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Abstract 

 

The primary subject explored by this project was aquaponics. Aquaponics’ 

potential as a form of sustainable agriculture largely stems from its efficient nutrient 

cycling, but the same ecological properties make aquaponics systems difficult to 

optimize productively. A small-scale aquaponics system was designed and constructed 

in Swarthmore College’s Science Center. Additionally, the design for a water quality 

monitoring and management device for the system was developed, although it could not 

be prototyped due to extenuating circumstances. This report serves as the formal 

documentation of my senior engineering project, as well an educational resource for 

anyone interested in learning about aquaponics, or designing or working with similar 

systems.  

 

  

 



2 

Table of Contents 

 

Abstract                                                                                                                                            ...1 

 

Table of Contents                                                                                                                           ...2 

 

Introduction                                                                                                                                ...3-5 

Aquaponics Context 

Overview of Aquaponics Technology  

Aquaponics and Water Quality  

Project Description 

 

Methodology & Materials                                                                                                      ...6-15 

Designing the Aquaponics System  

Constructing the Aquaponics System  

Designing the Water Quality Monitoring and Management Device  

 

Results and Discussion                                                                                                          ...15-16 

 

Conclusion                                                                                                                                      ...17 

 

Acknowledgements and References                                                                                        ...18 

 

 

 

 

 

A note from the author:  

It seems that one of the benefits of Swarthmore’s insistence on having its Engineers practice in both metric and imperial units is my 

having become comfortable in both languages when it comes to discussion around aquaponics. I know it may make some people 

extremely uncomfortable to see imperial and metric units mixed in a formal, academic paper, so I wanted to include this 

forewarning. Here's a handy table of conversions!  

 

Metric  Imperial 

1 meter (m)  3.3 feet (ft) 

1 meter squared (m2)  10.8 feet squared (ft2) 

10 liters (L)  26.4 gallons (gal.)  

1 kilogram (kg) 2.2 pounds (lb)  
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Introduction 

 

Aquaponics Context  

Aquaponics combines hydroponics and aquaculture into a coupled, recirculating 

system. Hydroponics refers to the soilless cultivation of plants through direct root 

suspension in liquid fertilizer. Aquaculture refers to the concentrated production of 

aquatic organisms, usually as livestock - for this project, the only aquacultural 

organisms being considered are fish. Aquaponics establishes a symbiotic ecological 

relationship between the fish and plants through bacteria that live in the system and 

metabolize fish waste into bioavailable nutrients. The plants use the nutrients from the 

wastewater produced by the fish as fertilizer to grow, and in the same process clean and 

filter the water so that it remains safe for the fish to inhabit.  

The origins of aquaponics can be traced as far back as the ancient civilizations of 

many parts of the world - rice paddies in China, floating vegetable beds used by the 

Aztecs, the ahupua‘a systems of Hawai’i, etc. Today, aquaponics systems are mostly 

limited to the backyards of hobbyists, classrooms of schools, research centers of 

universities, and small-scale production facilities, usually oriented towards some 

environmental or social mission. Aquaponics is still developing as a form of modern 

sustainable agriculture, and the technologies and science behind it have only recently 

emerged as a field of interest, in response to the ever-growing need to address the flaws 

in our global food system, in particular the disastrous environmental damage and social 

injustice perpetuated by industrial agriculture. Although we’ve yet to figure out how to 

do so profitably and at scale, aquaponics can produce healthier foods in greater 

quantities while consuming less water, space, and energy, in a greater variety of 

applications, than can most industrial agricultural technologies. Thanks to its efficiency, 

sustainability, and versatility, it will undoubtedly become a widespread technology in 

the food systems of our futures.  

 

 

Overview of Aquaponics Technology 

To inform the design and construction of the aquaponics system I wanted to 

build for this project, I first conducted a literature review on existing archetypes and 

techniques of aquaponics technology. The key findings of my research were: 

 

1. There are three primary populations of organisms for which the environmental 

conditions of the aquaponics system must be optimized for: Fish, plants, and 

bacteria. Particularly important are the nitrifying bacteria responsible for 

metabolizing ammonia into bioavailable plant nutrients.  
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2. There are five critical water quality parameters which affect the biological and 

ecological health of the system: Oxygen, temperature, pH, nitrogen, and 

hardness.  

