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Abstract

:

The aeroponic plant root environment has a significant role in producing high-quality seed tuber potatoes. However, in lowland and tropical regions, the aeroponic system cannot yield high-quality potato seed because the average environment temperature year-round is high. In a high-temperature environment, the potato plant roots cannot optimally absorb the nutrient solution for healthy plant growth. This paper presents the method used to maintain the aeroponics root chamber temperature conditions. An air conditioning system was adopted to supply air with the optimal temperature range for mini-tuber potato seed cultivation. The vapor compression refrigeration type was applied in the air conditioning system. The root chamber temperature is controlled and monitored using an Arduino Uno board system. The mini-tuber potato seed cultivation field experiment results show the proposed method can maintain the aeroponic root chamber temperature. The root chamber temperature treatment operated in the 10 °C–20 °C range. This temperature range improved the potato seed tuber yield. The potato seed tuber yield potential is observed from the stolon number produced by the mini-tuber potato plants cultivated in the root chamber with the conditioned temperature. The field experiment reveals that the stolon number produced by potato seeds cultivated in the root chamber with conditioned temperature was up to 77% greater than the number of potato seeds cultivated in the root chamber with the unconditioned temperature.
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1. Introduction


Indonesia’s domestic demand for processed potatoes (chips, French fries, and flour) is around 8.9 million tons/year. Thus far, the national potato production is still ±1.5 million tons/year, including the vegetable potatoes type, from a harvest area of 80,000 ha [1]. The potato agribusiness promises high profits if managed optimally. With an ideal plant age of around three months, potatoes can be stored for more than three months [2]. If the production level is 30 tons/ha (average production in developed countries) and the farmer level IDR price is 5000/kg, the farmer can obtain IDR 150 million/ha/season. Unfortunately, the national average productivity is still around 15 tons/ha from the potential production of 40 tons/ha [2].



However, potato seed procurement is still a major problem facing potato farmers in Indonesia. The seed sector is one of the main supports in agricultural development programs aimed at increasing food security, added value, agricultural business competitiveness, and farmer welfare. Agricultural development programs will be achieved with support, one of which is the seed quantity and quality. Seeds greatly affect the productivity and quality of production. Based on data from the Director General of Horticulture at the Indonesia Ministry of Agriculture [2], in 2011 the need for potato seeds reached 103,582 tons, while the availability was only 15,537 tons or 15% fulfilled.



The low availability of quality potato seeds is due to various factors, including conventional farming techniques and unfavorable environmental conditions. Constraints in the conventional agricultural system in Indonesia occur because Indonesia is a tropical country with inadequate environmental conditions, such as high rainfall. This condition can reduce the effectiveness of using chemical fertilizers in the field due to soil nutrient leaching, causing waste and resulting in low soil fertility with low production in both quantity and quality. High temperatures and humidity throughout the year tend to favor the development of weeds, pests, and diseases. In the highlands, the soil erosion problem and the persistence of plant pests are limiting factors for farmer crop productivity.



One of techniques that can be used to provide potato seeds is aeroponics. As an innovative technology, aeroponics is a new breakthrough in the effort toward fast multiplication of seed potato types G0 (potato seed class) in supporting agricultural development programs in commercialized seed systems. There are five classes of potato seed, namely G0, G1, G2, G3, and G4. G0–G3 seeds are called the source potato seed, while G4 is called extension seed (for consumption). Although the initial investment is quite expensive, when compared to multiple yields, the costs incurred are quite inexpensive. As a reference, in 2012 the total G0 potato seed production of West Java reached 3404 kg (based on data from the West Java Provincial Government in 2013). These data show that seed potato types G0 production using aeroponics can help seed availability in the community at around 6.49%.



