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Abstract

:

Smart farming using technology-monitored controlled environment agriculture (CEA) has recently evolved to optimize crop growth while minimizing land use and environmental impacts, especially for climate-threatened regions. This study focuses on characterizing crop production using system dynamics (SD) modeling, which is a relatively new approach in CEA settings. Using tomatoes in a hydroponic growing system, we explore an alternative food resource potentially accessible to underserved areas in rural and/or urban settings under abrupt climate variability. The designed autonomous indoor farming platforms (AIFP) are equipped with the Internet of Things (IoT) to monitor the physiological parameters, including electrical conductivity (EC), pH, and water temperature (WT) associated with plant growth. Two varieties of tomato (Solanum lycopersicum) plants were used in this study with two different nutrient inputs (N-P-K ratios of 2-1-6 and 5-5-5) to assess the nutrient application impact on yield, especially focusing on the early stages of tomato to conceptualize and parametrize SD modes. Repeated measure analysis was conducted to investigate the effects of the environmental factors (EC, pH, and WT) in response to changing plant nutrients. The results show that different nutrient compositions (N-P-K ratios) have a noticeable effect on both pH and WT (p < 0.001) as opposed to EC. The study indicates that the proposed AIFP would be a promising solution to produce other crops for indoor farming in a changing climate. We anticipate that the proposed AIFP along with SD tools will be widely adopted to promote indoor farming in changing climates, ultimately contributing to community resilience against food insecurity in disadvantaged areas for years to come.
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1. Introduction


Urban agriculture has grown rapidly in recent years as an aspect of ensuring sustainability in the food production system [1,2,3,4,5]. With the continuous expansion of urban populations [6], it is expected that almost two-thirds of the world’s population will live in cities by the year 2050. Traditional farming techniques alone cannot keep up sustainable food production to feed the burgeoning population [7,8,9]. In addition to population growth, the impact of industrialization, environmental degradation, a decline in arable land, and climate change on conventional farming practices has increased the concern for ensuring food security in urban settings [10,11,12]. As the decline in agricultural lands, freshwater, and soil nutrients threaten the global food supply [13], new developments and approaches in food production are emerging to address food security concerns, emphasizing the reduction of non-renewable energy usage and the increase in production yield [14].



At present, urban agriculture is defined as soil based and community led, with the goal being to cultivate, process, and distribute food in cities [15]. However, over the decade, soilless and controlled environment agriculture (CEA) techniques are growing in popularity by minimizing urban land use and energy consumption, consequently achieving a higher yield of production than soil-based farming [16]. The CEA has more advantages in its ability to better predict crop responses, enhance crop productivity, maintain food product quality, and optimize crop yield without compromising the outdoor climate [17]. In addition, the interest in CEA includes water conservation, less or nearly no application of pesticides and herbicides, reduction of CO2 emissions, and prevention of crop diseases by ensuring a clean environment for agricultural practices [18,19,20]. The CEA in urban settings, therefore, can be an effective alternative for food production in climate-threatened regions and cities with insufficient land area for producing crops, and it can also help ensure affordable food for people who live in ‘food desert’ areas [21,22,23]. Several CEA facilities have been developed over the last decade and have contributed significantly to urban agriculture disciplines. The CEA process includes small-scale (e.g., window or home farming), medium-scale (e.g., community gardens), and large-scale farming (e.g., indoor plant factories, commercial vertical farming, and aquaponics) [24,25]. The economic value of global vertical farming is another research avenue as its economic benefit is estimated to be about USD 5.9 billion in 2022 and is expected to grow 20% by 2030 [26].



Soilless farming techniques such as hydroponics, aeroponics, and aquaponics have been widely used to produce consistent and high-quality crops in CEA. These farming techniques can grow a variety of leafy greens, tomatoes, herbs, strawberries, and cannabis [27]. Among several crop productions, tomato production has increased rapidly in recent years. Fresh tomato production increased in the United States (US) with the per capita availability of tomatoes in the US jumping from 5.5 kg in the 1980s to 9.4 kg from 2010 to 2017 [28] as greenhouse technology improved significantly [29]. Tomato production using hydroponics can achieve higher yields by controlling growth factors such as electrical conductivity (EC), light intensity, pH, water temperature (WT), and dissolved oxygen (DO). Note that managing irrigation strategy and frequency with a high concentration of nutrient solution can contribute to increasing electrical conductivity (EC) and accomplish improved quality of full-grown tomato production [30,31].



