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Due to the increase in price of fossil fuels and a greater ecological awareness, in today's world there is a need to explore the possibilities of using alternative energy sources, primarily solar energy. However, due to the intermittence of solar radiation, as well as the fact that its daily intensity oscillation is incompatible with the daily oscillation of energy consumption, it is necessary to construct a system for energy accumulation with the aim of using optimally solar energy. It is necessary to store that part of irradiated solar energy which exceeds the heating requirements during the day in a thermal storage energy unit so that later this energy can be used when there is no solar radiation (night). In that way a significant saving of heat and therefore fuel too is achieved. Accumulation of solar energy is particularly suitable for greenhouses because during the day heat gains from solar radiation significantly exceed heat losses (1(, (2(. This paper analyses the heating requirements of the solar greenhouse and compares it with conventional greenhouse requirements. An analysis of heat consumption has been carried out for the North Adriatic climatic conditions, more precisely for the geographic latitude of 45.3(.








1. Greenhouse heat losses and gains





Greenhouse heat losses are obtained by adding transmission and ventilation heat losses which are calculated for every hour. Calculation of heat losses is not carried out for standard external temperature but for the real values of external temperature [3]. Thus predimensioning of the thermal heating system has been avoided (standard external temperature for North Adriatic region is -8(C, while minimal temperature which appears in the Test Referent Year (TRY) is -2.8(C) and a real calculation for surplus of irradiated solar energy has been made possible. As the external temperature is a function of time so are the heat losses a function of time and they are calculated for each hour and each day during the heating season. Heat gains of the greenhouse represent the solar energy irradiated through the glazed surface of the greenhouse and are calculated according to the following expression:


		� EMBED Equation.2  ���								(1)


where � EMBED Equation.2  ��� represents total irradiance per area of plane surface, � EMBED Equation.2  ��� the glazed surface on which the sun's rays fall and � EMBED Equation.2  ��� glass emission coefficient. Irradiation of plane surface is calculated from the total irradiation of the horizontal surface [4], (5(. Heat gains are calculated for each hour from 7 a.m. to 8 p.m.








2.  Thermal energy accumulation system





During the day there is a period when irradiated solar energy exceeds the requirements for heating. In order that the surplus of irradiated solar energy could be used, it is necessary to build into the greenhouse a system for the accumulation of thermal energy, composed of a solar energy collector and a thermal energy storage unit (Figure1). 


Figure 1: Solar energy storage system


� EMBED AutoCAD  ���


The simplest solution represents a rock bed thermal unit which as storage material contains loosely deposited rocks. Heat accumulation is based on use of heat capacity and temperature changes of the storage material during the process of heat supply, i.e. heat conduction. Trombe's wall (the northern wall of the greenhouse) is used as a collector for surplus of irradiated solar energy. Within Trombe's wall, channels have been installed through which air is conducted as a heat transport fluid. During the period when irradiated solar energy exceeds heat losses (warm period) Trombe's wall absorbs this energy and transfers it to the air passing through the channels. The heated air is then conducted through the thermal storage unit where it transmits heat to the storage material which gets higher temperature. In that way, indirectly, surplus of irradiated solar energy is accumulated which would otherwise unused be discharged into the environment. During the period when there is no solar radiation (cold period) air from the greenhouse area is conducted through the thermal storage unit where the storage material discharges previously accumulated heat and in that manner heats the air. Direction of air currents during the cold period is opposite to that in the hot period.








3. Surplus of irradiated solar energy





Irradiated solar energy surplus represents the difference between irradiated solar energy and heat losses and has been calculated for each hour during the day according to the following expression:


		� EMBED Equation.2  ���							(2)


where � EMBED Equation.2  ��� is hourly greenhouse heat loss, � EMBED Equation.2  ��� heat gain, � EMBED Equation.2  ��� Trombe's wall emission coefficient, and x a percentage of the wall surface relative to the total surface within the greenhouse where the sun's rays fall. As the intensity of solar radiation alters during the day, and is different for each day, it is necessary to assess some mean value of surplus of irradiated solar energy as well as duration of a warm period. Dimensioning of the thermal energy storage unit, i.e. determination of mass of the storage material and air mass flow rate is based on those values (6(. It is important to state that surplus of irradiated solar energy cannot be completely accumulated in the thermal energy storage unit, because of its thermal efficiency rate. Therefore, to determine the real heat accumulated, it is necessary to calculate the thermal efficiency rate according to the following expression:


		� EMBED Equation.2  ���								(3)


where � EMBED Equation.2  ��� represents the mean air outflow temperature during the hot period and � EMBED Equation.2  ��� and � EMBED Equation.2  ���  the air inflow temperature during the hot and cold period.