The plant quality, maintenance, supervision, and harvest timing become important issues in optimizing productivity. Therefore, a reliable and precise aeroponics environmental control is critical to achieve this goal. The plant growing technique using aeroponics is developed based on the situation that if the plant is given optimal growth conditions, the maximum potential for production can be achieved. Potato plants require different temperatures for each growing period. Areas with a maximum temperature of 30 °C and a minimum temperature of 15 °C are better for potato plant growth than areas with a relatively constant temperature of 24 °C. High root chamber temperature will also inhibit tuber growth because it will suppress the activity of several enzymes that play important roles in starch metabolism. High temperatures and humidity in tropical climates trigger disease in the potato crop and result in decreased production [3]. High humidity in the planting area can support the growth and development of plant diseases, especially fungi and bacteria. Fungi and bacteria are the most common diseases for potato plants, especially during the rainy season. Potato plant growth is greatly influenced by weather conditions. Potatoes grow well in environments with low temperatures at 15 °C–20 °C, enough sunlight, and 80–90% humidity [4]. In potato seed cultivation, the potato plant root environment requires control. Aeroponics systems optimize root aeration, which is a major factor for increasing yield compared to hydroponics. The aeroponic system has advantages when compared to conventional planting methods using soil media. The mini tuber yield conventionally (soil media) ranges from 3‒6 tubers per plant, while aeroponics produce over 40 tubers per plant [5,6,7,8]. Aeroponics-grown plants showed an increase in vegetative growth and slower tuber formation, but resulted in 70% higher total tuber production per plant with 2.5 times the number of tubers over hydroponic systems. The high production with aeroponics is mainly due to the high nutrient absorption efficiency, high stolon development, relatively free of pests and diseases, and the ease of controlling plants [9,10,11,12,13,14,15,16,17].



In [18], the authors present a nozzle control system that provides a mist nutrient solution and root environment for growing the plant in aeroponics. The authors in [19,20] studied aeroponics as a modern agricultural activity where the plant grows in an enclosed growth chamber to minimize external environmental conditions. Artificial growing conditions for aeroponics are also presented in [9,21,22]. Some parameters, such as nutrient atomization, growing medium, desirable nutrient solution pH, desirable nutrient solution EC (electroconductivity), humidity, temperature, light inside the box, atomization time, and atomization interval time controlled and monitored in potato production. Many researchers conducted studies of plant root behavior in aeroponics culture under different treatments: The effect of drought [23], effect of different oxygen concentrations [24], effect microorganisms [25], root interactions with arbuscular mycorrhizal fungi [26], and root interactions with legume-rhizobia [27]. However, studies of the potato plant root temperature treatment are essential to improving mini-tuber potato seed production using aeroponics. An optimized plant root environmental temperature can increase the root aeration and thus has potential to improve plant production. Therefore, the aim of this study was the developing of aeroponics root chamber temperature conditioning for mini-tuber potato seed cultivation.




2. Materials and Methods


2.1. Aeroponic System


“Aeroponics” is derived from the Greek words aero- and ponos, which mean air and labor. It means the technique of growing plants without using soil or water as the growing medium. The growing plant roots are suspended in an air or mist environment, and all essential growing parameters are maintained. This technique differs from hydroponics, aquaponics, and plant tissue culture. In hydroponics, a nutrient solution is used as the growing medium and essential minerals for plant growth sustainability. Aquaponics uses water and fish waste as the growth medium, while aeroponics cultivation is applied without growth medium [20]. With aeroponics growing, the plant is held separately from the roots by a plant growth support structure.



During plant growth with the Aeroponics technique, a nutrient-rich water solution is sprayed in form of a mist onto the hanging plant root using sprinkler irrigation. Water and nutrients are absorbed by the plant roots and the growing parameters, such as temperature, humidity, pH, and nutrient solution electrical conductivity, maintained and controlled as a result of the plant growth conditioning environment [7,8]. The vegetables cultivated with the aeroponic system are proven to have good quality, are hygienic, healthy, fresh, crunchy, flavorful, and accompanied by high flavor. Aeroponic vegetables can fill the opportunity needs of the middle to upper class society. Therefore, many aeroponic systems have been developed in Indonesia.



