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Abstract:



Bio-organic greenhouses that are based on alternative resources for producing heat and electricity stand out as an efficient option for the sustainable development of agriculture, thus ensuring good growth and development of plants in all seasons, especially during the cold season. Greenhouses can be used with maximum efficiency in various agricultural lands, providing ideal conditions of temperature and humidity for short-term plant growing, thereby increasing the local production of fruit and vegetables. This paper presents the development of a durable greenhouse concept that is based on complex energy system integrating fuel cells and solar panels. Approaching this innovative concept encountered a major problem in terms of local implementation of this type of greenhouses because of the difficulty in providing electrical and thermal energy from conventional sources to ensure an optimal climate for plant growing. The project result consists in the design and implementation of a sustainable greenhouse energy system that is based on fuel cells and solar panels.
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1. Introduction


Development of renewable energy as a primary global resource of clean energy is one of the main objectives of energy policies worldwide, which, in the general framework of sustainable development, aimed at reducing energy consumption, increasing security of supply, environmental protection, and friendly and sustainable energy technology development [1].



Renewable sources represent good alternatives to fossil resources, which are limited in quantity and are prone to exhaustion.



In this context, the use of the proposed hybrid system can be successfully used in areas where the connection to the grid is not possible or where the development of the electrical infrastructure is not technically feasible or in terms of investment costs. The area of greenhouses in Romania is 922 hectares, of which, about 450 hectares are heated greenhouses.



Agriculture is one of the most important sectors, which is characterized by the greatest potential for sustainable economic development [1,2].



In order to reduce production costs, it is necessary to implement a hybrid thermal power that is based on renewable energy designed and dimensioned according to local demand, so that the production costs to be reduced significantly, while considering that heating accounts for about 30% of the total energy used in the greenhouse [3,4]. Integration of renewable sources-based hybrid system in the greenhouses to provide heat and electricity is an important objective for sustainability and efficiency of commercial systems in order to increase the production and reduce costs that are associated to heat production in order to ensure an optimal climate for plant growing [5,6].



The concept of this project came as a result of the demand of a farming company that is specialized in greenhouse vegetable-growing, which has shown interest in developing a new greenhouse concept based on sustainable sources of energy-combustion piles and solar power. Major disadvantages for vegetable farmers occur in winter when it is necessary to provide specific environmental conditions: temperature (min 15 °C), humidity, sun exposure, water, and fertilizers. In this context, the design of a sustainable energy system is the first Romanian initiative to implement renewable energy sources in the agricultural field [7].



A combination of renewable sources by creating a mixed system is a sustainable and economic solution that could address these issues [8,9,10].



Reducing fossil fuel consumption by using solar energy can contribute to global climate change as a result of reducing greenhouse gas emissions and the impact of energy use on the environment [11].



Photovoltaic energy is a valuable energy source that comes from renewable sources that are inexhaustible and non-polluting. To be used in a wide range of applications and to meet cost constraints, the implemented energy system must feature a good optimization of photovoltaic cells with a practical validation [12].



The total amount of solar energy received at ground level for one week exceeds the energy that is produced by oil, coal, natural gas, and uranium in the world.



In most cases, it is necessary to convert solar energy into electricity [13].



Solar energy is a source of green and inexhaustible energy and its production cost is zero, thus successfully replacing the conventional energy that we buy, and, consequently, reducing the production costs considerably [14]. These initiatives were adopted in some Smart Island north European [15].



Photovoltaic energy is the product of direct conversion of solar light into electricity using solar cells that are connected to produce the desired electrical energy [16].



Using solar energy that is provided through solar panels and solar collectors is an efficient and environmentally friendly way that can help to reduce production costs in stand-alone greenhouses [17,18,19].



Free energy of the sun can be used to heat greenhouses by collecting and storing heat during the hot summer season and using it during the cold season.



Moreover, solar energy can be used to generate electricity by integrating a system of photovoltaic panels that are mowing on the roof of the greenhouse [19].



As an alternative to fossil fuels that are expensive, farmers use renewable energy sources, such as solar heat pumps [20], geothermal heating systems, thermo-solar and photovoltaic panels, and biomass-derived fuels for greenhouse heating.