 

3. There are three main common techniques used for nutrient delivery: deep water 

culture (DWC), nutrient flow (NFT), and media bed. The DWC technique uses 

floating grow beds to suspend plants over the wastewater, allowing direct 

nutrient absorption from an open water column. The NFT uses flowing 

wastewater to deliver nutrients to plant roots. The media bed technique grows 

plants in a biologically-inert substrate, such as gravel or clay pebbles, through 

which wastewater flows.  

 

Aquaponics and Water Quality  

Managing the water quality parameters in an aquaponics system is critical, but 

can be complicated and difficult. There is a huge variety of factors that can influence 

water quality, the many components of which are often interconnected through the 

biochemical interactions of the organisms and materials in the ecosystem. Ecological 

systems are difficult to understand reductively because it functions ecologically, and is 

therefore better considered holistically. A key aspect of the operational work for 

productive aquaponics systems therefore consists of monitoring and managing water 

quality parameters and environmental conditions, as well as the inputs (fish feed, water 

to replace evaporative loss) and outputs (harvesting plants) to the system, which both 

affect and are affected by the aforementioned parameters.  

Of the many biochemical cycles that drive aquaponics systems, the nitrogen cycle 

is of particular importance, as it is a key aspect of biofiltration and nutrient delivery in 

aquaponics. Ammonia is heavily represented in the metabolic byproducts of fish, and 

can easily build up to toxic concentrations if left untreated. Ammonia-oxidizing bacteria, 

of which the genus nitrosomonas is most common, metabolize the ammonia in fish 

waste into nitrites, a slightly-less harmful compound. Nitrite-oxiding bacteria, of which 

the genus nitrobacter is most common, then metabolize the nitrites into nitrates, the 

least toxic form of the compound. These nitrates are absorbed by plants as bioavailable 

nutrients, promoting plant growth and cleaning the water for the fish. For how critical 

the nitrogen cycle is to the functioning of aquaponics systems, we have remarkably little 

direct control over it - the nitrogen cycle is not a distinct component, parameter, or 

process in the system. Instead, it’s almost like a property - a descriptive characteristic of 

the system that both affects and is affected by a multitude of biotic and abiotic factors, 

whose other interactions within the ecosystem cannot be reductively described. 

Nitrifying-bacteria self-establish, independently and naturally in balance with the rest of 
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the system. There are a number of methods to increase or decrease the biological 

filtration capacity of the system by influencing the growth of its bacteria, but not without 

affecting other properties of the system. In such a way, the nitrogen cycle serves as a 

salient example of the ecological and holistic mechanisms which aquaponics tries to 

harness productively.  

 

Project Description  

The primary objective of this project was to design and construct an aquaponics 

system, as well as a water quality monitoring and management device (WQMMD), with 

the goal of simplifying operational maintenance of the system. There are a limited 

number of commercial and hobbyist aquaponics systems which use or have used 

external sensors and other ‘smart’ functionalities to help with managing the system. The 

proposed WQMMD differs from these existing systems in that it seeks to unify water 

quality parameter measurements and control system functionalities into a single 

cohesive system, as opposed to simply using a number of external sensors to generate 

discrete parameter measurements.  Aside from this technological contribution, the value 

of this project is multi-faceted, and not limited to the pedagogical goals of Swarthmore’s 

Engineering department. In addition to exploring the science and technology behind 

aquaponics, I also wanted to create a functional greenspace for the Swarthmore 

community, and use the system as an aesthetic, demonstrative, natural display from 

which community members can learn about permaculture and sustainable food systems.  

 The aquaponics system was designed and constructed in Eldridge Commons 

over the summer of 2019, and the WQMMD was developed over the following school 

year. However, due to circumstances caused by the global coronavirus pandemic, the 

prototyping stage of the WQMMD was not completed. Instead, the two main outcomes 

of my E90 design project were:  

 

1. The Eldridge Commons aquaponics system, which acts as a functional 

greenspace in Swarthmore’s Science Center  

 

2. This report, which describes how the aquaponics system was designed and 

constructed, and presents the progress that was made in developing the 

WQMMD.  