One of the key advantages of aeroponics is the oxygenation of each grain of the fine nutrient solution mist. This provides rich oxygen to the roots so that root respiration is smooth and the photosynthetic activity will be increased. According to [19], the advantages of aeroponics compared to other cultivation systems include:




	
Uses much less water;



	
Provides uniform water availability for plants throughout the year;



	
Makes it easier to observe and harvest corps more comfortably and cleanly;



	
Optimize root aeration; and



	
Allows intensive production within a limited area.









2.2. System Design Overview


The Aeroponics system developed in this research is a closed environment type. The potato plants are separated from the plant roots by the plant growth structure covered above the root chamber as shown in Figure 1. A nutrient-rich water solution is sprayed into the plant roots with high steam in the root chamber using a fogging system. The nutrients are supplied from a reservoir that has a closed water flow cycle with the root chamber. With the closed water flow cycle, the remaining water micro-droplets from the spray can flow back to the nutrient reservoir.



The root chamber air temperature is maintained by an air conditioning system. The conditioned air temperature circulates in a closed off-cycle to maintain the potato plant roots optimally absorbing the nutrient for healthy growth. The conditioned air temperature of the root chamber is provided by a refrigeration system. The refrigeration system is controlled by the automation and monitoring system through root chamber air temperature acquisition system using temperature sensors. The root chamber air temperature maintenance and control is the main focus of this research to achieve an essential potato plant growth environment.




2.3. The Root Chamber Air Circulation and Conditioning


The root chamber and air circulation aeroponic system design is shown in Figure 2. The root chamber dimensions are 15 × 0.5 × 0.5 m (L × W × H). The air flows from the refrigeration system through an air duct to the root chamber. The air distributed inside the root chamber thus flows returning to the refrigeration system through a return air duct. The air continuously circulates to maintain the root chamber temperature. The refrigeration system operates as long as the air temperature inside the root chamber has yet achieved the setting temperature. It maintains the air temperature and the air from the root chamber flows back to the refrigeration system through return air ducting. The air is conditioned by the refrigeration system according to a set temperature. Conditioned air supplied to the root chamber cycles continuously, going on to distribute air. The refrigeration system stops operating if the root chamber temperature achieves the setting temperature and re-starts if the root chamber temperature becomes higher than the setting temperature.




2.4. The Air Conditioning System


The refrigeration system was designed considering it can maintain the root chamber temperature in the at 10 °C‒20 °C range. The refrigeration cycle (A–I) is shown in Figure 3.



The system uses vapor compression refrigeration to perform root chamber air conditioning and has the main components: compressor, condenser, evaporator, and thermal expansion valve. The vapor compression type is chosen due to its cooling capacity, efficiency, and coefficient of performance (COP) better than other refrigeration system types [28,29].



From the air conditioning design perspective, the root chamber and potato roots are defined as the cooling load. Therefore, the cooling load is derived into wall gain, product and wall infiltration loads. The wall gain load comes from all root chamber walls, the infiltration load comes from the root chamber roof (potato plant support structure) and the product load comes from the potato plant roots. The root chamber wall is designed using three material layers that consist of Styrofoam, plywood, and plastic, as shown in Figure 4.



With an overall coefficient wall heat transfer (U) of 0.352 W/m2∙°K (Fo = 22.7 W/m2∙°K, Fi = 9.37 W/m2∙°K), the root chamber volume of 3.75 m3, ambient temperature of 26 °C, root chamber temperature target of 15 ± 5 °C, mist nutrient temperature of 24 °C, infiltration rate of 3.25 L/s, air change factor of 0.044 kJ/L, and chilling time of 30 min, the total load capacity is then obtained at 2.736 kW (calculation using Hourly Analysis Program (HAP) E20 software).



The total load capacity is used to define the refrigeration system cooling capacity and choose the compressor capacity, condenser, evaporator and capillary tube expansion unit capacity.