Additionally, fast-moving technologies such as machine learning, the Internet of Things (IoT), wireless sensor networks (WSNs), and high-speed internet further accelerate technical advances in CEA by monitoring and controlling growth factors and production remotely. Recent studies [32,33,34,35,36,37] also feature automated greenhouse environments equipped with such technologies. Thus, the remote monitoring of the system using IoT is practicable, and the physiological data acquired remotely can be shared with other greenhouse farmers online [38].



In this paper, we feature a system dynamic model that can be a useful tool to better design, manage and optimize a growing system in CEA environment. System dynamics (SD) is a computational modeling technique designed to assist in identifying problems, exploring potential solutions, and enhancing our capacity to project and estimate within a larger context [39]. Since SD modeling approaches have been widely used in different fields, including the insurance industry, urban planning, global resource dynamics, the K-12 education, and water resources planning and management [40,41,42,43], we predict that the proposed approach will assist growers in increasing agricultural profitability while also helping the food industry in the near future. This study focuses on two objectives: (1) developing an autonomous and small-scale indoor farming system to provide alternative food resources in a changing climate; and (2) incorporating an SD model to explore the optimal values of the environmental factors.



Although modern greenhouses are equipped with automated control systems and technologies enabling remote access [44,45,46,47,48,49,50,51], the proposed SD approach can be also applied to other modern greenhouses settings [44,45,46,47,48,49,50,51], along with automated control systems and technologies via remote access to achieve better outcomes [52,53,54].




2. Materials and Methods


2.1. System Setup


The experiment was conducted in a controlled environment hydroponic set-up at the facility of the University of Idaho, Boise, United States (US). An autonomous, low-cost, indoor farming platform using a hydroponic system (AIFP) was designed for sustainable tomato production. The bill for materials is estimated at less than USD 2000 (not shown in this paper). Two types of tomato (Solanum lycopersicum) plants were used in this experiment: heirloom indeterminate regular-size cherry tomato (Solanum lycopersicum var. cerasiforme) and heirloom determinate dwarf-size traditional tomato (Solanum lycopersicum L.) to assess the system performance across different plant heights and growth patterns. Aiming to determine their suitability, non-genetically modified organism (non-GMO) and certified seeds of the two tomato plants were sown in rock wool grow plugs for germination and transplanted to the AIFP. Basically, seeds were sown in a grow plug where each plug contained 3 seeds, and were placed in a plastic dome. The dome was placed on a heat mat and a T5 fluorescent grow light was provided to facilitate germination processes. The amount of water provided for seed germination was about 2 L with no nutrients added to the system. Drinking water was provided after dichlorination and filtration processes. The water analysis conducted on this site had been found to comply with federal health-based drinking water standards. Thus, the monitoring report includes the status of the following substances: fluoride—0.31 mg/L (standard: 4 mg/L); arsenic—<2.00 μg/L (standard: 10 μg/L); nitrate—0.08 mg/L (standard: 10 mg/L); chloride—1.69 mg/L (standard: 250 mg/L); iron—<0.01 mg/L (standard: 0.3 mg/L); manganese—<0.001 mg/L (standard: 0.05 mg/L); selenium—<0.002 mg/L (standard: 0.05 mg/L); and sulfate—8.9 mg/L (standard: 250 mg/L). No significant mineral addition was found in the drinking water.




2.2. System with Environmental Factors


The autonomous, scalable, and soilless indoor farming platform (AIFP) is constructed in CEA settings to grow two different tomato plants, CT and DT, as shown in Figure 1. The AIFP system consists of a recirculating growth chamber, biofilter, IoT sensors, and other hardware. The growth chamber dimensions were 123 cm in width, 46 cm in length, and 183 cm in height. It was made of a steel wireframe certified by the National Sanitation Foundation (NSF) and contained 3 shelves. Among these shelves, 4 polyvinyl chloride (PVC) tubes with 36 holes for plantation were placed in one shelf and connected with the water reservoir and biofilter. The biofilter is made of PVC pipes, hoses, pea gravels, and fabric materials such as a filter pad, scrub exfoliator, and bioball. The materials were set up in a utility bucket (22.7 L, equivalently 5 gallons) to enable nitrification cycles [55] and to treat the wastewater for recirculating treated water to the plants. IoT devices were used for real-time monitoring and sensing of the water parameters in the reservoir, including electrical conductivity (EC), water temperature (WT), and dissolved oxygen (DO). In addition, a Power over Ethernet (POE) Internet Protocol (IP) camera was included in the system to monitor plant growth remotely.



