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dzdv CdzdyjfmMseO® d COyjMmMloO® dwOoatsL O o MlstcOdZOR {1
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1 Natural Resources Institute Finland (LUKE) j HE § @B ls dzj to

1 FinishEnvironmentnstitute(SYKE);
A d dzdz" dzH 9 Central Union of Agricultural Producers and Forest Owners (MTK);

1 Helsinki Commission (HELCOM).
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rodeq™ : q Aarhus Universitetet.
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Introduction

Plant cultivation under controlled conditions (facilities under covers) stimulates to apply in-
novations related to the reduction of energy consumption and optimal control of plant growth factors
(temperature, relative air humidity, solar radiation andlifeg plants with carbon dioxide). It is
known that searching for technical solutions used in the production processes should be integrally
related to the improvement of the product quality and reduction of its costs. Undoubtedly, reduction
of production cets in facilities under covers may be performed, inter alia, by using the excess of
heat from the inside of the facility for heating the object. This issue, for crops under covers, concerns
both the type of the object structure and its equipment. Manptsidecentres have undertaken
research concerning the impact of the object structure, efficiency of heat storage in the storage bed
including aspects of the heat demand. From the point of view of the facility structure, Abreu et al.,
(2001) analysed thenpact of its structure (single tunnel, blocked) on the effect of cultivated toma-
toes. Condori et al., (2001) presented results of their research related to the use of heat from the
inside of the prototype greenhouse for drying vegetables (sweet peppe), reover, similar
issues concerning the use of waste heat from the inside of the facility were analysed by Fuller and
Charters (1997) determining possibilities of using this heat from a production plastic tunnel for
drying grapesLi et al. (2017) caied out research in order to determdaaly temperature changes,
relative moisture and solar radiation and for analysis of microclimate characteristic in naturally
vented greenhouses. Kothari and Panwar (2007) developed an analytical thermal mgoi a
house in order to estimate parameters of the internal microclimate. The issue of the heat balance
including processes which take place in a greenhouse enforced by the heating system and solar
radiation getting inside the facility was analysed by @eall., (1998). On the other hand, Kendirli
[2006] analysed setting towards the geographical directions various structures of greenhouses, con-
cluding that for the northern latitude the easist orientation improves effectiveness of the solar
energy use.iBgh and Tiwari (2010) analysed the total heat demand and the amount of heat obtained
from solar radiation for five different types of greenhouse structures. Parra et al., (2004) developed
a mathematical model for determination of the natural ventilatimsity, where they determined
a percentage share in the amount of the exchanged air in relation to locations of vents. Papadakis
(1996) carried out investigation of natural ventilation by analysis of tracking gases showing a limit
velocity of wind at whih also temperature difference between the inside of the facility and the
surroundings should be included. Teitel et al., (2005) analysed the impact of the wind direction and
velocity on the air flow type in vents of a greenhouse. (Ozgener and Ozgengfra@ithe range
of heat excess storage carried out a series of experiments in the accumulator, where the steel pipes
system was installed (positioned in a loop shape) placed in the ground. Kurklu (1998) in his review
paper presented constructional solns@f heat accumulators which use phase changes of material
(salt hydrates, paraffin and polyethylene glycol) along with determination of potential heat effects
of their use in a greenhouse.

The presented review of research works shows clearly that thef heat excess from the
inside of the facility, which was formed from solar radiation, in the process of heating a horticultural
facility is one of the solutions which are used for the microclimate change. This issue is an object
for the research carriemt in plastic tunnels located in the University of Agriculture facilities and
the Institute of Horticulture in Skierniewice (Kurpaska et al., 2012). In the process of heat storage,
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both thermal processes as well as mass exchange processes occur (¢ondewsgoration)
through changes of steam concentration in air. Therefore, determination of these effects which were
formed during pressing air to the rebkd storage is an essential problem. Plant reaction to the
introduced innovations is a separateiessAnalysis of these issues will be the main objective of the
paper.

Material and method

Research was carried out in two plastic tunnels: in one of them (in the half of its length
separated with an additional wall) a rodked accumulator was installéiunnels with dimensions
of 9x30 m were covered with a double PE plastic; there was air in the space between the plastic
layers. Parameters of the microclimate of plants were maintained at the level recommended in the
cultivation technology. Both facilitidsad identical control systems of vents location. Fig. 1 presents
the schematic representation of the measurement stand.