Greenhouses are covered with transparent materials since they mainly use solar energy, being designed to provide optimum growth conditions for plants [21].



There are two types of greenhouses that use solar energy for heating.



First, passive greenhouses are designed to maximize solar heat gains by using special coating and structural materials that are used as solar collectors [22].



Secondly, there are active greenhouses that are equipped with solar systems using an independent heat collection and storage system, supplying the greenhouse with additional thermal energy when compared to the heat that is generated by direct heating [23,24].



The main objective of the research partnership made up of Stefan cel Mare University of Suceava and National Research and Development Institute for Cryogenic and Isotopic Technologies (ICSI) Ramnicu Valcea is to develop a functional and durable energy system that is aimed at greenhouse bio-organic farming.




2. Hybrid Energy System: A Case Study


This paper identifies specific elements of a case study on the concept of sustainable development of organic greenhouses by integrating a hybrid energy system that is based on renewable sources [25].



In the warmer months, the excess energy that is produced by photovoltaic panels is stored in a hydrogen tank using an electrolyzer, and in the cold season, hydrogen is used by the fuel cell to generate energy when the photovoltaic panels are unable to cover the demand energy.



This concept of hybrid energy system based greenhouse was designed, built, and implemented in a research project having ICSI as partner. The project beneficiary provided a greenhouse having the parameters that are specified in Table 1.


Table 1. Calculation of greenhouse heat demand.





	
Calculation of Greenhouse Heat Demand




	
Climatic Zone

	
II

	
Wind Area

	
II






	
Outside temperature

	
−15 (°C)

	
Wind speed

	
7.00 (m/s)




	
Sealed greenhouse

	
Outside the village




	
Insulation material: double-layer polyethylene film




	
Indoor temperature

	
18 (°C)




	
1

	
d-the greenhouse wall thickness (mm)




	
1000

	
ë-Thermal conductivity greenhouse walls




	
3

	
Embodiment of the greenhouse




	
90

	
Surface land that is located greenhouse (m2)




	
190

	
A-Total greenhouse area (m2)




	
284

	
V-Greenhouse volume (m3)




	
79.23

	
Q-heat requirement for calculating (kW)




	
9.68

	
Kconv-total coefficient of heat transfer by convection through the surface (W/m2 K)




	
1.70

	
n-tightness coefficient greenhouse




	
0.10

	
πn-penetration coefficient (kJ/kg K)




	
0.32

	
ξ-coefficient that takes account of indoor and outdoor air enthalpy




	
11.60

	
αi-heat transfer coefficient of surface to the inside (W/m2 K)




	
32.58

	
αe-heat transfer coefficient on the outside surface (W/m2 K)




	
8.48

	
KET-total coefficient of heat transfer by convection through the surface of the greenhouse, considered sealed (W/m2 K)




	
0.61

	
ΨA-coefficient that depends on the area of land that is located greenhouse




	
10.00

	
L-greenhouse length (m)




	
9.00

	
l-width greenhouse (m)




	
4.00

	
H-maximum height (m)




	
4.50

	
r1-circle’s radius = l/2 (m)




	
4.00

	
r2-circle’s radius = H (m)




	
90.00

	
S-greenhouse area (m2)




	
205

	
A1-total area when r1 = l/2 (m2)




	
176

	
A2-total area when r1 = H (m2)




	
190.4

	
A~total area (m2): average between A1 and A2




	
318

	
V1-greenhouse volume when r1 = l/2 (m3)




	
251.3

	
V2-greenhouse volume when r1 r2 = H (m3)




	
284.6

	
V~greenhouse volume (m3): average between V1 and V2










Table 1 shows the calculation of heat demand of a modular greenhouse.



The hybrid energy system is able to produce cost efficient heat and electricity at any time, having good efficiency and a low level of environmental pollution.



An important requirement is to investigate the feasibility of the equipment installed in experimental greenhouse, and to evaluate the mutual benefits that are arising from this integration. The case study refers to a modular greenhouse with an area of 90 m2, airfoil shaped tunnel with steel structure and round arches.