Other accessories used in this setting were a water reservoir with 64 L capacity, a water pump, a light source, timers, a light meter (measuring light intensity), a hygrometer (measuring temperature and humidity), a power consumption meter, and water supply hose lines. The design of this AIFP set-up is shown in Figure 1.




2.3. Data Analysis


Two AIFP systems were built to investigate the nutrient impact on environmental factors for plant growth. It assessed the changes in EC, pH, and WT associated with different nutrient applications (N-P-K ratios). The grown CT after 7-day seedlings were transplanted in both AIFP systems, but two different nutrient solutions (N-P-K ratios) applied. Data analysis was carried out using Rstudio to analyze the impact of different nutrient concentrations on crop yields associated with controlled factors [56,57,58,59].



Repeated measures were carried out to examine the system’s performance by focusing on the relationship between nutrient application (N-P-K ratios) and the controlled variables, such as EC, pH, and WT. A multivariate analysis of variance (MANOVA) approach [60,61,62,63,64,65,66] was used to parameterize SD models during the designated growth periods between transplanting (about 7 days from seedling) and the vegetative stage (about 22 days from seeding) for SD model parameterization and calibration purposes.




2.4. System with Nutrient Inputs


Two different ratios of nutrient solutions including nitrogen (N), phosphorous (P), and potassium (K) were applied to the system as shown in Table 1. Nutrients with N-P-K ratios of 2-1-6 and 5-5-5 were mixed and applied directly into the water reservoirs of the two growth chambers, and data collection was carried out afterward.




2.5. System Dynamics Approach


A system dynamic (SD) model was employed to explore the optimal environmental factors for crop growth in indoor settings. The two key components of SD models are stocks and flows. Stock, a building block, provides inertia and memory, and its value depends on the system’s past behavior at a given time. Flow impacts the stock by increasing or decreasing its value, which is determined over a period of time. Although there are many different softwares available to emulate SD concepts, we used Stella Architect (SA) due to previous applications [40]. To know more about SD applications, the readers can find the author’s previous work [40] and a schematic of SD model for this study is shown in Figure 2. Thus, the proposed SD model here presents the functional relationships of each component and the management of the AIFP for tomato plant growth over time (see Figure 2).



The water reservoir/storage was initially stored with 64 L of water. In this case, the inflow to the reservoir only functions when water level drops below the minimum water level threshold (e.g., variable name is minimum_water_level shown in Figure 2); otherwise, no inflow will be provided to the reservoir. The outflow of the reservoir is directed to the PVC pipes of the growth chamber where the tomato plants are transplanted. The outflow is designed to release water every 30 min for a 5 min duration of flow cycles according to the plant water demand. The optimal ranges for environmental factors to grow tomatoes in the AIFP system are found, as follows: pH between 6 and 6.4, EC greater than 1500 μS/cm, and water temperature from 17 to 24 °C. For example, when the pH data from the IoT sensor records higher than 6.5, then the pH down solution was applied, whereas the pH up solution was applied when pH was less than 5.



Similarly, when the sensor data show EC being less than 1500 μS/cm, additional nutrient solution was added until EC values met the target. Also, temperature control can be made using water chillers and/or water heaters (when necessary) to maintain the range of 17 °C to 24 °C. Figure 3 illustrates the diagram of EC, pH, and WT dynamics in the AIFP system.



Note that the designed AIFP here recirculates water autonomously.





3. Results


3.1. Impact of Nutrient Solution on the pH Values of the Plants


While CT plants were found to have pH levels between 5 and 7, the DT plants had a wide variety in pH levels for both nutrient solutions. The 5-5-5 (N-P-K) solution for the DT plants ranged between 4 to 7, while 2-1-6 was found to have a high pH range of 7.5 to 8.7 (see Figure 4).



Table 2 shows MANOVA analysis of the effect of nutrient composition, water temperature, EC, and two different plant species on pH. The p-values of nutrients and EC with pH are found to be statistically significant (<0.001).




3.2. Impact of Nutrient Solution on the EC Values of the Plants


A higher EC value was targeted to achieve optimum plant growth and vegetation. While a nutrient ratio of N-P-K (2-1-6) provides a wide range of EC values from 600 to 2400 μS/cm for the CT plant, the other nutrient ratio of N-P-K (5-5-5) indicates EC values of 1000 to 1800 μS/cm for the CT plant and 1100 to 2950 μS/cm for the DT plant. Figure 5 shows the effect of nutrients on the EC values for the two plants.



Table 3 shows a MANOVA analysis of the effect of nutrient composition, water temperature, pH, and two different plant species on EC. The p-values of EC were only significant with pH (p < 0.001).