Fig. 1.Schematic representation of measurement stand: (a) tunnel with heat accumulator and control tunnel (b)

In the tunnel with &eat accumulator (fig. 1a), air from the inside of the facility was supplied
through the perforated pipes system and pressed into théedcaccumulator. The accumulator
comprises three sections with an effective area of: one se@®h and two seitins 18.7 mMeach
and the height of the rock layer of 0.7 m. The air pressing system consists of perforated pipes located
in the upper part of the tunnel (1) through which a vent (W) pressed air into perforated pipes (2)
located on the bottom of the rebled accumulator (porphyry rock with dimensions within the range
of 30-63 mm). Air, upon fighting over the flow resistance flew into the inside of the facility thanks
to the perforated pipes installed in the surface layer of the bed connected with theicomiee
(3) The following sensors were used in the measurements: air temperaitlr®T 1000 measure,
air moisture- TS110 transducer, wind velocityvith MAX 40H time anemometer, solar radiation
intensity with LP PYRA 02AV pyranometer, air flowwith Air Mini 64 measures: The Original
Computer Measurement System which with 120 s sampling time monitored and archived the meas-
ured parameters was used in the tests. This system was also used for controlling the system operation
through the developed algibhm. The control was carried out through a change of location of flap
valves installed at the air inflow to particular sections and charging and discharging heat from the
rock accumulator.

Description of experiments

The considered system of the rdo&d accumulator may operate in the charging and dis-
charging system of the accumulator. In the charging process, the control of the flap valve location
(4-fig. 1 a) takes place with an algorithm, where a difference in temperature between temperature
over a pratction screen and the temperature in the accumulagras well as the temperature
flowing out of the accumulator and temperature inside the facility was a controlling paras@ter (

The charging process was carried out wear2K and for the dischging process the minimum
temperature of %€ was assumed; the difference between the temperature of tHeewelccumu-
lator and the temperature of the air which was flowing out from the accumuladgr4&. Standard
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treatments were carried out duringpeximents. Plants were cultivated on ballots filled with the
mixture of peat and tree bark. The plant fertigation process (irrigation and fertilization) was carried
out with a fertilizing mixer and the concentration of the fertilizers was compliant weiprédduction
technology requirement.

Theoretical analysis

By marking the average air temperature inside the facility Withhand by omitting the air
stream exchanged by means of ventilation, an equation describing the air temperature change inside
the facility assumes the following form:

a) tunnel with the heat accumulator:

. dT, .

Vpl o’1 (Qd—l‘m O Gk Yr~ Gsw = Qen (1)
b) tunnel without the heat accumulator:
W dT,

Vp2 o 2 C\QTM 02 G Oor Qene (2)

The sign (N) in the equation (acdumukatortheds f o
accumulator loading cycle)(and the case of supplying air from the accumulator to the inside of the
facility - accumulator discharging cycle (+).

The simplifying assumptions were assumed in the analysis:

- auniform heat stream used fdant transpiration (identical compaction, plant variety and size):
grrI=(TR2,

- arelative small difference in densityf }2), relative air heatoyi=cw2), identical air volume
inside the facilityhvai=Vo,

- auniform heat stream which gets inside the fadhtpugh a transparent shielgk{=0r>)

The total effect of the accumulator operatig®) is included with the difference of temper-
ature inside the facility as a result of supplying heat from the accumulator and varied ventilation of
the facility. Therefoe, after including assumptions, transformation and simplification we finally
obtain:

DQ U IQ(TWQWT_M\)(E(X (3)

Time intervals of 10 minutes were assumed for analysis. The obtained thermal effect was
calculated into savings in fossil fuel (cogith calorific value of Wu=18.9MJ/kg was taken into
analysis, thus, the fuel mass may be calculated from the relation:

My = W[ux(gb (4)
where, particular symbols stand fari coefficient of heat transfer through a shield, Win(the
analysis assumed U=5.3 WAH).; Fo sigthe shield surface, B Twew, Twewz T air temperature in-
side the facility withTwew?) and without Twew? heat accumulato?C, O- boiler performance. It was
assumed thad= 0.7.

In the analysis, with the use of standard psychrometric relations, deficiency of partial pres-
sure of water steam (vpd) inside the facility was also calculated. For the analysed sizes statistical
analysis of differences at the level of significahks8.05wa carried out

Results and discussion

Investigations were carried out in Ap@ictober and tomato was a tested plant. The pre-
sented values of experimental factors were calculated as averageauté values from measure-
ments made with a sampling frequeméy2 minutes. Figure 2 presents the course of ambient con-
ditions during the accumulator charging cycle.

As it is presented, during the charging process, the scope of changes of the measured values
was within: air temperature outside the facility from#.26.4C, relative moisture 35.4 to 91.1 %,
solar radiation intensity 72 to 555Wfrand the wind velocity 0 to 16.1 m/s. During experiments
the area of the accumulator was within 7.5 to 75,%ne pressed air stream 0.26 to 8/g,2and the
charging timerom 4 minutes to almost 23.6 hours. The lower value of the active area fLdflm
the accumulator than the surface area of the section ()8guits from the fact that in the average
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value (10 minutes) based on which the surface area of the accummdatoalculated, the charging
process was carried out only for 4 minutes. Figure 3 presents the course of comparable values of the
surroundings and the rodded accumulator operation during its discharging.
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Fig. 2.Course of ambient conditions (a) andiccumulator operation conditions
and pressed air stream (b) during its charging
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Fig. 3.Course of ambient conditions (a) and accumulator operation conditions
and pressed air stream (b) during its discharging

As it is presented, during this proceds scope of changes of the measured values was
within: air temperature outside the facility from 0.4 to 2G.,8elative moisture 69.9 to 99.5%, solar
radiation intensity 0 to 100.8W/mand the wind velocity 0 to 10.6m/s. During experiments the area
of theaccumulator was within 38.5 to 75.8nthe pressed air stream 0.32 to &/g45and the dis-
charging time from 0.1 to almost 20.3 hours.