2.5. The Control and Monitoring System


The root chamber temperature is maintained by the air conditioning system and controlling by automation system. The automation system is based on a microcontroller, as shown in Figure 5. The root chamber temperature is acquired using six temperature sensors placed in a distributed area inside the root chamber.



The temperature data is displayed on the liquid crystal display (LCD) graphic and recorded in memory using a data logger module for further processing. The refrigeration system is operated using an operating driver controlled by a microcontroller based on the comparison between the set temperature and the root chamber temperature. An alarm indicator performs notifications regarding the root chamber temperature threshold setting. A Bluetooth transmitter module is also provided in order to transfer data wirelessly to other terminal monitors (personal computer (PC), notebook, etc.).




2.6. System Implementation and Testing


2.6.1. The Air Conditioning System


The air conditioning system construction is shown in Figure 6. All main refrigeration system components were chosen according to the total load capacity design of the root chamber. The total load capacity is 2.736 kW, therefore, the refrigeration and air conditioning system components are described as shown in Table 1.



All refrigeration and air conditioning components are assembled inside at compact box as shown in Figure 6a. The components are arranged so that the system is easy to maintain and integrate with the root chamber, especially for the supply and return air ducting installation. The construction and assembly follow the diagram as described in Figure 3. The supply air ducting is assembled on the box top while the return air frame is assembled to the left of the box, as shown in Figure 6b. An electrical wiring panel box also made and placed on the top of box where electrical circuit, control and monitoring devices installed as shown in Figure 6c. The panel box provides a supply air temperature indicator, voltage and current consumption meters, power indicator and on/off switch, and some switches and indicator lamps for system repairing purposes. Figure 6d shows the air conditioning system electrical wiring.



The refrigeration system operates using R404a refrigerant type. This refrigerant was chosen because it is environment friendly and non-flammable refrigerant [30]. The components of the refrigeration system are listed in Table 1.



The root chamber construction is shown in Figure 7. The root chamber top wall is a growing plant structure that separates the potato’s plants and roots. Its wall is composed of three material layers to minimize the ambient temperature infiltration and block the ambient light into the root chamber. The outer layer material is 50 cm of multi plywood as shown in Figure 7a. The middle layer material is 50 cm of Styrofoam as shown in Figure 7b, and the inner layer material is 0.8 cm of black colored plastic (Figure 7c). The root chamber top wall is made of 50 cm Styrofoam and covered with a silver colored plastic.




2.6.2. Control and Monitoring System


The control and monitoring device construction follows the diagram as described in Figure 5. The system uses the Arduino Uno R3 board as the main unit. This board uses ATmega328 microcontroller chip. Six thermocouple K-type modules from Adafruit were chosen to sense the root chamber temperature in six different locations. The sensor has a temperature sensing range between −200 °C and 1350 °C. The sensor accuracy is in the ±2 °C to ±6 °C range. It includes a signal amplifier connected with the Arduino board as shown in Figure 8a. A data logger shield with a real-time clock (RTC) module from Adafruit is used to record and store the temperature data in a microSD memory. The temperature data can also be displayed in an LCD shield kit with 20 × 4 Character display.



A Bluesmirf Gold Mate module from Sparkfun is chosen to support data transmission. This module enhances the control and monitoring system, transmitting data wirelessly to other data terminal recorders. It can transfer data in the 100 m range over open air. The Arduino board performs on/off control action using solid state relay (SSR). The SSR couples with the refrigeration system and turns on/off the refrigeration system according to the root chamber temperature which sense using thermocouples, while the alarm system implemented a buzzer sound and LED (light emitting diode) indicator.



The control and monitoring system operates using a wall power supply with a nominal output voltage of 9 V at 1 A. Figure 8b shows the control and monitoring system casing where all electronic components organize to fit with compact casing. The casing dimensions 20 × 12 × 10 cm and made using acrylic material.



