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Abstract

The Sun provides energy to the Earth in the form of rays which is used by plants for biomass development. Bio-
mass developed by plants can only release such amount of energy which matches the amount of solar radiation
energy absorbed by plants in the biomass production process. The process of CO, assimilation involves complex
biological and physical processes of energy exchange. The article presents information on how the plant uses
changing thermal factors and processes in the habitat for intensifying the assimilation process. It analyses the
processes of plant energy exchange stimulating the consumption of environmental carbon dioxide and at the
same time the increase of biomass and the reduction of environmental air pollution. It has been found that in
sunshine a thermal stomata engine (the biological prototype of heat engine) works in a plant leaf and generates
mechanical energy at the expense of heat. The article presents the thermodynamic processes and cycle of the
plant leaf stomata engine. Mechanical energy developed in a plant leaf is used to intensify the process of assimi-

lation by activating leaf energy and gas exchange with the environment.
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INTRODUCTION

The Sun provides energy to the Earth in the form of
rays. Theoretically, the utilisation rate of the solar
energy absorbed by plants for the production of or-
ganic matter could represent around 20 to 25 %
(SLAPAKAUSKAS, 2006; 11bKYH, 1967). In practice,
only around 2 % of the absorbed solar energy is used
for photosynthesis. Visible light absorbed by plants
accounts for 80 to 85 %, light reflected by them —
10 % and light conducted through leaves — 5 to 10 %
(FITTER, HAY, 2002; SLAPAKAUSKAS ET AL., 2008).
The share of the absorbed solar energy representing 96
to 98 % in the plant leaf is converted into energy in
the form of heat. Due to a small mass and biologically
limited maximum temperature (58 °C) STASAUSKAITE
(1995) and LEVITT (1980) of their tissues thin plant
leaves are not able to accumulate released heat. There-
fore, the solar energy transformed into heat in plant
leaves has to be released, in the form of heat and water
vapour, to the environment as a metabolite. Heat re-
leased to the environment from energy exchange be-
tween the plant and the environment is of little value
(low temperature) and non-concentrated and is, there-
fore, not used for further transformation in technologi-
cal-energy processes. Plant energy exchange together
with the process of assimilation form an important

MATERIALS AND METHODS
The work employed the method of the balance of
energies in a plant. The temperature of a plant grow-

nature’s generative and regenerative system by creat-
ing conditions for the existence of life on Earth
(MARTIN AND HENRICHS, 2010).

In the course of its development the plant has adapted,
to the maximum extent, to the natural conditions of its
habitat. By their anatomic structure plant organs of
different biological purpose have accommodated as
far as possible to the biological and environmental
physical factors inside them making it possible to use
all available driving forces for the plant’s vital func-
tion. The plant uses wind and gravitational forces
which are created around it by temperature, humidity
and gas concentration gradients. Heat conversion
processes take place in plant leaf stomata transforming
the thermal energy of low potential into mechanical
energy. The mechanical energy generated in a plant
leaf is used as a driving force to prevent friction
caused by leaf gas exchange with the environment and
intensify the processes of exchange, necessary for the
process of assimilation in daylight (SIRVYDAS ET AL.,
2011).

An analysis of thermal processes taking place in the
conversion of the solar energy into mechanical one in
a plant leaf at changing plant leaf temperature is pre-
sented here.

ing in natural environmental conditions was measured
by thermocouple temperature sensors made of Cu-
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CuNi (copper-constantan) wires, 0.05 mm in diame-
ter. To maintain the same resistance of the sensors,
only wires of equal length were used. The measure-
ments were recorded with an instrument ALMEMO
2590-9 having a microprocessor data processing and
accumulation system. Temperatures were recorded by
necessity taking a maximum of 100 measurements per
second. This enabled us to observe short-term dy-
namic processes of temperature changes. Temperature
sensors for all temperature measurements were used
in observance of the requirements to be met by tem-
perature measurements (in respect of the plant and its
environment) (CUPBUIAC AND IOmIKA, 1973;
SIRVYDASET AL., 2006).