By comparing both processes we may notice that the charging process of the accumulator
was initiated almost-@veeks inadvance before the process of discharging.

Figure 4 presents the course of temperature and relative air moisture and the calculated de-
ficiency of water steam pressure (vpd) inside the investigated tunnels (with and without the rock
bed accumulator) for thieme where the process of charging the accumulator was carried out.
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Fig. 4.Course of temperature and air relative moisture (a) and calculated value of water steam
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pressure deficiency (b) in investigated tunnels with and without accumulator duringharging process

The course of the obtained values shows that in the investigated ambient conditions, the
average value of the measured parameters in the tunnel with the heat accumulator was equal to: the
air temperature 2298, air relative moisture 636, and it was 1.07 kPa. On the other hand, for the
facility without the bed accumulator, these values were respectivelyQ4Q2.1% and 1.13kPa.

The statistical analysis proved that both temperature and moisture inside the facility differ statisti-
cally between each other: in case of vpd parameter, these differences are not statistically significant.
The above values in the accumulator discharge process were presented in figure 5 in the

Air temperature mside the object, oC
Relative humidity inside the object, %
Vapor préssar e defiit, kPa

Ll end ar dary Calendar day

Fodll tunel: without the stone a0ourmulabin { ==-=- | and with S00rnuEhor | ——

Fig. 5.Course of temperature and air relative moisture (a) anatalculated value of water steam
pressure deficiency (b) in the investigated tunnels with and without accumulator during discharging process

The course of the obtained values shows that in the investigated ambient conditions, the aver-
age value of the meaied parameters in the tunnel with the heat accumulator was equal to: the air
temperature 17°C, air relative moisture 87 %, and it was 0.25 kPa. On the other hand, for the facility
without the rockbed accumulator, these values were respectively®@492.1% and 0.13kPa. The
statistical analysis proved that the presented values differ statistically between each other.

Using the expired equations momentary savings in heat and accumulated savings in fuel were
calculated. The analysis was carried outlfigraccumulator discharging process and the surface area
of the tunnel which is 135mThe obtained results were presented graphically in fig.6.

The obtained values reflect the amount of additional heat which should be supplied inside
the facility in casehere is a need to obtain there microclimate parameters. As one can see, the scope
of changes in the amount of the saved heat is within 0.1 to 606MJ of heat. In the entire cycle of
cultivation almost 1625 kilo of fuel (fine coal type) was saved. It cpaeds to the reduction to
atmosphere: Dus#.38t, CO- 360t; CO 8.11t; SQ- 2.48t and N®@at the level equal to 6.49 t.

Daily heat savings, M dayhunmed

Cummalart e Tuoed s vimgs, kg urmel

Eae.nda' day
Fig. 6.Momentary and accumulated values of savings in heat and fuel during process of discharging the accumulator

The obtaineceffects of use of the rodxed accumulator in the facility calculated into the
commercial yield of tomatoes was graphically presented in figure 7.

It may be observed that in calculation in the facility with the heat accumulator, in comparison
to the contrbfacility, almost by 14% higher yield of cultivated tomatoes was obtained. In total, per
one plant in the tunnel with a heat accumulator, approx. 10.2 kilo and in the tunnel without the heat
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accumulator approx. 8.9 kilo of tomatoes were obtained. Thgsasmalhich was carried out proved
that these differences are statistically significant.

10.
11.
12.
13.

14.

Tunel with accumulator

Day after planting plants

Cumwdative yield of the plant, kg/plant

Calendar day
Fig. 7.Effects of plant yield in facility with and without rock -bed accumulator

Conclusions
In the investigated facilities, average differences between the inside temperature (for the charg-
ing and discharging process) are from 1.4 to 2.3 K, between the relative moisture from 4.5 to
6.5% and deficiency of water steam pressure is from 0.06 tkPd.10Only during the charging
process, differences in the deficiency of water steam are not statistically significant.
During the cultivation cycle in order to maintain the microclimate parameters at night the same
as occur during the accumulator opgnato the facility, approx. 12 kilo of coal should be sup-
plied to a unit surface area of the tunnel.
An annual reduction in the emission of noxious substances to atmosphere in the discharging
cycle for the investigated facility with the surface area38nt were: Dust 4.38t, CQ- 360t;
CO- 8.11t; SQ- 2.48t and N®@at the level equal to 6.49 t.
In comparison to the control facility, in the tunnel with the heat accumulator almost by 14%
higher yield of cultivated tomatoes was obtained: differenceigiéld are statistically signif-
icant.
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