3.3. Impact of Nutrient Solution on the Water Temperature Values of the Plants


Water temperature (WT) in the AIFP system ranged between 15 to 22.5 °C (See Figure 6). Different N-P-K nutrients did not show significant differences in changing water temperature. While 2-1-6 nutrients contributed to keeping the CT temperature in the range of 17 to 21 °C, it increased the temperature for the DT plant, higher than 19 °C. In contrast, 5-5-5 nutrient application decreased the water temperature in the CT plant (15 to 19 °C) but worked well for the DT plant (17.5 to 21 °C).



Table 4 shows MANOVA analysis on the impact of nutrients, pH, EC, and plant species in response to water temperature. Nutrients and different plant species were found to have significant effects on water temperature (p < 0.001).




3.4. System Dynamics and Data Visualization


Figure 7 displays the system performance associated with different environmental factors (EC, pH, and WT) by comparing the observed data versus simulated data using SD models. It is noteworthy that the two graphs are well matched to represent tomato growth in the AIFP system.





4. Discussion


The proposed AIFP can be an effective approach to establish a small-scale autonomous hydroponic system [67]. The designed system worked well to produce tomatoes by monitoring environmental factors (EC, pH, WT) associated with different nutrient inputs. As the results indicate, nutrient contribution to crop growth is critical in addition to environmental factors such as EC, pH, and WT. Previous studies also showed that tomato quality and yield are influenced by nutrient solution and EC values, since EC varies with nutrient composition and concentration, and a higher EC contributes to a better flavor and taste of tomatoes [68,69].



The optimal EC values for the tomato flowering to harvest phase is within the range of 1400 μS/cm to 4000 μS/cm in the hydroponic system [70,71,72]. Some studies have found that EC value of 3000 μS/cm is the threshold for all growth stages of hydroponically grown tomatoes [23,73]. Therefore, in this study, the nutrient solutions were applied to achieve the EC level from 1400 to 3000 μS/cm. The MANOVA analysis shows the significant effect of pH in response to EC (p < 0.001). It does not show a significant effect on nutrient composition to EC since two plants have shown different impacts on EC due to changes in nutrients. While nutrients with N-P-K ratio 5-5-5 worked well for the dwarf traditional tomato species, the cherry tomato had shown a higher value with 2-1-6 application in the system over time. Application of the 2-1-6 nutrient solution led to a decline in EC in DT plants, attributed to the increased presence of potassium relative to nitrogen and phosphorus. Perhaps this heightened potassium availability facilitated effective absorption due to its plant mobility and rapid uptake traits [74,75], contributing to reduced collective ion concentration and consequently yielding lower electrical conductivity (EC) values [76].



In addition to EC, pH level in the water is a crucial growth factor for hydroponic plants. A significant change in pH may lead to nutrient imbalance, and as a result, a plant may exhibit signs of toxicity or deficiency. A low pH level in water denotes acidity, which can hinder nutrient uptake and plant growth. In contrast, the high pH level causes vital nutrient lockouts and is inaccessible to plants due to the high alkalinity in the water [77]. Statistical analysis also showed a significant effect of pH with EC and nutrients which indicates that the pH level in the system depends on EC and nutrient composition. This result also agrees with Rakocy [78] that stated that hydroponic plants’ preferred pH levels are 5.8 to 6.2. Among the two nutrients in two plants, the 5-5-5 nutrient showed better performance in keeping pH less than 7.5, although it decreased the pH level lower than 5 for DT plants.



The optimal nutrient solution temperature is below 22 °C for providing sufficient dissolved oxygen to tomato plants. A temperature higher than 22 °C increases the vegetative growth of tomato plants, therefore reducing fruitification [17,79]. The water temperature in the system varied from 15 °C to 22 °C. MANOVA analysis indicates that the effect of nutrient composition and plants is significant to water temperature. Among the nutrients, 5-5-5 nutrient showed decreasing temperature trend for both plants, although the water temperature in the solution was lower than 22 °C for all N-P-K ratio nutrients. The system shows better performance, i.e., temperature below 22 °C, pH less than 7.5, high EC above 1500 μS/cm (only for DT), with 5-5-5 ratio nutrient solution for tomato growth in this study.