The Arduino C code developed to perform control and monitoring actions in order to maintain the root chamber temperature. The code implemented based on the algorithm described as follows:




	
Initialization



Set temperature setting, temperature differential



	
Read the temperature from six temperature sensors



	
Display the temperature data on the LCD



	
Record the temperature data into the memory



	
Transmit the temperature data to the serial interface port



	
Process and analyze all the temperature data



	
If the temperature data more than (setting point + temperature differential) then turn off the SSR



Else if the temperature data less than (setting point − temperature differential) then turn on the SSR



	
Read the supply air temperature



	
If the temperature more than 30 °C then turn on the buzzer and LED blinking in 3 s



	
Else turn off the buzzer and LED.









2.6.3. System Integration


In order to build the complete system as described in Figure 1, the root chamber, air conditioning system, and control and monitoring system assembled as shown in Figure 9. The supply air ducting is installed to the inlet air side of the root chamber while the return air ducting is installed to the outlet air side of the root chamber as shown in Figure 9a. The supply air ducting isolated with isolating material to minimize heat transfer of the conditioned supply air to the environment.



After the ducting assembled with the root chamber, one temperature sensors put inside of supply air ducting and two temperature sensors put inside of the root chamber in different locations, respectively at 3 m and 12 m from the supply air inlet. The sensor installation is shown in Figure 9b. The control and monitoring system is assembled with the temperature sensors and the air conditioning system. The control and monitoring system is placed on top of the panel box, as shown in Figure 9c.




2.6.4. System Testing


Testing was performed to verify the developed system’s functionality and performance before the system is used for the experiment of mini-tuber potato seed cultivation. In this test, the supply air temperature was set at 17 °C and the temperature differential was set at ±4 °C. When the main power system is turned on, the refrigeration and air conditioning system were examined firstly to make sure it can provide conditioned supply air, as shown in Figure 10a. The compressor pressure indicators (LP and HP) and sight glass can be used to verify that the refrigerant is flowing according to the vapor compression refrigeration cycle, as shown in Figure 3. The refrigeration and air conditioning system worked according to the design as shown in Figure 10b. The temperature indicator shows that the supply air temperature can be maintained according to the temperature setting point at 17 °C. The system voltage and current consumption was at normal level as shown on the voltage and current indicator. This result also verified that the control system worked according to the design.



Figure 10c shows the root chamber temperature distribution sensed using six temperature sensors and displayed on the control and monitoring system LCD. The temperature sensors were placed inside of the root chamber in three different locations at 3 m, 7.5 m, and 12 m from the supply air inlet. The testing also verified that the temperature data was recorded continuously in real-time by the data logger in the microSD memory. The data file can be opened in Excel spreadsheet software as shown in Figure 11a and visualized in the graph as shown in Figure 11b for further data analysis. The testing results show the air conditioning system can maintain the root chamber temperature distribution ranging from 12 °C to 20 °C. That temperature range is needed for mini-tuber potato seed cultivation.





2.7. Statistical Analysis


In order to figure out a reliable temperature treatment effect in seed potato cultivation yield using the aeroponic technique, analysis of variance (ANOVA) and t-test methods were used to analyze two groups of potato seed and stolon yield samples. Microsoft Excel Spreadsheet software developed by Microsoft Corporation was used to conduct statistical test. Those statistical technique can compare two groups of potato seed and stolon yield samples and depict how significantly different these group of samples from each other.



Another statistical calculation is eta squared (   ɳ 2   ). The eta squared was used to calculate how much difference between the potato seed and stolon yield of the group of samples (unconditioned temperature and conditioned temperature) due to temperature treatment in the aeroponic root chamber. Eta squared is expressed as:


   ɳ 2  =     SS   between       SS   total      



(1)




where SSbetween is the variance between group of samples, and SStotal is the total variance of group of samples.