4. Heat transfer phenomena within the thermal storage unit
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With the aim of determining thermal efficiency rate of the energy storage unit and real accumulated heat the temperature distribution within the storage material and air flow have been solved. The numerical analysis is based on Hausen's two-dimensional (-( method [7]. A mathematical model of heat transfer phenomena within the storage material and air flow is described with the following partial differential equations in nondimensional form.


	� EMBED Equation.2  ���  (4)


	� EMBED Equation.2  ���  (5)


Figure 2: Temperature distribution within the storage material 	   during the hot period; L=8m; ( = 8h


where � EMBED Equation.2  ��� and � EMBED Equation.2  ���are the storage material and air flow temperatures. Variables ( and ( are nondimensional length and nondimensional time and are defined with following expressions: 


		� EMBED Equation.2  ���								(6)


		� EMBED Equation.2  ���									(7)


where ( represents heat transfer coefficient, A the surface on which the heat is changed, L the length of the thermal energy storage unit. If in the expressions (6) and (7) for distance x the total length of the thermal storage unit L is included and for the time t the total duration period is included, new variables are obtained:


		� EMBED Equation.2  ���									(8)


		� EMBED Equation.2  ���									(9)


where is  � EMBED Equation.2  ��� and � EMBED Equation.2  ���. The parameters ( and ( are called reduced length and reduced period of the thermal energy storage unit. Using finite differences method temperature distribution in (-( domain has been determined. By combining differential equations (6) and (7) a partial higher level differential equation follows:


		� EMBED Equation.2  ���							(10)


whose solution, with satisfying initial and boundary conditions, gives a temperature distribution within the storage material (6(, (8(. The results for heat storage unit of 8 m length and for 8 h of heat storage period are shown in Figure 2. Temperature distribution of the air flow is obtained by including the solution from equation (10) in equation (4).





5. An analysis of heat consumption for solar and conventional greenhouse





An analysis of heat consumption has been carried out for a south oriented greenhouse situated in the North Adriatic area. The cross-section dimensions are given in Figure 3. The module length is 40 m. It was assumed in the calculations that the thermal energy storage unit is ideally insulated, that there is no heat loss through Trombe's wall and it is estimated that the outlet air temperature from Trombe's wall is 35( C.
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Figure 3: Greenhouse dimensions





Thermal energy storage unit has been dimensioned according to the mean value of surplus of the irradiated solar energy which occurs for the 22nd January of TRY (Figure 4). By integrating the hours of heat losses and heat gains, as well as surplus of irradiated solar energy for the whole day, we obtain the daily heat losses Qn , daily heat gains Qi, as well as the daily surplus of irradiated solar energy (Q. 
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Figure 4: Daily flow of heat losses and heat gains for January 22 TRY





Heat required for heating conventional greenhouse, in which surplus of irradiated solar energy is not used, is calculated according to the expression:	


		� EMBED Equation.2  ���								(11)


In solar greenhouses the need for heat is reduced and it amounts to (Figure 5):


		� EMBED Equation.2  ���						(12)


where � EMBED Equation.2  ��� is thermal efficiency of the thermal energy storage unit.
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The monthly heat requirements for conventional and solar greenhouses are shown in Figure 6. An analysis has been carried out for four winter months of TRY.





Figure 5: Heat requirements of solar greenhouse
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The total heat requirements for a conventional greenhouse amount to 14.5 MWh, while for a solar greenhouse they amount to 9 MWh. It follows that a solar greenhouse needs 40% less heat than the conventional greenhouse which represents a significant reduction in heat and fuel requirements in a solar greenhouse.





Figure 6: Monthly heat consumption for solar  


               and conventional greenhouse














6. Conclusion





An analysis and comparison of heat consumption for a solar and conventional greenhouse points to a significant reduction of heat and fuel consumption if the daily surplus of irradiated solar energy is stored in a conveniently designed thermal energy storage unit. In this particular case the analysis has been carried out for the rock bed thermal energy storage unit because of its simple construction and relatively low cost. In a concrete case it has been shown that in solar greenhouses heat savings of 40% can be achieved when compared to the conventional solution. This points to the necessity for a greater involvement in the field of accumulation of solar energy, particularly today when the use of fossil fuel, although necessary, directly influences the cost of the product and represents ecologically an unsuitable solution.
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