimal dependence between carbon dioxide concentration
and lighting. The initial conditions for choosing a
mathematical model were as follows:

The purpose of mathematical modeling is to determine
the optimal dependences between microclimate
parameters to minimize material and energy costs for the
cultivation of a unit of the crop.

The mathematical model should represent a dynamic
carbon balance.

The selected microclimate parameters include air
temperature in the greenhouse, concentration of carbon
dioxide, and light intensity.

The model of the microclimate will consider some
environmental climate parameters.

The growth model should consider plants’ biological
processes and microclimate parameters’ effect on their
speed.

To minimize biological processes considered in the
growth’s mathematical model, a plant that does not form
flowers and does not require pollination will be selected.
The growth modeling work was carried out for lettuce.
Only the process of photosynthesis was considered from
the biological processes that affect yield.

The plant yield will be assessed based on the plant’s dry
mass and the size of the leaves per unit of soil.

Economic indicators and elements of control systems
are not the purposes of the presented mathematical
modeling.

is sufficient for

Based on critical scientific publications regarding new
mathematical models of greenhouses, we will select and
simplify a model with experimental verification of its
adequacy. As the simplest model that satisfies most
requirements, we will take the Van Henten mathematical
model [25] in the first approximation.

Experimental studies were conducted to verify the
adequacy of the model for the growth of lettuce. The
lettuce was chosen as the greenhouse crop. According to
Van Henten, the experimental results confirmed the
mathematical model for lettuce growth with a high degree
of correlation, with deviations not exceeding 5 %. Such
claims prompted the study of the Van Henten growth
model, its analysis, and the identification of opportunities
for improvement or simplification.

The increase in lettuce weight was assessed based on
the dry mass of the lettuce, which was divided into two
components: the structural component (Xsy) and the non-
structural component (Xnsy) of dry mass. The structural
component consists of structural components such as
cytoplasm and cell walls. The non-structural dry mass
contains formations such as starch, glucose, and sucrose
produced by the process of photosynthesis.

In the Van Henten model, it is considered that the
processes of photosynthesis, respiration, and an increase in
the mass of the structural component influence the increase
in the non-structural component (Xustr). The increase in the
mass of the structural component (Xstr) is proportional to
its mass. Therefore, the Van Henten growth equations take
the following form [25]:

(=)
o

AXnstr

=Cq X fphu[osyn - Ugraw X Xstr - ftransp - X Ugrow X Xstr!

AXstr
dt

= Vgrow X KXstrs (1)

where fonoosyn — the rate of plant mass increase due to
photosynthesis; fyansp — reduction of plant mass in the
process of exhaling carbon dioxide; vgow — the specific
growth rate of the structural component, [CY]; Ca, Cs —
coefficients; Vgrow X Xstr — reduction of the mass of the non-
structural component due to its transformation into a
structural one.

The coefficient (1 —cg) / ¢ considers the increase in
mass losses due to synthesis and respiration during plant
growth, i.e., its structural component. For lettuce, cg is
equal to 0.8, and (1 —cg) / ¢ = 0.25.

The coefficient ¢, is calculated assuming that carbon
dioxide is transformed into glucose during photosynthesis,
and the ratio of molecular weights of glucose and carbon
dioxide is 30/ 44, i.e., c, = 0.68.

At this stage of the research, the Van Henten equation
for non-structural components can be simplified to the
following form:

anstT —
dt Ca X fphotosyn

v
- gc'r;w X Xstr - ftransp- (2)

The drawback of model (2) is the complexity of
determining a plant’s dry weight in real time. This can be
overcome by transitioning from the dry weight of the plant
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to the area of its leaves. The experimentally obtained
formula for lettuce [25] is as follows:

Sleaf = (1 - CT) X kleaf X Xstrs (3)

where (1 — Cr) is a coefficient expressing the proportion
of leaf mass in the total structural mass; Kear is the leaf area
coefficient as the leaf area per dry structural plant
component mass.

For lettuce, (1 - Cy) = 0.85, and it was experimentally
determined that kiear = 0.075 [m? x g1].

If the number of plants per unit area is n, the mass of
one plant can be determined by dividing Xst by n, and then
the expression (3) takes the following form [25]:

(1—cr)XkiearXXstr
—_—

(4)

Another drawback of growth model (2) is the
complexity of separating structural components from non-
structural ones. Such separation is essential for further use
of the crop in the processing industry. As for lettuce, which
this model is adapted for, it is usually consumed raw and
sold by weight, without dividing into components.
Therefore, in the model (2), we will move from the mass
of structural (Xst) and non-structural (Xusir) components to
the total mass of the plant (Xgeneral), cOnsidering that:

Xgeneral = Xstr + antr' (5)