 

I hope that this report can also serve as an effective resource for anyone 

interested in repeating a similar project, or continuing where my E90 project left off.  
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Methodology and Materials  

 

Designing the Aquaponics System  

Design objectives  

I identified an existing archetype with two key characteristics around which the 

design and construction of the Eldridge Commons aquaponics system took place. Based 

on the available space, resources, and goals of the project, I decided to design a 

‘constant-height-in-fish-tank-pump-in-sump-tank’ (‘CHIFT-PIST’) system, employing a 

flood-and-drain cycle in the grow bed(s) for nutrient delivery, as opposed to the nutrient 

film or deep water culture techniques. Although not the simplest configuration to 

construct and maintain, it would make the system more effective for demonstrative and 

pedagogical purposes, provide greater modularity for research and refurbishment, and 

mitigates potential hazards from operational failures by having a separate sump tank to 

house the pump, and regulate water levels and circulation throughout the system.  

 

Design parameters  

In a CHIFT-PIST , flood-and-drain cycle configuration, there are three main 

components of the aquaponics system: the fish tank, the vegetable grow bed(s), and the 

sump tank. Before discussing how to connect these components and circulate water 

between them, there are a few design parameters that affect the fish tank, grow beds, 

and sump tank to consider. Because my design did not call for any particular 

optimization, there was no need for rigorous calculation towards a specific outcome. It 

was therefore relatively simple to adhere to generally recommended guidelines for each 

of the parameters, and select the main components based on practical constraints, 

namely space, availability, and price. Based on these constraints, a maximum total 

volume of around 300 gallons and total available spatial footprint of around 49 ft 2  were 

determined. The following guidelines were used when designing the Eldridge Commons 

aquaponics system, and consist of a mix of original calculations and recommendations 

from published research. 

 

1. Feed rate ratio and vegetable grow bed limitations  

As defined by the Food and Agriculture Organization, the feed rate ratio is “a 

summation of the three most important variables, the daily amount of fish feed in 

grams per day, the plant type (vegetative vs. fruiting) and the plant growing space 

in square metres”. A maximum feed rate ratio of 40-50 grams of food per day per 

square meter of plant growing space is generally recommended before dedicated 

solids waste filtration is required to help process the additional bioload.  

 

 



7 

As there was no intent to raise fish as livestock in the Eldridge Commons 

aquaponics system, the fish feeding rate would be lower than in the 

productivity-oriented systems the recommendation is directed towards. I 

estimated a minimum grow bed area requirement of 0.5 m 2 based on a feeding 

rate of 20-25 grams per day.  

 

The recommended minimum depth for the vegetable grow beds is 1 ft, to ensure 

there is sufficient root space for plant growth. Combining the minimum depth 

and grow bed areas yields a minimum volume limitation of 40 gallons.  

 

2. Biological filtration surface area and mechanical filtration  

It is important to have sufficient biological filtration surface area so the system 

can support sufficient bacteria to metabolize fish waste into plant nutrients. The 

key property of the media is its surface area to volume ratio, as it will displace 

some of the water volume in the system. The Food and Agriculture Organization’s 

technical document on small-scale aquaponics systems recommends a ratio of 

300 as considered sufficient for most systems - common media to use inm 
3

m 
2

 

aquaponics systems are volcanic rock and gravel, expanded clay, and rockwool.  

 

3. Cycling Rate  

The cycling rate is the rate at which the entire volume of water in the system is 

fully circulated. It is measured as a volume per unit time. Water movement is 

critical for maintaining the ecological balance of the system. Given the maximum 

total system volume of 300 gal., and the recommended minimum cycling rate of 

twice per hour, I determined a suitable pump size of 150 .
gal.
hour   
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System design and main component selection  

Having considered the three design parameters and the various limitations and 

recommendations entailed, I created the following design: 

Figure 1. Early design sketch of Eldridge Commons aquaponics system 

 

The design illustrates the three main components as configured for the space, 

and outlines the circulation of water through the system. The three main components 

were obtained before any construction occurred. The total system volume capacity was 

247 gal. (935 L), and the vegetable growth surface area was 1080 in. 2 (0.7 m2). 

