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Coupled aquaponics is the integration of recirculating aquaculture systems (RAS) and hydroponic cropping systems (HCS) into one system with shared culture water. Water conservation, revenue diversification, location-independent food production, and a reduced reliance on synthetically derived fertilizer salts have been identified as potential benefits of coupled aquaponic production. Despite these potential benefits, it has been difficult for producers to achieve success at the commercial scale. This review discusses how traditional linear coupled aquaponic system designs are not suited for intensive production due to a lack of scalability and water flow rate optimization to meet the differing requirements for finfish, vegetables, and water treatment with practices commensurate with the individual RAS and HCS industries. An alternative design for intensive coupled aquaponics is presented that utilizes a parallel unit process approach for independent hydraulic retention time optimization of each system component. The production benefits and scaling opportunities for each of the primary components in an aquaponics system are discussed. A review of recently published coupled aquaponics literature demonstrates that a system utilizing a parallel unit process design can result in more intensive fish production and a greater nutrient supply for plant production, leading to the potential for greater economic and space use efficiency.
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1 Introduction

Aquaponics is the integration of recirculating aquaculture systems (RAS) and hydroponic cropping systems (HCS) where dissolved nutrients in fish culture water are used to grow crops. Cited potential benefits of integrated production include increased revenue from the combination of fish and plant sales, minimized reliance on synthetically derived fertilizers, and both location-independent and season-independent protein and vegetable production in food deserts (Rakocy et al., 2006; Yep and Zheng, 2019). Aquaponic systems can be decoupled, where fish and plant production are independent and treated fish culture water is pumped from a RAS to a HCS without recirculation, or coupled, where fish and plant production units share water and water treatment systems (Goddek et al., 2016; Tetreault et al., 2021a). Since water does not flow back from the plant production systems to the RAS in decoupled systems, hydroponic crop culture water quality may be adjusted to meet plant needs and nutrients can be supplemented with synthetic solutions (Palm et al., 2018). While this separate optimization for fish and plant growth can achieve similar productivity to individual RAS and HCS, decoupled systems can require greater capital and maintenance costs, more physical space for separate water treatment units, and can be heavily supplemented—up to 49% of total nutrient mass—with synthetic fertilizers (Palm et al., 2018; Goddek et al., 2018).

The sharing of water treatment units in coupled systems requires water quality be maintained to balance both fish and plant health, which often results in diminished plant growth rates and fish stocking densities compared to decoupled systems (Goddek et al., 2019, pp. 163-201; Colt et al., 2021; Körner et al, 2021). The cited potential benefits of coupled production over decoupled include reduced capital costs, increased physical space for plants or fish, and the ability to grow plants without the addition of synthetic fertilizers and the environmental impacts associated with their use (Rakocy et al., 2006; Goddek et al., 2019, pp. 163-201; Yep and Zheng, 2019). Compared to the extensive research and economic success of RAS and HCS as standalone industries, commercial coupled aquaponics is relatively new and has struggled to find financial stability (Love et al., 2014; Goddek et al., 2015; Colt et al., 2021). In a recent grower survey, plant sales accounted for most of the generated revenue, fish production costs often exceeded fish related sales, and only 18-33% of aquaponic farms were profitable (Love et al., 2014; Love et al., 2015). Nutrient supply costs—primarily in the form of fish feed—can be identified as a barrier in commercial coupled aquaponic success. Fertilizer salts account for approximately 4% of total expenses for a typical commercial HCS (Souza et al., 2019; Turnšek et al., 2019). In contrast, the costs of nitrogen (N) and phosphorus (P) by mass are 7-14 times and 17-88 times more expensive, respectively, than synthetic salts when supplied solely by fish feed (Colt and Schuur, 2021). Therefore, a system that loses money from fish production and solely supplies plant nutrients with fish feed will struggle to become profitable. However, an integrated system with a profitable RAS can produce a naturally derived nutrient solution for vegetables that can further supplement income. A scalable design capable of intensive fish production could improve economic viability while maintaining the benefits of coupled production.