Research object — thermal-thermodynamic processes
taking place in a plant leaf during the process of CO,
assimilation. The physical processes of metabolism
and energy exchange occurring in the plant are di-
rectly related with the plant’s vital processes. To
maintain the plant’s vital processes, the physical proc-
esses responsible for the plant’s energy-mass ex-
change must satisfy assimilation needs in daylight and
bio-energy needs during hours of darkness. Processes
taking place in the plant leaf <> environment exchange
system can only be analysed after the structure of a
plant leaf and the processes (physical and biological)
occurring inside it have been examined. While carry-
ing out the analysis of literature it has become ob-
served that physical processes taking place in the plant
leaf have been insufficiently examined
(SLAPAKAUSKAS AND DUCHOVSKIS, 2008; NOBEL,
2001; NEw AP BIOLOGY CURRICULUM UNITS, 2013).
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Fig. 1. — Chart of plant leaf anatomic structure and gas
exchange (CO,, O,, H,O vapour) with the environ-
ment. 1 — upper epidermis, 2 — lower epidermis, 3 — meso-
phyll, 4 — palisade tissue, 5 — spongy tissue, 6 — system of
gas channels, 7 — stoma opening, 8 — cuticle 9 — gaseous
environment in the spongy tissue of a leaf, 10 — ambient air
surrounding the leaf
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While analysing the structure of a plant leaf section
we have noticed that the upper and lower surfaces are
covered by upper epidermis 1 and lower 2 epidermis,
respectively (Fig. 1). The thickness of leaves exposed
to bright light and exposed to shadow differs (e.g. the
leaves of beach (Fagus sylvatica) are 210-90 um
thick. The primary leaf tissue between epidermis
laminae is mesophyll 3 which is responsible for the
process of assimilation. The mesophyll consists of two
layers — palisade tissue 4 and spongy tissue 5. The
palisade tissue (palisade parenchyma) is a tissue best
adapted for photosynthesis. More than 80 % of
chloroplasts in a leaf (conducting the process of as-
similation) occur in the palisade tissue, in the upper
layer of mesophyll (DAGYS ET AL., 1974)The thickness
of this layer accounts for a mere 30 % of the leave
thickness.

Large intercellular spaces form among the cells of
spongy parenchyma making a gas exchange system of
stomata 7 and mini-, macro- and nano-channels 6. The
intercellular spaces occupy a large surface area of
mesophyll cells by which they come into direct con-
tact with air circulating in the gas exchange system.
That surface is called the internal surface of a leaf.
The leaf external to internal surface ratio in the plants
of different ecological groups is not the same. It is
known that the internal leaf surface of plants exposed
to shadow (heliophobic plants) is by 6.8 — 9 times, that
of mesophytes by 11.0-20.0 times, and that of leaves
exposed to bright light is by 17.2 to 31.3 times larger
than their external surface. Hence, having a big sur-
face of contact with air mesophyll cells can absorb
carbon dioxide from it. Since on both sides a leaf is
covered by the epidermis with the cuticle which nearly
does not allow water vapour and gas to pass through,
air and carbon dioxide enter the leaf through stomata
(SLAPAKAUSKAS AND DuCHOVSKIS, 2008; NOBEL,
2001; DAGYSET AL., 1974).

A leaf area unit contains a large number of stomata:
from 23 to 400 in 1 mm% They are very small. In
leaves of different plants the area of stoma opening
varies between 0.17 and 239 um?, and the total area of
their openings accounts for 0.52-5.28 % of the leaf
surface. Nevertheless, about 90 to 95 % of CO, gets
into a leaf through stomata and hardly 5 to 10 %
spread through the epidermis or cuticle
(SLAPAKAUSKAS AND DuCHOVSKIS, 2008; NOBEL,
2001; DAGYS ET AL., 1974). The literature analysing
the anatomic structure of the spongy mesophyll of
a plant leaf presents very different charts of water
vapour movement and carbon dioxide entry into
a plant leaf through stomata (SLAPAKAUSKAS AND
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DucHovsKIS, 2008; KEITH, 2000; NEw AP BIOLOGY
CURRICULUM UNITS, 2013). It is clear, however, that
together with ambient air CO, enters the spongy tissue
of a leaf through open plant leaf stomata, and plant
metabolites (O, and water vapour) are released to the
environment through them. Many charts show that
each stoma is responsible for its own system of gas
exchange. In our opinion, the most precise and com-
prehensive system of leaf gas exchange related to the
anatomic structure of a leaf is presented in Fig. 2.