 

 Fish tank  Sump tank  Vegetable grow bed  

Length  74 in. 42 in. 30 in. 

Width  21 in. 19 in. 18 in. 

Height  54 in. 19 in. 12 in. 

Volume 125 gal. 66 gal.  28 gal. 

Figure 2.  Dimensions and volumes of main components. The initial design's single 

grow bed was modified to two separate grow beds. The listed dimensions are of a 

single growbed.  
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Constructing the Aquaponics System  

Sump tank & electric pump  

I purchased a 66 gallon plastic tub from Home Depot to use as the sump tank. A 

150 gal. submersible pump was purchased online, and used to pump water from the 

sump tank into the fish tank.  

 

Fish tank & solids lift overflow 

I purchased a 125 gal. glass aquarium and stand from Petco to use as the fish 

tank. The primary goal of circulating water from the fish tank to the grow beds is to 

remove waste from the fish tank, and deposit it in the grow beds as the water is 

recirculated. Additionally, I wanted to maintain a constant water level in the fish tank to 

minimize parameter swings - in order to do so, I required a passive, adaptive system 

that could match the outgoing flow rate to the incoming flow rate from the sump tank.  

I utilized a Solids Lift Overflow (SLO). A SLO is a simply an outlet from the side 

of the fish tank at the desired water height, whose inlet is at the bottom of the tank. As 

water is pumped in, the SLO siphons out water from the bottom of the tank at an 

equivalent rate. The SLO requires a point between the inlet and outlet to be open to air, 

so as to not create a venturi siphon, and completely drain the aquarium. The SLO was 

constructed out of PVC pipes, utilizing a T-junction to split the inlet between the outlet 

and atmosphere. In order to create the outlet, I drilled a hole through the thick 

aquarium glass using a diamond-dusted hole saw, a process with considerable risk, as 

the aquarium was the most expensive part of the project.  

Figure 3. Diagram of SLO configuration.          Figure 4. Picture of me drilling the outlet 

                                                                                             hole for the SLO in the aquarium 
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Vegetable grow beds & bell siphons  

The outlet of the SLO system in the fish tank was divided between the two 

separate vegetable grow beds. The vegetable grow beds in a fill-and-drain configuration 

perform two critical functions: 1. They oxygenate the water, plant roots, and bacteria, 

and 2. They provide mechanical and biological filtration by pulling waste through the 

grow bed media. Fill-and-drain systems generally use bell siphons to regulate the cycle 

in their grow beds and finally return the water back to the sump tank. 

Figure 5. Diagram of bell siphon in media bed. Water fills the grow bed until it reaches 

the level of the standpipe. A venturi siphon is created in the bell, rapidly draining the 

water until air reenters the bell, breaking the siphon, and restarting the fill-and-drain 

cycle.  

 

The bell siphons were also constructed out of PVC, although the two media 

guards were made out of emptied and repeatedly-stabbed snack containers. The bell 

siphons were tricky, and performed inconsistently. To improve the bell siphons, I had to 

increase the pressure head by lowering the outlet. I also made the incoming flow rate to 

each grow bed from the fish tank adjustable, and added a section to the SLO outlet to 

send excess flow straight to the sump tank. With these revisions, I was able to achieve a 

consistent fill-and-drain cycle in my grow beds.  

 

Other components  

As the system required artificial lighting due to a lack of natural sunlight, two 

LED plant grow lights were purchased online. The vegetable grow beds also needed to 
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be raised above the sump tank in order for the bell siphons to work. I constructed a rack 

out of unistrut to hold the grow beds, grow lights, and SLO outlet, with the sump tank 

resting underneath. I also wanted to keep tropical freshwater fish in the fish tank, so I 

purchased two 300W aquarium heaters. I also purchased a submersible power head to 

help circulate water around the fish tank.  

 

 

Figure 6. Picture of Eldridge Commons aquaponics system cycling before the addition 

of any plants and animals. The outlet of the SLO can be observed protruding from the 

left side of the aquarium. Each of the vegetable grow beds are equipped with bell 

siphons. The pump is housed in the sump tank, beneath the grow beds. 