3. Potato Seeds Cultivation Experimental


3.1. Preparation of Potato Seeds


In order to conduct field experiments, the mini-tuber potato seeds were initially sown in the husk fields by researchers at the Faculty of Agriculture, Universitas Winaya Mukti, Tanjungsari, Sumedang, Indonesia in early April 2020, as shown in Figure 12a. The mini-tuber potato seed was chosen in this experiment is the potato seed G0 Granola L as shown in Figure 12b.



Potato seed preparation on husks is carried out around two months to obtain seeds that have the potential to be cultivated using the aeroponic system. Potential plant seeds are those that have dry leaves, not exposed to pests and have healthy stems with a height of about 20 cm as shown in Figure 12c.




3.2. Experimental Procedure


Three root chambers were prepared for seed potato cultivation as shown in Figure 13. The root chamber placed in the semi greenhouse without environmental condition control (temperature, humidity).



There are two root chambers with unconditional temperature (root chamber_1 and root chamber_3) as shown in Figure 13a,c, and one root chamber with conditional temperature (root chambar_2) as shown in Figure 13b. The root chamber_2 temperature will be maintained at 15 °C with the temperature differential at 5 °C, while the temperature in the other root chamber is only monitored and recorded by the data logger. The healthy potato seed from seed sown put on the growing structure of Aeroponics root chamber with spacing among other plants is 25 cm and composed of four rows of the potato plant. The potato seed roots are suspended below the root chamber growing structure. In order to minimize the ambient temperature infiltration into the root chamber, the growing structure was wrapped with the silver color plastic. The nutrient solution is sprayed onto the plant roots by the fogging system every 10 min for 30 s. The mini-tuber potato seeds are harvested in three months.




3.3. The Potato Plant Growing


The field experiment was conducted in the garden laboratory of the Faculty of Agriculture, Universitas Winaya Mukti, Tanjungsari, Jln. Raya Bandung-Sumedang km 29, Indonesia with altitude of 850 m.a.s.l. The general environment conditions were as follows: the relative humidity and ambient temperature are fluctuated (24 °C–29° C, 70%–90%), the average relative humidity and temperature respectively are 80% and 26 °C, and the rainfall is bimodal. The experiment was started on June 2020.



The data sample of root chamber temperature is shown in Figure 14. Temp_1-Temp_2, Temp_3-Temp_4, and Temp_5-Temp_6, respectively, are root chamber_1 temperature, root chamber_2 temperature and root chamber_3 temperature. The temperature data samples of root chambers were recorded by data logger on 22–23 June 2020 at 20.35 to 06.50 (Figure 14a) and on 27–28 June 2020 at 21.03–07.21 (Figure 14c).





4. Discussion


According to the temperature data trend graph as described in Figure 14b,d, the temperature of root chamber_1 and root chamber_3 (unconditional chambers as shown in Figure 15) decreased from 23 °C to 20 °C because the environment temperature also has trend decreasing in the night until morning. This temperature influenced the nutrient solution temperature that sprayed into the root chambers. Therefore, the root chamber temperature was decreasing. While the air conditioning system maintained the chamber_2 temperature (conditional chamber as shown in Figure 15) at around 15 °C with the temperature differential at 3 °C (Temp_3, Temp_4).



To confirm the mini-tuber potato seed yield cultivated using aeroponics, the tuber seed yield in the three root chambers was observed in the second month of cultivation period from three months of harvesting period. The observation was conducted at the short time to prevent bacteria contamination from the ambient air and minimize sunlight exposure to the tuber seed yield. The mini-tuber potato seed yield resulting from the field experiment in two months are shown in Figure 16 and Figure 17.



This field experiment shows the significant effect of root chamber temperature conditioning to the mini-tuber potato seed cultivation. The number of stolons produced in the root chamber with conditional temperature (Figure 16) was more than the number of seed potatoes cultivated in the root chamber with unconditional temperature (Figure 17).