Experimental data from lettuce cultivation [25]
revealed that the dry weight of one plant’s structural
component was 2.0 g, while the non-structural component
was only 0.7 g. Therefore, the dry weight of the non-
structural component represents approximately 25 %
(0.7 x 100/ 2.7 = 26 %) of the plant’s total weight, and it
can be stated that  Xsr=0.75-Xgenera,  and
Knstr = 0-25'Xgeneral-

Estimation calculations of growth model (2) were made
based on the results of the mathematical model and lettuce
cultivation experiment [27], indicating that plant mass
increase occurs exclusively due to photosynthesis. The
loss of plant mass due to respiration can be neglected. In
this case, the growth model’s error for greenhouse
conditions will not exceed 1%, and the model will take the
following form:

Sleaf =

W = Cq X fphatosyn- (6)

It can be inferred from this model that the increase in
plant mass occurs through photosynthesis, and the
influence of other processes is insignificant, which is
supported by biological research. The increase in weight
of the non-structural component of the plant due to the
process of photosynthesis can be described by the
following empirical expression [25]:

fphotosyn = {1 - exp(_CK X kleaf X (1 - CT) X Xstr)} X fphotosyn.max' (7)

where coefficient Cxk is used to consider the orientation
of the leaf. In the case of a plant with horizontally oriented
leaves called pianophiles, the coefficient Ck equals 0.9.

In the case of a plant with vertically oriented leaves
called electrophiles, the coefficient Ck = 0.3. As lettuce is

a more pianophile crop, we will choose Ck = 0.9 because
its leaves are situated in a horizontal plane.

The parameter fpnotosyn.max represents the rate at which
the plant mass increases due to photosynthesis in the case
of complete coverage of the ground surface with leaves
and is measured in [g x m2 x s1].

The coefficient (1 — Ct) expresses the proportion of the
total structural mass that is made up of leaves. For lettuce,
(1 -Cy) =0.85. The Kiear X (1 — Ct) x Xs multiplier is the
leaf area index.

The expression in curly brackets in (7) demonstrates
how many times the rate of plant biomass increase due to
photosynthesis is lower than the maximum possible rate
when leaves fully cover the soil. It considers the fact that
leaves do not entirely cover the ground. When leaves fully
cover the soil, this expression equals one.

As the rate of photosynthesis depends on the
concentration of carbon dioxide, the intensity of light
radiation, temperature, and leaf area, Van Henten proposed
the following dependence [25]:

f __ Crad,photXllightX9co2Xpco2x(CO2—R) ( )
hotosyn.max —
P 4 Crad,photX1light +9c02%Pc02%(CO2—R)

where Crag,pnot — light use efficiency, which is the
fraction of radiation that is used in the process of
photosynthesis [g x J?']; lign — the power of
photosynthetically active radiation per unit area of
greenhouse surface, measured in watts per square meter
[Wxm2]; geco2 — the conductance of leaves to the
diffusion of carbon dioxide through their surface,
measured in meters per second [m/s]; pcoz — the density of
carbon dioxide gas, with a value of 1.83-107% [g x m~¥];
CO; — the concentration of carbon dioxide gas in the air,
measured in parts per million [ppm]; r — the compensation
point for carbon dioxide, corresponds to photorespiration
at high light intensities, [ppm].

The compensation point depends on temperature as
follows [25]:

r=cg X Ccompo'lT_Zi 9)

where Cg — the compensation point of carbon dioxide at
a temperature of 20 °C and is equal to 40 ppm; Ccomp —
coefficient, which considers the effect of temperature on
the compensation points and has a value of 2.

The light use efficiency Crad.phot Can be calculated using
the following formula, as described in [25]:
CO,-R
CO,+2R’

Crad,phot = Ceff (10)
where Cett — the effective use of light during high carbon
dioxide concentration and is equal to 1.7-10°5 [g x J].

The conductivity of leaves for the diffusion of carbon
dioxide through their surface, gcoz, consists of two
physical conductivities and one chemical conductivity.
The physical conductivities include the conductivity of the
surface layer, Qoound, and the stomatal conductivity, gstom,
while the chemical conductivity is the conductivity of
carboxylation, gcarb.

The dependence between the mentioned conductivities
can be expressed as follows [25]:
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gcoz Ibound  YIstom gcarb.

The conductivity of the leaf surface layer Qoound IS
determined by the wind speed and the temperature
difference between the leaf and the greenhouse air. It has
been experimentally determined that for lettuce, at a
temperature difference of 5°C and a wind speed of 0.1 m/s,
typical for a greenhouse, goouna = 0.007 [m x s71] [25].

The stomatal conductance gsiom depends on the plant’s
condition and the presence of stress factors. Without stress,
the stomatal conductance of lettuce for carbon dioxide was
experimentally determined to be 0.005 [mxs].