Gauge dimensions of the greenhouse are: L = 10 m, l = 9 m, H = 4 m.



Figure 1 shows the concept and design of the greenhouse and Figure 2 shows a functional greenhouse [26].


Figure 1. Elliptic design of the greenhouse.
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Figure 2. Functional greenhouse.
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This greenhouse model was selected because it displays good strength and durability, being able to resist winds of 90 km/h and snow layer (80 kg/m2 + 25 kg/m2 internal load) [27].



According to Romanian standard SR 1907-3, the energy for heating the greenhouses was calculated, while considering the type of material that I sused for insulation and coatings [28].



Efforts to decrease energy consumption have led the researchers to use alternative energy sources for greenhouse heating.



Several types of passive solar systems and techniques have been proposed and used for the substitution of conventional fuels with solar energy as available low-cost technology [29,30].



Because the sunlight may be insufficient in winter, then a combination of renewable energy sources is very useful to be used in this situation.



Table 2 shows the calculation of greenhouse heat loss.


Table 2. Calculation of greenhouse heat loss.





	Calculation of Greenhouse Heat Loss
	Data
	U/M





	Double-layer sheet losses
	15.28
	(kW)



	Loss through ground
	1.02
	(kW)



	Other losses
	16.30
	(kW)



	Effective thermal calculation
	41.1
	(kW)



	Thermal calculation for heat generator choosing
	46
	(kW)



	Heat generator efficiency = 0.9
	41.078
	(kcal/h)



	Overall thermal power
	37
	(kW)









Collecting solar radiation is more efficient when the greenhouse is oriented East-West, which may be performed both in summer and winter [31,32,33,34,35,36].




3. Hybrid Energy System Components


The project research team identified the following components of the hybrid energy system, in accordance with the specific technical requirements of the beneficiary.



The use of the fuel cell in the proposed hybrid system will have a high economic profitability, as it will be implemented by as many users as possible, thus reducing the cost of fuel cell production.



In the next level of this research, a multicriterial analyse taking into account economic criteria for all equipment from hybrid energy will be realized.



3.1. Thermal Energy Production System



	-

	
Thermal heating generator that is based on fuel wood and biomass is used to produce heat for the greenhouse needs. This equipment has a nominal heat output of 38 kW, it works very efficiently, gasification has low fuel consumption, and it shows superior performance, which is up to 93%.









From thermal calculation performed, it results that this model of power with thermal power of 38 kW is sufficient to provide the energy requirements of the greenhouse at a rate of up to 70%, when considering that its use is done mainly in winter.




	-

	
Thermal solar collector panels with vacuum tubes are a great alternative to produce hot water using solar energy in summer.









The total area is 3.5 m2, Pmax = 1260 kWh, 666.34 kWh/m2 (63 kWh/tube), 67% optical efficiency, maximum temperature 239 °C.



Using thermal solar panels for a period of 4–6 months per year in the greenhouse can bring in significant savings on heat production.



Mixed hybrid heating system based on solar-hydrogen energy and biomass allows for a saving of up to 30% of annual fuel that is used for heating and domestic hot water [37].




3.2. Electricity Generation System



	-

	
The assembly of photovoltaic panels, Off Grid.




	-

	
Polymer electrolyte membrane fuel cells (PEMFC), Pmax = 9 kW, T = 14.4 V, I = 35 A, hydrogen consumption 6.5 L/min.




	-

	
Proton excenge membrane (PEM) electrolyzer, with capacity of 1.05 Nm3H2/h at a pressure up to 30 bar, U = 230 V, Pmax = 2 kW.









The hydrogen produced by the electrolyzer is very efficient when it is converted into electricity using fuel cells with proton exchange membrane, which are actually electrochemical energy converters [38].



This equipment has the advantage that it can be used to produce electricity at any time using stored hydrogen, but only when it is necessary.



PEM fuel cells are the most promising type of power generation, due to its advantages, such as simplicity, low operating temperature, and easy maintenance [39,40].



PEM fuel cells are the future of generators that provide electricity and portable station types, using renewable energy sources for this purpose.