Many aquaponic growers develop their own system designs based on a linear process flow template derived from research conducted at the University of Virgin Islands (UVI) originally developed in the 1980s (Rakocy et al, 2006). As described in Rakocy et al. (2006), this UVI-based methodology utilizes a linear process flow to direct water from the fish production system in series with the plant system (Figure 1). Water and waste products flow from the fish rearing unit to a solid waste removal unit, then through biological filtration and hydroponic production units before returning the water to the fish rearing unit. While this linear flow effectively directs unused nutrients from the fish to the plants in small systems, the design lacks scalability to increase yield for greater economic viability due to limited control over water treatment processes to meet the specific requirements of crops and fish (Goddek et al., 2019, pp. 163-201).




Figure 1 | Primary components of common aquaponics design. Optimal layout as described by and retrieved from Rakocy et al. (2006) for a UVI-based aquaponic systems illustrating process flow where a linear stream of water gravity-flows at a constant rate from the rearing tank through all other units before draining into the sump for recirculation.



The concept of parallel plant and fish culture unit operation for water flow control, modeled after contemporary RAS designs, has been presented in recent literature when considering how to improve coupled aquaponics (Goddek et al., 2019, pp. 163-201; Palm et al., 2018). This parallel process allows hydraulic retention time (HRT) optimization for improved unit process performance and minimized pumping costs while still retaining the benefits of full integration at a larger scale. Despite this potential design improvement, much of the published coupled aquaponics research has still been conducted in systems with a linear flow and without metrics for direct comparison against individual RAS or HCS production (Baßmann et al., 2017; Knaus and Palm, 2017; Yang and Kim, 2020; Ani et al., 2022; Dusci et al., 2021) (Figure 2). Research on coupled aquaponics for commercial or intensive operations would benefit from adopting a parallel unit process design for more applicable results for farmers. This manuscript reviews recently published coupled aquaponics research and illustrates how a parallel unit process design provides the ability to maintain ideal HRTs in fish tanks, plant beds, and water treatment units. A mass balance of N using data from recently published work is used to demonstrate how a coupled system with appropriate water flow control can permit system scaling and greater fish stocking densities, fish feed rates, and nutrient production rates for plant use compared to linear flow systems.




Figure 2 | Detailed schematic of UVI-based research system. Flow schematic from Yang and Kim (2020) where research was conducted to determine the effect of 6-, 9-, and 17-hour hydroponic unit hydraulic retention times on water quality and fish and plant growth in small-scale systems. The system was comprised of a 0.37 m3 fish tank stocked at 20 kg/m3, 0.02 m3 clarifier, 0.04 m3 biofilter, and a 0.37 m3 deep water culture hydroponic unit.






2 HRT optimization in a parallel unit process design

Modern RAS utilize a unit process design where a complex system is divided into simpler functional units (primarily fish culture tanks, biofilters, and solids removal units) that can be individually maintained at specific HRTs for ideal operation (Losordo et al., 1999; Timmons et al., 2018). By using a parallel unit process approach, RAS are designed with each unit forming a separate loop with a single sump tank, which serves as a reservoir for treated water before being pumped individually back to each unit (Figure 3). Implementing the same unit process design for coupled aquaponics allows water flow rate to be optimized for nutrient loading, energy consumption, and physiological requirements to improve fish and crop production rates. The following subsections compare basic principles of aquaponic systems using a linear process flow and a RAS using a parallel unit process design. A parallel unit process design can more effectively meet the shared needs of fish and plants in coupled aquaponics compared to a linear flow. This manuscript is intended to illustrate and discuss the hydraulic optimization of different coupled aquaponic design methods and not to be used as a comprehensive guide for aquaponic or RAS design.




Figure 3 | Typical RAS layout. This design utilizes a parallel unit process approach to allow independent operation of individual fish tanks and MBBR.