 

Nutrient cycling and system maintenance  

Construction of the Eldridge Commons aquaponics system was completed 

towards the end of the summer. To prevent shocking the system by stocking it at 

capacity, organisms were introduced to their habitats gradually, allowing the beneficial 

bacteria colonies to grow in balance. During the cycling period, water quality tests were 

performed regularly to ensure that nutrient cycling was taking place. Each addition of 

plants and animals represented an increase in bioload for the bacteria to adapt to. 

Between additions, I would wait to observe the initial ammonia spike be replaced by a 
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nitrite, then nitrate spike, as the nitrifying bacteria species grew in population. This 

incremental process was repeated until the system was fully stocked, although the true 

maximum biological capacity of the system is likely higher.  A full list of the plants and 

animals that were added to the Eldridge Commons aquaponics system are listed in the 

table below.  

 

Plants  Fish  

Spinach Zebra danios 

Basil Sajica cichlids 

Parsley Cherry barbs 

Lettuce Giant danios  

Oregano Corydoras  

Duckweed* Sailfin molly 

Salvinia minima* Plecostomus  

Java moss* Red-tail sharks  

Figure 7. List of plants and animals populating the Eldridge Commons aquaponics 

system. Plants marked with an asterisk were grown in the fish tank as opposed to in 

the vegetable grow beds.  

 

 

 



13 

Figure 8. Picture of the Eldridge Commons system during the cycling process, with 

basil and some fish.  

 

Once the Eldridge Commons system was stocked and cycled, its parameters 

became fairly stable, and the system required less active management. Operational 

maintenance of the system consisted largely of feeding the fish, pruning the plants, and 

replenishing water to compensate for evaporative loss. The grow lights and aquarium 

light run on an automatic timer.  

 

 

Designing the Water Quality Monitoring and Management Device  

Design objectives  

In addition to the aquaponics system itself, I wanted to design and prototype a 

‘smart’ device to assist with the operational maintenance of the system through water 

quality monitoring and management. The main functionalities that I envisioned for the 

water quality monitoring and management device (WQMMD) were:  

 

1. Monitoring key water quality parameters.  

2. Recording water quality parameter data.  

3. Being capable of communicating with wireless networks. 

4. Being able to perform simple control functions, such as notifying the user when 

an issue is detected, or controlling heating and lighting elements.  

 

My long term vision for such a device is in its potential to develop into an 

automated aquaponics farm operating system, integrating sophisticated agricultural 

technologies from other fields with the ecological productivity of aquaponics.  
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Hardware and software 

The hardware for the device consisted of a microcontroller, which acts as the 

‘brains’ of the device, connected to an array of sensors, which feeds it information to 

translate into useful data for the user. The microcontroller I chose to use was the 

Arduino Uno, a common, consumer-grade printed circuit board. The simplicity and 

versatility of the Uno made it an appealing choice, especially because it could interface 

directly with the other components of the WQMMD, and a computer. For the sensor 

array, I purchased several analog water quality parameter sensors. Three probes were 

initially purchased - a pH probe, which can measure pH and temperature, a DO probe, 

which measures dissolved oxygen, and an EC probe, which measures electrical 

conductivity. Additionally, an ultrasonic depth sensor was purchased, with the idea of 

using it to monitor the water level in the sump tank and notify the user when the system 

needed to be replenished. Finally, because the Uno does not have built-in wireless 

capabilities, a GPRS module was purchased so the WQMMD could interface with 

wireless networks.  

The sensor array interfaces with the Uno using the I 2C serial bus and 

analog-digital-conversion. The GPRS module is connected to the Uno via the UART 

serial port. Additionally, the Uno and all of the other components must be appropriately 

powered. Having determined the necessary hardware, all that remained was to design 

the software to run the device. The software needed to instruct the water quality sensors 

to collect data at regular time intervals, and to save and upload that data using the GPRS 

module. The ultrasonic sensor would run constantly, and use an interrupt routine to 

notify the microcontroller to notify the user when the detected water level was too low. A 

similar process could be used when any parameter fell within a preset ‘danger zone’. All 

of the components I purchased had Arduino libraries online that included functions to 

take measurements, calibrate the analog probes, etc., which greatly simplifies the coding 

process.  
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Figure 9. Block diagram of software, outlining the code and component structure of 

the WQMMD design.  