The implementation of a combined electrolysis fuel system for the production and storage of hydrogen in a demonstration greenhouse is a good alternative to traditional power solutions, given that it provides reliable equipment and it generates electricity at all times [41].




3.3. Electrical and Thermal Energy Storage System



	-

	
Mixed boiler for hot water heating and storage, with a capacity of 500 L and thermal energy storage power up to 42 kWh.




	-

	
Pressure hydrogen storage cylinders, with a capacity of 50 L and volume of 10 m3.




	-

	
Solar batteries with gel solution, U = 12 V, I = 200 Ah, are designed for photovoltaic systems and kits, and they are used to store electricity.









This type of battery uses innovative technology “Absorbent Glass Mat”, which gives them the property to provide significant energy reserves that can feed many electrical consumers throughout its service life [42].



A schematic diagram of the constructed experimental system is illustrated in Figure 3.


Figure 3. Schematic diagram of the hybrid greenhouse system.
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The output power of a solar PV panel changes in accordance with change in solar radiation and temperature level.



This makes it impossible to use the direct-coupled method to automatically track the maximum power point.



These changes in weather conditions are shown by the P-V curves that are displayed in Figure 4 and Figure 5, respectively.


Figure 4. Characteristic curves at four different irradiances.
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Figure 5. Characteristic curves at different temperatures.
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Figure 4 shows the characteristic curves at four different irradiances.



A Maximum Power Point Tracking (MPPT) system needs to be implemented in order to extract maximum power during the operation of solar panel and to be able to track the changes in power due to changes in the atmospheric conditions [43].



Figure 5 presents the characteristic curves at different temperatures.



Modularity is one major advantage of this sustainable type of renewable sources based greenhouse. Once the hybrid system is sized and implemented by resizing individual components, an unlimited number of various constructive structural elements can be added: photovoltaic panels, thermal solar modules, fuel cells heating systems, ventilation systems, etc. [44].



In the event that there are conditions for biogas production to complement the energy requirement of the greenhouse, a small system to produce the fuel gas by decomposing organic matter can also be integrated.



Renewable energy resources, such as wind, sunlight, geothermal, and biomass are mostly used.



They are working together and their integration into the energy market can improve the sustainability and the reliability of the power systems [45].



A microgrid is an autonomous electric distribution system that combines one or more energy resources with the loads, having its own management and control system, and working as an independent controllable entity [46].



The communication and control responsible device collects the data from the microgrid and manages the system.



In Figure 6 is represented the functional scheme of biogas system.


Figure 6. Schematic diagram of the biogas system.
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The algorithm that is used to test the system is based on the state of charge of the batteries. The read values are the following: BatSoc, PacSI, ExtPwrAt, GnManStr, PacSB, and Pbio (power of the biomass generator).



The microgrid setup has emulators for the geothermal and biomass generators and a photovoltaic system with storage capability and two inverters, a grid forming capable, and a grid follower.



That proper energy production of the microgrids is also a substantial issue.



The balance between the energy flow and the load demands is their basic rule considering the availability of the resources.



A properly functioning energy management system can ensure the best solution and meet the load requirements continuously and in short time.



The gradient-based systems are too slow to be used in real-time energy management systems, so the articles from this area focus on the off-line application [47].



The use of biogas to produce heat and electricity in the case of greenhouses is one of the most effective solutions to ensure their sustainability.



Heating and cooling systems are major costs involved in plant production in greenhouses.



Normally, heat-generating generators that imply the high consumption of energy are normally used to heat greenhouses, which are usually supplied by combustion of fossil fuels (diesel fuel, oil, oil, gas).



In view of the above, an effective solution for the sustainable development of greenhouse farming is the replacement of fossil fuels with alternative energy sources [48].



The main alternative energy sources to be implemented in the greenhouse for the supply of heat and power are the following:

	-

	
thermo-solar energy;




	-

	
energy from biomass and solid wood; and,




	-

	
energy from hydrogen energy.









The innovative combination of these renewable sources and the use of local air conditioning systems [49,50] will create an energy system that can meet the energy needs of an agricultural greenhouse, thus achieving an optimal climate for plant growing [51].