2.1 Fish culture tank design influences fish health and productivity

In RAS, round tanks with low HRTs and a vertical water inlet manifold spanning the entire tank depth provide a self-cleaning property by creating a circular water flow where waste is drawn to a center drain for rapid removal (Timmons et al., 1998; Losordo et al., 1999). The time required to fully pump and evacuate one equivalent tank water volume is described as the nominal HRT. The actual HRT of a tank may be influenced by a combination of flow rate, water inlet and outlet design, tank shape, and the tank diameter:depth ratio, and are typically greater than the nominal HRT. Precise inlet and outlet flow rate control is required to maintain water quality and the ideal HRT across fish life stages (Timmons et al., 1998; Davidson and Summerfelt, 2004). Water velocity is typically maintained from 0.5 – 2.0 fish body lengths second-1 to exercise fish and swirl waste to the center drain (Davison, 1997; Timmons et al., 2018, pp. 93-133). A recent survey of commercial RAS in Norway found that typical fish tank HRTs in systems built after 2010 were less than 60 minutes (Summerfelt et al., 2016). Systems with high culture tank HRTs can suffer from reduced dissolved oxygen (DO) concentrations, organic carbon (OC) accumulation from suspended solid waste, and toxic total ammoniacal nitrogen (TAN) accumulation (Timmons et al., 2018). Yang and Kim (2020) conducted a study to identify the ideal single hydraulic loading rate for all units in a linear system. The highest flow rate resulted in an estimated fish tank HRT of 2.78 hours. The authors acknowledged that such high fish tank HRTs may result in poor water quality in high density culture fish systems but were limited in fish tank control due to the 6 h HRT chosen to meet plant needs in the hydroponic unit, which resulted in a flow rate of 2-3 L min-1 (Yang and Kim, 2020). While this system design successfully grew a variety of crops and maintained adequate fish health at a small scale, direct adoption in commercial-scale operations would not be suitable for intensive fish growth or nutrient production for plant use due to inadequate water quality management.




2.2 Effective solid waste removal improves fish health

The effective removal of RAS solid waste, which primarily consists of fish feces, uneaten feed, and sloughed scales, is required to maintain optimal water quality parameters and the requisite high water recirculation rates (Guerdat et al., 2013). Solid waste accumulation can negatively affect DO concentration, TAN concentration, and downstream biofiltration, while also increasing potential pathogen proliferation (Masser et al., 1999; Guerdat et al., 2013; Timmons et al., 2018). Commercial RAS commonly use granular filters for physical removal of solids > 20 microns, or rotating drum microscreens—often fitted with filter screens ranging in mesh sizes of 40-80 microns—for mechanical removal (Timmons et al., 2018, pp. 139-188). To work effectively, granular filters must be sized to maintain an HRT that does not limit other units, while screen filters are controlled by a float switch which triggers a high-pressure spray and does not rely on or affect the flow rate of water from the culture tank (Timmons et al., 2018, pp. 139-188). Thus, effective use of microscreen drum filters can remove one of the major impediments to process optimization.

Ineffective solids removal has been identified as a primary limiting factor for optimizing fish production in RAS and coupled aquaponic systems (Thorarinsdottir, 2015; Raviv et al., 2019). Many commercial operations and research-based systems use clarifiers and other gravimetric solids separation methods (Figure 4) (Baßmann et al., 2017; Knaus and Palm, 2017; Yang and Kim, 2020; Ani et al., 2022). Optimally designed gravity-based clarification systems can remove solids > 100 microns, with effectiveness depending on clarifier HRT providing sufficient time for particles to settle (Timmons et al., 2018, pp. 139-188). However, extending clarifier HRT will then reduce the flow rate and self-cleaning properties of preceding culture tanks or will require excessively large clarifying units to achieve the optimal tank flow rates and required HRTs for optimal solids removal efficiency.




Figure 4 | The clarifier design recommended by and retrieved from Rakocy et al. (2006). Commonly used in UVI-based aquaponic systems where (A) is the culture tank drain lines, (B) is the center baffle, (C) is the discharge baffle, (D) is the filtered water line, and (E) is the sludge discharge drain. Water flow in preceding and following units and solids separation rate are dependent on clarifier HRT.