In other words, the root chamber potato seed cultivation under optimal temperature has the potential to produce many potato seed tubers. The stolons arise on the potato plant roots and the stolon ends will swell to form the potato tubers. In this field experiment, the root chamber optimal temperature ranged from 10 °C to 20 °C. The number of potato seeds and stolon yield both in unconditioned and conditioned temperatures of aeroponic root chambers is shown in Table 2.



The summary of samples that analyzed by one-way ANOVA method is shown in Table 3. Each group of samples (unconditioned temperature and conditioned temperature) has same number of sample (12) and unequal variances.



The one-way ANOVA test was chosen because the group of samples come from single population, and analyzed the sample with alpha level (α) = 0.05 (standard hypothesis test), and the test result is shown in Table 4.



From Table 4, the F-statistic value (F = 76.15) is more than the F-critical value (F crit = 4.30), therefore the null hypothesis is rejected. In other word, two group of samples (unconditioned temperature and conditioned temperature) are significantly different.



Whereas for the t-test result using two-sample assuming unequal variances is shown in Table 5. Two-sample assuming unequal variances was chosen because the group of samples have different variance. This test is also used to compare the means of two group of samples in Table 2. The test result can determine whether the temperature treatment of the root potato chamber actually has an effect on the potato seed and stolon yield.



This t-test also used alpha level (α) = 0.05 to analyze the group of samples in Table 2. From Table 5, the p-value (P (T <= t) two-tail = 4.50 × 10−8) of the group of samples (unconditioned temperature and conditioned temperature) is less than the alpha level (0.05). This means that the group of potato seeds and stolon yield in the unconditioned temperature and the group of potato seeds and stolon yield in the conditioned temperature have less than a 5% chance of belonging to the same population. Two groups of samples have extremely different populations. In other word, the temperature treatment in the root potato chamber has a significant effect to improve the potato seed and stolon yield.



With Equation (1), the eta square of the samples in Table 2 is:


   ɳ 2  =   150   193.33   = 0.77  











Hence, 77% of difference the potato seed and stolon yield of the group of samples (unconditioned temperature and conditioned temperature) is due to temperature treatment in potato root aeroponic chamber.




5. Conclusions


The aeroponics root chamber temperature conditioning method was applied in a mini-tuber potato seed cultivation field experiment. Potato seed tuber yield was improved. The root chamber temperature conditioning produced a significant effect on mini-tuber potato seed cultivation using aeroponics. The field experiment results revealed the optimal root chamber temperature treatment increased mini-tuber potato seed tuber yield (up to 77%) compared with mini-tuber potato seed cultivation in the unconditioned root chamber. The root chamber maintained potato roots in the 10 °C–20 °C temperature range.
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Figure 1. The proposed aeroponic root chamber temperature conditioning architecture. 
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Figure 2. The root chamber and air circulation diagrams. 
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Figure 3. Air conditioning diagram (A is the compressor, B is the condenser, C is the liquid receiver, D is the filter drier, E is the sight glass, F is the solenoid valve, G is the capillary tube expansion, H is the evaporator, I is the accumulator, J and K are manual valves, and L is the centrifugal fan). 
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Figure 4. The root chamber wall composition (Fo is convective heat transfer coefficient of the outer wall, Fi is the convective heat transfer of the inner wall). 
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Figure 5. The control and monitoring system diagram. 
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Figure 6. The air conditioning system construction: (a) components assembly; (b) ducting construction (A is the supply air and B is the return air frame); (c) electrical wiring panel box; (d) electrical wiring panel. 
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Figure 7. The root chamber construction: (a) outer layer; (b) middle layer; (c) inner layer. 






Figure 7. The root chamber construction: (a) outer layer; (b) middle layer; (c) inner layer.