4. Development and Perspectives


The greenhouse systems that are provided with heating systems which are usually used during cold nights and during the winter season have a significant advantage over the quality of the products that are obtained, as well as a significant reduction in the planting and harvesting time.



In order to maintain the ambient temperature at optimal parameters for plant growing, it is necessary to consume large amounts of heat, which is usually supplied by fossil fuel energy systems [52].



As a result, the average temperature difference between the inlet and outlet of the earth-air heat exchanger (EAHE) was 8.29 °C.



The total electricity consumption of this system was 8.10 kWh, operating approximately 11 h/day, when 34.55% of this energy demand was provided by photovoltaic cells [53].



An Indian study [54] analyzed and modeled an integrated energy system for a greenhouse consisting of solar PV, a PEM polymeric membrane electrolyzer, and fuel cell assemblies. This study demonstrated that 51 PV modules, each modulus with a power of about 75 W together with a 3.3 kW electrolyzer and two PEM fuel cell assemblies, each 480 W power unit can cover the energy requirement of a flower greenhouse of 90 m2.



Solar radiation in the greenhouse depends on its orientation and positioning, but East-West orientation is more effective in collecting solar radiation in winter than in summer collection [31,40].



A key factor in the proper functioning of the greenhouses is the implementation of an efficient irrigation system to ensure the effective hydration of the plants.



In this respect, ensuring the supply of electricity for pumping, transport, and water storage equipment is one of the most important objectives.



A solar water pumping system has many important advantages, for example, besides any fuel and maintenance costs; there is no environmental pollution hazard.



There are very frequent cases where rural settlements, which are made up of villages and communes, are not connected to the conventional power distribution lines because they are not located near them, being located at considerable and relatively isolated distances, so that it is almost impossible to connect them to classic energy distribution systems due to huge costs.



In this respect, the best solution to solve these problems is the use of small-scale energy applications consisting of combinations of photovoltaic panels with thermo-solar panels, which ensures the supply of greenhouses with heat, electricity, and water, representing an efficient and cost-effective solution for these isolated areas [55].




5. Conclusions


This paper presents the case study of a research project that had as the main objective the development and implementation of an experimental model of functional greenhouse, an integrated energy system for the production of thermal and electric energy using low-pollution renewable sources.



The case study that was analyzed in this paper shows that the development of a sustainable greenhouse concept that implements an integrated hydraulic energy system, based exclusively on renewable sources, such as solar energy, hydrogen energy, biomass with possible applicability in the future, along with the development of production technologies and the development of the production capacities of fuel cells.



The amount of additional energy that was produced by photovoltaic panels during the period 20 March–10 November, exceeding of technological consumption and lighting is 6775.84 kW, of this amount of energy between 20 March and 10 November, from using the electrolyzer we produce 203.28 kg of hydrogen. During 11 November–19 March, from 203.28 kg of hydrogen using fuel cell, we produce 3374.44 kW, which we provide 3 kW of energy for lighting and technology per day, with a total consumption of 387 kW and the difference of 2997.44 kW is used for heating the greenhouse as an additional energy, to the thermal energy produced by the wood, covering the peak load in the days with temperatures lower than −3 °C, with an average of 31 days per year.



New energy generation systems use all of the systems at renewable sources contribute to reducing overall energy consumption, increasing energy supply security, and protecting the environment, thus reducing the polluting emission [56,57].



In recent years, the use of food, water, and energy resources has become an essential issue, especially in rural areas, with some being unable to connect to electricity, water or gas networks but having very high potential for solar, wind and biomass renewable sources.



Due to different socio-economic obstacles, these renewable sources are under exploited and are poorly used by mankind.



Globally, due to population growth, and, implicitly, food and water needs, significant increases in energy consumption in agriculture are estimated.



The implementation of renewable energy sources, especially solar energy and biomass, will solve these problems by ensuring the provision of cheap and environmentally-friendly energy, especially for greenhouses, which use an appreciable amount of energy for the proper functioning of the cooling systems, heating, lighting, and irrigation.



Moreover, the use of green energy will lead to the sustainability of greenhouses, increased energy efficiency, increased food production, and the provision of cheap and clean energy.
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