The commercial scale system at UVI achieved stocking densities commensurate with commercial RAS but required two 3.8 m3 clarifiers with a combined area of 5.26 m2 and a 20-minute HRT to remove solids from four 7.8 m3 fish culture tanks with a combined area of 29.2 m2 (Timmons et al., 2018, pp. 663-710). While increasing clarifier diameter and utilizing baffles to lengthen the traveling path and settling period of solids allowed greater fish stocking densities, flow control was restricted in preceding and following units and the clarifiers consumed physical space that could otherwise be used for plant and/or fish production. Additionally, intensive clarifier maintenance is required to prevent the resuspension of solids and accumulation of organic carbon. Long periods between solids purging can also result in resuspension through denitrification, which produces nitrogen bubbles that get caught in the microbial biomass and cause masses of sediment to float to the surface and re-enter the flow stream. Nitrous oxide (N2O) is an intermediary of the denitrification process and a potent greenhouse gas with radiative forcing 265 times greater than carbon dioxide (IPCC, 2013). These emissions represent both nutrient loss for plant utilization and environmental consequences. Due to the compromises associated with intensive fish production and gravimetric solids removal, lower fish stocking densities and feed rates than in commercial RAS are commonly used in these UVI-based coupled aquaponic systems to prevent solids accumulation and maintain safe water quality (Baßmann et al., 2017; Knaus and Palm, 2017; Yang and Kim, 2020; Ani et al., 2022).




2.3 Biofiltration is essential to fish health and productivity

After solids removal, culture water still contains dissolved ammonia (NH3/NH4+) that is lethal to fish in low concentrations (Tomasso, 1994). Nitrate (NO3-) is the predominant form of nitrogen utilized for most crop plants in commercial and research HCS (Resh, 2013, pp. 31-31, 52-53). For these reasons, NH4+ must be converted into NO3- through nitrification (Brune et al., 2004). To achieve this, microbial biofilters are colonized with and support the growth of the two primary species of autotrophic nitrifying bacteria, Nitrosomonas and Nitrobacter, responsible for the two-step process where NH4+ is converted into nitrite (NO2-) and then into NO3- (Ebeling et al., 2006). A moving bed biofilm reactor (MBBR) with media designed to maximize surface area for biofilm production are often used in RAS and coupled aquaponics (Odegaard et al., 1994). Appropriate biofilter sizing is crucial for fish health and maximizing nitrification. Calculating biofilter volume is a multi-step process described in detail throughout RAS literature that is based on estimates of daily NH4+ production rates from feed regimens and NH4+ conversion rates of specific media (Guerdat et al., 2010; Timmons et al., 2018, pp. 277-314). Rusten et al. (2006) found that after appropriate MBBR sizing, an HRT of 2-5 minutes was effective for nitrification at commercial scale. Maintaining ideal MBBR retention times is not possible in a linear process flow system unless the preceding fish tanks and solids removal system and the following hydroponic units all use the same water flow rates.

Effective solids removal prior to biofiltration is required to achieve maximum nitrification as increased particulate OC promotes the growth of heterotrophic bacteria that outcompete desired autotrophic bacteria and reduces nitrification efficiency (Figure 5) (Chen et al., 2006; Guerdat et al., 2011). Even if a linear process flow system with gravimetric solids removal was operated to achieve ideal biofilter HRT, overall production could still be limited. If the clarifier was sized for appropriate solids removal, crop production area would be reduced as gravimetric solids removal devices occupy valuable space and are not ideal for commercial-scale production. Nitrification efficiency would be reduced if the clarifier was undersized with poor solids removal. A linear process flow is not suitable for commercial production intending to profit from fish and plant sales because it cannot simultaneously meet the differing hydraulic requirements for fish, plant, and water quality management under intensive growing conditions. Maximizing system productivity requires independently managed unit processes that can each adjust water flow rate for HRT optimization to facilitate efficient function at any scale.




Figure 5 | The effect of organic matter on biofilter performance. Figure retrieved from Chen et al. (2006) demonstrating the effect of particulate matter concentration on RAS biofilter nitrification efficiency and the importance of effective solids removal prior to biofiltration.