The anatomic structure of a plant leaf with mini-,
macro- and nano-channels and physiological processes
occurring therein is relevant to all fields of live nature
and technological sciences (SLAPAKAUSKAS AND

RESULTS AND DISCUSSION

Experimental investigations show that air temperature
around plants in sunshine is changing (Fig. 2).We
observed fluctuations in plant leaf temperature
(Fig. 3)and temperature difference (Fig. 4) in natural
environmental conditions in sunshine. We have found
that temperature changes in a plant leaf and ambient
air depend on a number of energy exchange and envi-
ronmental processes which are described in publica-
tions (SIRVYDAS ET AL., 2010; SIRVYDAS ET AL.,
2011).
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Fig. 2. — Fluctuations in air temperature around a plant
in natural environmental conditions in sunshine. Wind
speed V ig= 1.1 m/s.

Biological processes taking place inside a plant leaf
depend on plant tissue temperature. As the data of
investigation show, the temperature of the plant leaf
and of the air around it is continually changing during
the sunny period of the day. During a long period of
its development the plant has accommodated as far as
possible to environmental factors using them for its
vital functions. It is advisable to analyse the impact of
change in plant leaf and ambient temperature (as
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DUCHOVSKIS, 2008; SIRVYDAS ET AL., 2011; SAJITH ET
AL., 2011). Recently, little attention has been devoted
to the examination of thermal-thermodynamic proc-
esses taking place in plant leaf channels-cavities and
the opportunity to transform their heat into mechanical
energy (SIRVYDAS ET AL., 2011; SIRVYDAS ET AL.,
2013). A CO, gas mass from the ambient air is mov-
ing in the direction of a plant leaf surface in the air
layer surrounding the leaf. Heat, H,O vapour and O,
also move in the same surface air layer of a plant leaf,
in the opposite direction though. Hence, two very
complex flows of opposite directions simultaneously
form on the plant leaf surface.

a thermal factor) on the process of assimilation which
is responsible for the existence of life on Earth.
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Fig. 3. — Fluctuations in air temperature around a plant
in natural environmental conditions in sunshine. Wind
speed Vyig = 5.3 m/s.
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Fig. 4. — Change in the difference of temperature
between a plant leaf and the environment in natural
environmental conditions in sunshine
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All biological and energy transformation processes
occurring in a plant leaf depend on the local tempera-
ture of a plant leaf. The local temperature of a plant
leaf is the result of the local balance of energies in the
plant leaf. In general, during the sunny period of the
day as leaf exposure with regard to the Sun changes,
the plant leaf receives pulsating radiation energy flow
Qrad (SIRVYDAS ET AL., 2010). Due to the vertical and
horizontal movement of airflows of changing tempera-
ture the plant leaf is affected by pulsating convective
heat flowQconvec. Pulsating heat flows Q,aq and Qconvec-
will cause the pulsations of accumulated heat flow
Qaccum- In @ plant leaf. In this case of plant leaf energy
exchange we can use the following equation for the
balance of energies in a plant leaf:

£ Qacum® OradctOconvec=0 (1)
The pulsating process of heat accumulation will cause
temperature pulsations in plant tissues by value At.
The pulsating temperature of plant leaf tissues in gas
cavities (mini-, macro- and nano-cavities, channels)
will generate respective thermodynamic processes.
The thermodynamic processes in plant leaf cavities
may participate in the transformation of heat into
mechanical energy if the following conditions of the
second law of thermodynamics are satisfied:

1. The process of heat conversion into mechanical
work requires processes of periodically changing
nature. This condition has been satisfied as plant leaf
temperature is changing in sunshine. The temperature
of the plant leaf and air around it is continually chang-
ing in sunshine (SIRVYDASET AL., 2011).