[image: Sustainability 13 05140 g007]







[image: Sustainability 13 05140 g008 550] 





Figure 8. The control and monitoring system: (a) sensor assembly; (b) the final design. 
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Figure 9. The system integration: (a) air conditioning system (A is the supply air ducting and B is the return air ducting); (b) temperature sensors installation; (c) control and monitoring system. 
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Figure 10. Testing setup: (a) air conditioning system; (b) control panel; (c) data logger recording. 
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Figure 11. The root chamber temperature: (a) data logger recording; (b) data trend. 
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Figure 12. Potato seeds: (a) seeding; (b) tuber; (c) potential plant. 
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Figure 13. The root chamber preparation: (a) unconditional temperature (root chamber_1); (b) conditional temperature (root chamber_2); (c) unconditional temperature (root chamber_3). 
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Figure 14. The root chamber temperature data sample: (a) data logger recording; (b) data trend (22–23 June 2020 at 20.35–06.50); (c) data logger recording; (d) data trend (27–28 June 2020 at 21.03–07.21). 
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Figure 15. Potato plants growing comparison: (a) root chamber with unconditional temperature (left) and root chamber with conditional temperature (right); (b) root chamber with conditional temperature (left) and root chamber with unconditional temperature (right). 
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Figure 16. Seed potatoes cultivation in the root chamber with conditional temperature (root chamber_2). 
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Figure 17. Seed potatoes cultivation in the root chamber with unconditional temperature: (a) root chamber_1; (b) root chamber_3. 
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Table 1. The refrigeration system components.






Table 1. The refrigeration system components.










	Component Name
	Specification
	Manufacturer





	Compressor
	Hermetic, Rotary, 1 HP
	Tecumseh



	Condenser
	Air cooled, 1 HP
	



	Evaporator
	Finned, 9330 BTU/h
	



	Expansion
	Capillary, 1.70 m, inner Ø: 0.075″
	Kemla



	Solenoid valve
	1010/2, male flare
	Castel



	Sight glass
	0.25″, male flare
	Sporlan



	Filter drier
	0.25″, male flare
	Danfos



	Fan
	Centrifugal, 65 W, 256 m3/h, 2200 rpm
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Table 2. Number of potato seeds and stolon yield from potato plant roots.
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Potato Plant

	
Number of Potato Seed and Stolon




	
Root

	
Unconditioned Temperature

	
Conditioned Temperature






	
Root_1 in row_1

	
10

	
16




	
Root_2 in row_1

	
8

	
13




	
Root_3 in row_1

	
9

	
13




	
Root_4 in row_2

	
11

	
15




	
Root_5 in row_2

	
8

	
11




	
Root_6 in row_2

	
9

	
14




	
Root_7 in row_3

	
10

	
16




	
Root_8 in row_3

	
10

	
15




	
Root_9 in row_3

	
8

	
13




	
Root_10 in row_4

	
9

	
15




	
Root_11 in row_4

	
11

	
17




	
Root_12 in row_4

	
9

	
14











[image: Table] 





Table 3. Summary of potato seed and stolon yield data.
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	Groups
	Count
	Sum
	Average
	Variance





	Unconditioned temperature
	12
	112
	9.33
	1.15



	Conditioned temperature
	12
	172
	14.33
	2.79
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Table 4. Statistical analysis result of ANOVA method.
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	Source of Variation
	SS
	df
	MS
	F
	p-Value
	F Crit





	Between Groups
	150
	1
	150
	76.15
	1.35 × 10−8
	4.30



	Within Groups
	43.33
	22
	1.97
	
	
	



	Total
	193.33
	23
	
	
	
	







Note: SS: sum-of-squares; df: degree of freedom; MS: mean square; F crit: F critical.
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Table 5. Statistical analysis result of t-test method.
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Unconditioned Temperature

	
Conditioned Temperature






	
Mean

	
9.33

	
14.33




	
Variance

	
1.15

	
2.79




	
Observations

	
12

	
12




	
Hypothesized Mean Difference

	
0




	
df

	
19




	
t Stat

	
8.73




	
P (T <= t) one-tail

	
4.05 × 10−8




	
T Critical one-tail

	
1.73




	
P (T <= t) two-tail

	
4.50 × 10−8




	
T Critical two-tail

	
2.09
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