3 Parallel unit aquaponics design

Research studying coupled aquaponics without focus on meeting RAS production standards provides limited opportunity for advancement as a viable commercial industry. Several publications have begun expressing the importance of transitioning towards a parallel unit process design for commercial coupled aquaponics. Goddek et al. (2019) presented the parallel unit design utilized at the 1,000 m3 coupled facility at University of Rostock (UR) (Germany) as a model for commercial production (Figure 6). Fogarty (2021) provided a similar flow schematic for the University of New Hampshire Kingman Farm Research Aquaponic Greenhouses (KFRAG) located in Madbury, New Hampshire, USA (Figure 7).




Figure 6 | Schematic of the coupled aquaponics system at UR. Figure retrieved from Goddek et al. (2019) and demonstrating the water flow direction and potential HRT control to individual fish tanks, hydroponic beds, and water treatment units. The independent aquaculture (A), water transfer system (B), and hydroponic (C) units are shown. Sub-units include individual fish tanks (F1-F9), a sedimenter (S), trickling filter (T), sump (Su), water transfer tank from aquaculture unit (Wt-I), nutrient tank for independent hydroponic operation (Nu), and water transfer tank to transfer water back to aquaculture unit (Wt-II). The needed biofilter pump, aquaculture recirculation pump, aquaculture unit to hydroponic unit pump, and an additional pump to transfer nutrients from the hydroponic units back to Wt-II are not shown.






Figure 7 | Basic components of the KFRAG system design. Flow schematic adapted from Fogarty (2021) of experimental aquaponic system located in Madbury, NH, USA demonstrating a parallel unit process coupled aquaponic design. The branching loops from the sump separate the aquaculture and hydroponic process flows until all wastewater is drained into the standpipe well. Solids are removed by a 54-micron drum screen microfilter before water flows to the sump, which supports the MBBR on an independent side loop. Fish culture tank flow rate is operated independently of all other units in the isolated fish loop, shown in solid arrows. Additional tanks could be added without limiting control by creating more loops branching from the sump with wastewater draining into the standpipe well prior to solids removal. Flow rate and HRT can be optimized for each tank and controlled for the needs of fish at different sizes. Similarly, additional hydroponic loops, in dashed arrows, could be added and operated at differing flow rates to meet the needs of diverse crops and growing methods.



The number of pumps and water transfer tanks are the primary differences between the two systems. The UR system required four pumps, a sump, and two additional water transfer tanks. One of the additional pump and water tank sets from the UR system allowed switching between coupled and decoupled production if nutrient supplementation was desired. The UNH KFRAG system utilized a single water pump and sump for all mixing. While this did not allow decoupling on demand, the simplification may result in lower capital and operating costs, fewer potential equipment failures, and a greater percent of the total system area dedicated to growing space. Regardless of these differences, both systems permitted independent water flow rate control to multiple fish culture tanks, hydroponic beds, and water treatment units that could be scaled to meet specific requirements for optimal production. Modular, scalable designs are fundamental to commercialization and maximizing economic sustainability and may even facilitate production of fish at multiple growth stages and multiple crops within a single coupled aquaponic system.

Fogarty (2021) reported the water flow rates, unit HRTs, and operating conditions for the UNH KFRAG system. The system consisted of a 3 m3 fish tank filled with 2,500 L of water, a rotary drum screen filter fitted with 54-micron screens, a 1.3 m3 MBBR, a 0.2 m3 pump sump, a 0.3 m3 standpipe well, and three 3.6 m3 deep water culture (DWC) hydroponic grow beds for a total volume of 15 m3. Tilapia were fed 1,300 g of 40% protein content feed per day. Bi-weekly sampling and population adjustments were used to ensure that 1,300 g of feed per day would provide nutrition for optimal fish growth (Delong et al., 2009). After reaching a 36 kg m-3 stocking density, the fish population was managed to maintain the desired feed rate and stocking density until harvest. The three hydroponic DWC grow beds each had a growing area of 11.9 m2 with lettuce (Lactuca sativa) planted at a density of 24.2 plants m-2.