5. Conclusions and Future Work


This study has successfully implemented the designed autonomous indoor farming platform (AIFP) using a hydroponics system and digitally monitored the physiological factors (EC, pH, WT) associated with different nutrient inputs (N-P-K ratios) for tomato growth to promote the controlled environment agriculture (CEA). The designed AIFP system shows deviation in EC, pH, and WT from the optimum range which affects plant growth. It has been found that SD models are useful tools to convince growers to optimize their system performance by evaluating environmental factors and physical parameters in indoor farming settings. Therefore, it is anticipated that employing SD for CEA will also contribute to diversified indoor crop production portfolios by exploring a wide range of opportunities including, but not limited to, economic analysis, market strategies, supply chain, life cycle analysis, and risk management in the future.



Further, the proposed AISF system could be an effective option to develop resilient, sustainable, and flexible small-scale food production under abrupt climate conditions. However, more research is required to further comprehend the practical implementation of the SD model in large scales for commercial operations. This study is also limited to the early stages of tomato production for model parameterization and calibration. Therefore, rigorous model calibration and validation processes are also recommended to solidify successful SD modeling in the context of indoor farming. The integration of robotics, the digital twin, artificial intelligence (AI), and machine learning (ML) techniques into the proposed AIFP will be another avenue to advance indoor farming literacy in the years to come. Lastly, employing renewable energy sources such as solar power, green hydrogen, and geothermal energy in the SD framework will lead to more environmentally friendly and sustainable indoor crop production in either urban, remote, rural, or even space farming.
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Figure 1. Overview of the AIFP in CEA settings. 
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Figure 2. A schematic of SD model used in AIFP. 
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Figure 3. A diagram of (a) EC, (b) pH, and (c) WT dynamics in the autonomous indoor farming platform (AIFP). 
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Figure 4. Boxplot of pH between two different plants (CT and DT) and nutrient solutions (N-P-K ratios; 2-1-6 and 5-5-5). 
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Figure 5. Plants’ response to nutrients on EC values. 
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Figure 6. Boxplot of water temperature according to plant and nutrient. 
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Figure 7. Control panel for managing the physiological parameters of plant growth. 
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Table 1. Nutrient composition in the system.






Table 1. Nutrient composition in the system.





	Nutrient Sl No.
	N-P-K Ratio
	Other Nutrients and Concentrations
	Nutrient Amount (mL) in 100 L
	Nutrients in 1 L
	Frequency of Nutrient Application
	Water Addition in System (L)





	1
	2-1-6
	Mg (0.5%)
	396
	3.96
	Weekly
	72



	2
	5-5-5
	Mg (1.5%), S (1%), Ca (5%), B (0.01%), Co (0.0005%), Fe (0.1%), Cu (0.01%), Mn (0.05%), Mo (0.0008%), Zn (0.015%)
	396
	3.96
	Weekly
	68










 





Table 2. MANOVA table (Type 3 tests, S-method) in response to pH.
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Model: pH ~ (1 | Day) + Nutrient + ‘Water Temp’ + EC + Plant




	
Effect

	
df

	
F

	
p.Value






	
Nutrient

	
1, 72.88

	
17.85 ***

	
<0.001




	
‘Water Temp’

	
1, 81.24

	
1.52

	
0.222




	
EC

	
1, 76.3

	
30.95 ***

	
<0.001




	
Plant

	
1, 74.19

	
5.9 *

	
0.018








Signif. codes: 0’ *** 0.001 ** 0.01 *.













 





Table 3. MANOVA table (Type 3 tests, S-method) in response to EC.
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Model: EC ~ (1 | Day) + Nutrient + ‘Water Temp’ + pH + Plant




	
Effect

	
df

	
F

	
p.Value






	
Nutrient

	
1, 72.72

	
0.87

	
0.355




	
‘Water Temp’

	
1, 81.83

	
0.17

	
0.680




	
pH

	
1, 77.29

	
30.45 ***

	
<0.001




	
Plant

	
1, 74.07

	
1.87

	
0.176








Signif. codes: 0’ *** 0.001 ** 0.01 *.













 





Table 4. MANOVA table (Type 3 tests, S-method) in response to water temperature.






Table 4. MANOVA table (Type 3 tests, S-method) in response to water temperature.





	
Model: ‘Water Temp’ ~ (1 | Day) + Nutrient + pH + EC + Plant




	
Effect

	
df

	
F

	
p.Value






	
Nutrient

	
1, 70.92

	
18.63 ***

	
<0.001




	
pH

	
1, 81.52

	
1.43

	
0.234




	
EC

	
1, 81.57

	
0.25

	
0.616




	
Plant

	
1, 69.5

	
66.6 ***

	
<0.001








Signif. codes: 0 *** 0.001 ** 0.01 *.
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