 

Results and Discussion 

 

 Due to the covid-19 pandemic, and the last few months of Swarthmore’s 2020 

spring semester being conducted remotely, the WQMMD could not be prototyped as 

intended. The design shared in this report is therefore presented as the primary result in 

regards to its development. The Eldridge Commons aquaponics system was also 

decommissioned, due to the lack of available personnel to take care of the system. 

However, it achieved the primary objective of acting as a functional greenspace, and 

providing a platform for engaging in further learning about aquaponics.  

Especially salient are the recommendations for future improvement distilled 

from the challenges and flaws of the project, further described below: 

 

1. Given the types of plants that were feasible to grow in the space, a 

shallower minimum grow bed height could have been considered. This 

would allow for a greater surface area for growing plants, while 

maintaining the appropriate volume for the grow beds. 

  

2. The selected substrate for the grow beds - expanded clay pebbles - had a 

tendency to float, which disrupted plant growth and lifted the media 

guard, resulting in a clogged bell siphon. An alternative substrate choice 

would have been lava rock or gravel, which are heavier but have a similar 

surface area to volume ratio.  

 

 

pH & temperature probe 

DO probe 

EC probe 

Ultrasonic sensor 

Signal 
conditioning 

GPRS Module HTTP 

ArduinoUno 

Power source 
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3. Further improvements to the grow beds include adding air circulation, 

and providing extra vertical space for the grow lights and making their 

position relative to the plants adjustable.  

 

4. Though not enough to constitute a serious issue, small build-ups of solid 

waste did occur in the grow beds and sump tank. Adding other detritivores 

to the system, such as composting worms in the grow beds, would improve 

its nutrient cycling efficiency by breaking down solid waste more rapidly.  

 

5. The Eldridge Commons system was not stocked to its maximum biological 

capacity, and could have held more fish and plants than it did before it was 

decommissioned. I was somewhat limited by my selection of fish and 

plants.  

 

6. Water temperature experienced severe fluctuations at daily and seasonal 

timescales. Despite being equipped with 2 powerful heaters, the system 

often struggled to maintain a stable temperature range, likely due to the 

abundance of water-to-air heat exchange from open water movement 

throughout the system. Reducing the amount of water exposed to air in the 

system would also help reduce water lost from evaporation. Increasing 

local humidity, or using lids and covers on open areas, especially over the 

plants, could similarly help reduce water loss and/or increase water 

recovery.  

 

7. The WQMMD could have been improved by expanding the water quality 

parameters it could measure. While there is no strict limitation as to what 

parameters should be measured, nitrogen would definitely be the next 

parameter I would try to include. An additional consideration with respect 

to water quality parameter measurement is in the exploration of 

alternative methods to measure water quality that could be integrated into 

the system more cheaply and/or easily than analog probes.  

 

8. The WQMMD could have included more control functions, such as 

controlling lighting and heating elements, and automated feeding. 

Additional control functions would make the WQMMD more useful in 

actively managing the system instead of just providing the user with 

information.  

 

 



17 

Conclusion  

 

The driving impetus behind this project was to explore the technology of 

aquaponics and share it with the community. Through designing and constructing the 

Eldridge Commons system, I was able to improve my own understanding of aquaponics, 

and create a functional greenspace in the Science Center which demonstrated a 

sustainable and productive technology. Through designing the WQMMD, I sought to 

integrate a holistic understanding of aquaponics as an ecosystem into a device that 

could help monitor water quality and assist with operational maintenance. Both the 

WQMMD’s design and the Eldridge Commons system have room for improvement, so I 

hope that under more favorable circumstances, the system can be restarted, and the 

WQMMD prototyped, so that the results of my project may continue on serving as a 

valuable learning tool for whomever’s interest becomes piqued by the fascinating subject 

of aquaponics.  
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