The conductivity of carboxylation gean depends on
temperature. For lettuce, it reaches its maximum value
Qeabmax = 0.004 at a temperature of 17.5°C and
approaches zero at temperatures of 5 and 40 °C. For the
temperature range of 5 °C to 40 °C, the conductivity of
carboxylation can be described by the following
expression [25]:

Garb = Cearba X T? + Cearbz X T + Cearn 3 (12)
Cearb, 1 = —1,32 x 105 [m x s x °CY];
Cearb, 2 = 5,94 x 10 [m x s x °C];

Cearb, 3 = —2,64 x 103 [m x s71].
4 Results

The resource efficiency of management is based on the
regulation of greenhouse lighting depending on the
concentration of carbon dioxide gas to obtain the
maximum Yyield due to the maximum photosynthetic rate
of the plant. It is assumed that plant illumination should be
sufficient for photosynthesis, but solar radiation should
also be considered. The control of lamp irradiance can be
described using Equation (8), which represents a balance
between the concentration of carbon dioxide gas (CO5) and
the light intensity (ligt) necessary for maximum
photosynthesis. The relationship between them can be
found by dividing the numerator and denominator by the
factor Crad, phot X hiight:

X X(CO02—R
et ey (13)
Crad,phot*llight

fphotosyn.max =

A relationship between the concentration of carbon
dioxide (CO?) and the light intensity (lign)) involved in
photosynthesis can be obtained from this expression. The
lack of data on the maximum rate of photosynthesis poses
a problem for detecting such a relationship. We will
implement expression (13) and perform modeling in
Simulink (Fig. 1) to address this.

The subsystems used in this model are presented in
Figures 2-5.

During the simulation, the relationship between the rate
of photosynthesis and the power of light radiation was
determined at different concentrations of carbon dioxide,
which varied from 400 ppm to 1200 ppm with a step of
200 ppm (Fig. 6).

lemperalu re
density CO2 . f photomax

€02 [pprm] &

XY Graph

f photo max

light

Figure 1 -MATLAB Simulink model for expression (13)

1.32*10"-5)
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1ig1

1/0.005

/g2

g gCco2

g3 11g3

Figure 2 — Simulink subsystem for expressions (11) and (12)
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2 40 4|—)

Figure 3 — Simulink subsystem. that implements expression (9)

15.3*10°-6 —L

X

llight

.

01

clight

Figure 4 — Simulink subsystem that implements the product
of the efficiency of light use and the power of light radiation

Lk

1 » -
r : fphoto.max Fphotomax
gro*CO2
- %
-

Figure 5 — Simulink subsystem that implements expression (13)

For each case, the value of light intensity at saturation
was determined, indicating the impracticality of increasing
the intensity as it had little effect on the rate of
photosynthesis. The results of the study are presented in
Table 1.
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Figure 6 — Graphs of the dependence of the rate of photosynthesis on illumination
at a CO2 concentration of 400, 600, 800, 1000, and 1200 ppm

Table 1 — Results of modeling in MATLAB Simulink

CO2
concentration,
[ppm]
Light
intensity,
[W/m?]
Ratio, [ppm x
x W xm?]
Average light
intensity,
[W/m?]
Relative error
of the average,
%

400 600 800 1000 | 1200

700 1000 | 1400 | 1700 | 2100

0.57 0.6 0.57 0.59 0.57

700 1020 | 1360 | 1720 | 2100

0.0 2.0 2.9 1.2 0.0

From Table 1, the ratio of carbon dioxide concentration
to the light intensity that participates in photosynthesis
ranges from 0.57 to 0.6 [ppm x W-! x m?]. An averaging
line was plotted on the graphs of Fig. 6, corresponding to
the plant photosynthesis rate’s saturation.

From Fig. 6, it was determined that increasing the
illumination intensity above the saturation point can
change the photosynthesis rate by no more than 5 %.
Therefore, the light intensity per unit area of the
greenhouse can be regulated according to the
concentration of CO,, considering a coefficient of 0.57.

5 Conclusions

The simplified mathematical model and simulation in
the MATLAB Simulink environment made it possible to
establish the relationship between the concentration of
carbon dioxide [ppm] and the lighting intensity in the
greenhouse plant [W / m?], at which photosynthesis occurs
at a maximum specific rate. A coefficient of 0.57 was
determined for lettuce. The optimal specific
photosynthesis rate for lettuce corresponds to a CO»
concentration of 950 ppm at a specific lighting intensity of
542 [W x m~2]. The obtained relationship can be adjusted
for other greenhouse crops and yield requirements,
considering lighting costs. For lettuce, it can be increased
to save energy. The proposed methodology can be used to
investigate other relationships between microclimate
parameters in the greenhouse, based on the energy balance
equation or water vapor balance. The results will be used
to develop and investigate a resource-saving microclimate
control system in the greenhouse by controlling the supply
of carbon dioxide depending on the leaf area of the plant
and maintaining the optimum between lighting and CO.
concentration parameters.
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