2. Heat sources of different temperatures have to
participate in the process of heat conversion into me-
chanical energy. During the sunny period of the day
this condition is satisfied. The solar radiation energy
absorbed by plant leaves and the ambient air surround-
ing them are two heat sources of different temperature
participating in energy exchange in plant leaves.
While analysing processes in plant leaf cavities we
can see that when plant leaf temperature drops, the
process of heat release to the environment takes place.
During this process gas volume in leaf cavities de-
creases. This leads to the forced intake of ambient air
into the gas cavities of a leaf. When plant leaf tem-
perature rises, the process of heat supply to a leaf
takes place. During this process temperature and pres-
sure in the gas cavities of a plant leaf increase. The
process of gas expansion takes place. Part of gas pre-
sent in the cavities of a plant leaf is released to the
environment through leaf stomata. As changes in plant
leaf temperature repeat, processes recur and the cycle
begins all over again. That means that a biological
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prototype of the thermal engine exists in a plant leaf
which creates, for the account of heat, mechanical
energy for gas movement through stomata and for the
destruction of parietal layers (of heat and mass ex-
change) on a leaf surface. It works in sunshine. Me-
chanical energy developed in a plant leaf is used to
intensify the process of assimilation by activating gas
exchange with the environment.

As regards the transformation of heat energy into
mechanical energy, we usually assume that a me-
chanical engine of a certain structure is required for
that purpose. However, there are engines which pro-
duce mechanical energy by a gas flow. The potential
energy of pressure is converted into kinetic one, while
the latter — into mechanical work. Technically, the
transformation of potential energy to kinetic energy
occurs in special tubes (de Laval nozzles). The combi-
nation of plant leaf cavities, channels and stomata is
very similar to the design and operating principles of
a rocket (jet) engine.

Fig. 5. — Chart showing the system of the gas cavities
(mini, macro and nano), channels and stomata of a
plant leaf. A — cavity in a plant leaf; B — ambient environ-
ment of a plant leaf; I-1, 1l-11 — outside positions of alleged
membrane. 1 — spongy tissue, 2 — stoma opening, 3 — cuticle
4 — gas environment in the spongy tissue of a leaf, 5 — ambi-
ent air in leaf surroundings

Energy transformations in a plant leaf are possible
only during the sunny period of the day in the pres-
ence of leaf temperature pulsations. It is difficult to
accurately describe the thermodynamic processes of
heat transformation to mechanical energy in a plant
leaf and to form a thermodynamic cycle. This is be-
cause a plant leaf is a live organism of the plant in
which complex biological and physical processes are
taking place simultaneously. The environment as well
as biological (assimilation) processes and their inten-
sity have an impact on the progress of physical proc-
esses in leaf cavities, channels and stomata, the bio-
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logical mechanism of stomatal guard cells manifests
itself. Therefore, to understand physical processes
taking place in the gaseous cavities of a leaf they need
to be idealised and charted as is often done in thermo-
dynamics.

A chart of the gas cavities and channels of a plant leaf
is presented in Fig.5 for the purpose of analysing
thermodynamic processes taking place in them and the
operating principle of the thermal engine working in
a plant leaf.

For the thermodynamic analysis of cycles the assump-
tion is made that the same amount of air (absolutely
dry in this case) in the gas cavities of a plant leaf is
used in the cycle. To analyse thermodynamic proc-
esses taking place in leaf cavities an alleged mem-
brane dividing the analysed gas cavity volume in
a plant leaf into to two parts is used. In the course of
thermodynamic processes in cavity A air mass re-
mains constant. Its volume may change depending on
pressure and temperature. Cavity B has contact with
ambient air through a stoma channel. As volume
A changes, ambient air enters cavity B through the
leaf stoma or is released into the environment through
it. (Fig. 1). In the case of constant energy exchange
when plant leaf temperature is the highest air volume
in cavity A (Fig. 1) will be maximum and in cavity
B — minimum (cavity B = 0). At this moment pressure
in the leaf cavity is equal to ambient air pressure and
the alleged membrane will be in position 11—I1.