The isolated fish and plant loops are indicated in Figure 7 using solid and dashed arrows, respectively. Treated water from the shared sump was pumped to the DWC beds, fish tank, and MBBR separately for desired flow rates to be achieved and adjusted, as needed, at each inlet manifold. Hydroponic and fish wastewater were combined in a standpipe well prior to solids removal and biofiltration. The standpipe well prevented water from travelling between fish and plant units without prior treatment and allowed independent operation of fish culture tanks and hydroponic beds while requiring only one water pump. The flow rate and HRT for the fish tanks, DWC grow beds, and MBBR are shown in Table 1, and are commensurate with the standards for RAS production cited above.


Table 1 | Unit-specific flow rates and HRTs in KFRAG parallel unit process design.






4 Discussion regarding feed rate and nitrogen production

As noted above, nutrients from fish feed are significantly more expensive than synthetic fertilizers, making it difficult for coupled aquaponic production to be profitable when fish are not a viable revenue source (Colt and Schuur, 2021). Profitable fish production in RAS is generally achieved through intensification of the process to make efficient use of the inputs. While tilapia has historically been a common RAS and aquaponic fish, feed practices and stocking densities can vary between industries (Rakocy et al., 2006; Delong et al., 2009; Goddek et al., 2019, pp. 163-201; Yang and Kim, 2020). Intensive RAS tilapia feed rates are based on fish age, with fry receiving up to 30% of the system biomass weight in feed per day before tapering gradually to approximately 1.5% of the system biomass in feed per day as fish reach harvest mass (Riche & Garling, 2003; Delong et al., 2009). Tilapia are commonly harvested at 680 g when feed conversion ratio (FCR) increases and the return on weight gain to cost of feed is diminished (Delong et al., 2009). Conversely, many coupled aquaponic systems have lower stocking densities and either feed a daily rate between 2% and 5% of the initial fish biomass without adjustment to account for growth or feed several times a day until visible satiation to provide consistent nutrient inputs without waste accumulation (Baßmann et al., 2017; Knaus and Palm, 2017; Yang and Kim, 2020; Ani et al., 2022; Dusci et al., 2021). Restrictive feed rates and lower stocking densities in coupled aquaponics will reduce the fish production rate and the rate of dissolved nutrient output available for crop growth, which further supports the need to adopt a parallel unit process design for intensive fish production when nutrient supplementation is not desired or possible (Yep and Zheng, 2019).

Excluding carbon, N is often the most required nutrient by mass for effective plant growth (Marschner, 2011). Because of its importance by mass to plant growth and the cost disparity between sourcing N from fish feed and conventional fertilizer salts, the potential of greater N production from intensive fish rearing is vital when considering coupled aquaponic management. TAN production (solubilization and excretion of N in feed) from the fish unit can be utilized to calculate the potential plant productivity of such a system. The differences in estimated daily TAN production rates in eight systems from recently published coupled aquaponics research demonstrate the effect of feed rate and stocking density on nutrient production (Table 2). Daily TAN production was calculated using the following equation retrieved from Timmons et al. (2018, pp. 52-93) and data taken from the methods used in each manuscript:


Table 2 | The estimated daily total ammoniacal nitrogen (TAN) production of eight experimental coupled aquaponic systems using data provided in methods sections from six recent manuscripts accepted in peer reviewed journals.



	

where PTAN is daily TAN production (g day-1), FR is daily feed rate (kg day-1), PC is the protein content of feed (%), and 0.092 is the average percent of the feed mass excreted as ammonia. The production of TAN was normalized to 1 m3 of fish at each reported stocking density and feed rate to accurately compare nutrient production. Tetreault et al. (2021a) used the KFRAG greenhouses described above while all other systems used a variation of a linear flow method. The data from these research systems confirm that increased fish stocking density and feed rate results in greater specific daily N production.