Point 1 represents the thermodynamic state of the air
in cavity A in the coordinate system pv (pressure—
volume) (Fig. 6). In point 1 the volume of cavity A is
maximum and pressure p equals the atmospheric pres-
sure.

As the temperature of the plant leaf drops pressure in
cavity A decreases and vacuum forms. Pressure in
environment B exceeds pressure in plant leaf cavity
system A. Due to the formed difference in pressures
ambient air enters the plant leaf cavity through the
stoma moving the alleged membrane from position
1111 to position I-1. When ambient air enters cavity B
vacuum in cavity A does not reach the maximum
value but is maintained at a certain constant level
p» = const, which depends on the size of the leaf cav-
ity and the hydraulic resistance of the leaf stoma
channel. Depending on occurring biological processes
the plant leaf may change the dimensions of the stoma
channel (in this aspect biological channels have an
advantage over static energy transformation channels
used in technologies). Therefore, as temperature
in cavity A drops (during the cooling process), the
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pressure difference between cavity A and the ambient
environment remains constant (p; — p, = const), the
volume of cavity A decreases. When the minimum
temperature is reached in cavity A (point 3) the com-
pression process in the cavity of the plant leaf
continues due to higher pressure in the ambient envi-
ronment. It is a polytropic compression process.
It continues as long as pressure in cavity A becomes
the same as pressure in the ambient environment
(point 4).

Y

Fig. 6. - The thermodynamic cycle of the thermal
engine working in the plant leaf gas system in the pv
(pressure p, volume v) coordinate system. L — area of
the cycle; 1, 2, 3, 4, 5, 6 — characteristic points of thermody-
namic states describing the parameters of plant leaf cavities
(explanation is in the text)

At the end of adiabatic compression (without heat
exchange with the environment in process 3-4) vol-
ume in plant leaf cavity A reaches the minimum value.
The alleged membrane reaches the outside position of
minimum volume I-I.

As plant leaf temperature rises (solar energy is ab-
sorbed) pressure in plant leaf cavity A increases reach-
ing the maximum value in point 5. As temperature in
cavity A continues to increase, the difference in pres-
sures in cavity A and ambient environment remains
constant ps —p4 = const. The Volume of cavity A in-
creases pushing the alleged membrane towards posi-
tion I11-11. When the maximum temperature is reached
(point 6), higher pressure in plant leaf cavities A leads
to the polytropic expansion process as pressure drops
to continue until the pressures reach the balance in
point 1. At the end of polytropic expansion (in process
6-1) leaf cavity volume reaches the maximum value
in point 1. The alleged membrane reaches the outside
position of maximum volume I1-I1.

The cycle is completed and returns to the initial posi-
tion. A new wave of plant leaf temperature change
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will repeat the aforesaid cycle in the gas system of
a plant leaf.

Processes taking place in plant leaf gas cavities are
charted. That facilitates an investigation aimed at
proving that the heat engine of mini-micro sizes pro-
ducing mechanical energy is present in the system of
plant leaf gas cavities during the sunny period of the
day. Although real processes occurring during this
cycle deviate from the theoretical processes discussed
above, the fact that such an engine does exist in the
plant leaf has been explained. Basing on the laws of

CONCLUSIONS

1. In sunshine, as the temperature of plant leaf tis-
sues changes, thermal parameters in the gas cavities of
a leaf change, which leads to respective thermody-
namic processes.

2. In sunshine, a thermal stomata engine (the bio-
logical prototype of a heat engine) works in a plant
leaf and generates mechanical energy at the expense
of heat.
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