Lettuce or other leafy greens are the most commonly grown aquaponic crops and can be used as a model crop to demonstrate the effect of maximizing nutrient production by the fish and biofilter units (Love et al., 2014). Timmons et al. (2018, pp. 663-710) presented an average N assimilation rate of 0.0184 g day-1 plant-1 for a common three-phased lettuce growing method to calculate the ideal feed rate to plant ratio. The weekly and yearly number of plants that could be supported by a 1 m3 fish tank operated at the stocking densities and feed rates used in each research system from Table 2 are shown in Table 3. Based on the data provided by each manuscript, the greater specific N output achieved using the parallel unit process design, fish stocking density, and daily feed rate from Tetreault et al. (2021b) would result in the most heads of lettuce grown per year. More intensive fish production uses less space and supports a greater hydroponic growing area, resulting in more efficient space utilization and greater profitability of both the RAS and HCS components in coupled aquaponic systems.


Table 3 | The estimated lettuce production of eight coupled aquaponics systems normalized to 1 m3 of fish production using a common three-phased growing method described in (Timmons et al., 2018, pp. 663-710).






5 Conclusion

The review of the literature and research shows that intensive coupled aquaponics may be improved with a scalable parallel unit process design adapted from RAS, as demonstrated at both UR and KFRAG. This type of design facilitates increased fish stocking densities, fish feed rates, and water treatment performance while minimizing capital and operating costs to improve fish profitability and nutrient output quantity and quality for hydroponic crops. Aquaponic research studies employing system designs not optimized for commercial-scale and intensive fish production will have limited scalability and application for commercial utilization. While research intended for commercial applications of coupled aquaponics would benefit from maximizing fish production, it is also important for pilot-scale studies to provide proof-of-concept data before expanding research. With the variety of purposes for aquaponic production, multiple system designs and research approaches are valuable and required. However, the current research outlined in this review supports the need for a system design capable of intensive fish production, such as that used at UR and KFRAG, to begin the development of a commercially viable coupled aquaponics industry.

The lack of a scalable system design to maximize fish production is limiting the potential development of the commercial coupled aquaponics industry to increase lean protein availability and fresh produce access in food deserts. The predominantly cited design references for aquaponic system construction developed at UVI inherently lack scalability and demonstrate intrinsic inefficiencies as compared to a parallel unit process approach based on contemporary RAS. Comparison of energy and resource use efficiency between linear and parallel aquaponic systems could further address potential differences in sustainability as well as production optimization. Implementation of parallel unit processes for water treatment and crop production may allow increased fish and plant production rates. Continued research at the pilot and commercial scale of this design approach is required to identify specific water quality and operating parameters to balance fish and crop health, confirm consistency in production over time, develop treatment processes for solid waste, and to develop cost analyses to determine profitability with a variety of system scales, fish and crop types, and energy demands.
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Stocking Densities Feeding Procedures and Nitrogen Production Normalized to

1m?

Reference Fish Fish tank  Final stocking density Feed protein daily TAN production Feed rate TAN production

species vol. (kg m™) content (%) feed (g day™) (kg day™ (g day' m?)
) (g )
day™)

Tetreault et al. (2021b) Nile 3 36 40% 13 47.8 0.43 159
Tilapia

Dusci et al. (2021) Nile 0415 12.1 32% 0.15 442 0.36 10.6
Tilapia

Yang and Kim (2020)* Nile 0.37 26.5 41% 0.0707 267 0.01 7.96
Tilapia

Ani et al. (2022) High Nile 0.1 10.1 35% 0.0065 0.209 0.07 2.09

Density Tilapia

Ani et al. (2022) Nile 0.1 9.6 35% 0.0059 0.190 0.06 1.90

Medium Density Tilapia

Ani et al. (2022) Low Nile 0.1 6.4 35% 0.0031 0.100 0.03 1.00

Density Tilapia

Knaus and Palm (2017) Nile 1.8 11.6 37% 045 153 0.25 8.51
Tilapia

Bafimann et al. (2017) African 0.75 24 41% 0.0025 2.89 0.10 3.86
Catfish

* Protein content was not provided. The highest content percent from other studies was used to identify maximum lettuce production potential. Tetreault et al. (2021b) used a parallel unit process
design, while all others used a linear process flow method. Data was normalized to 1 m* of fish production to account for total system volume variations.
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