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WATER PRODUCTIVITY OF 

COMMERCIAL SCALE 

AQUAPONICS 
PROJECT ANNUAL PROGRESS REPORT PREPARED FOR HIGH PLAINS WATER DISTRICT, 

JULY 1 2019 

TOTAL PROJECT BUDGET $10,300 

PROJECT OVERVIEW 
Aquaponics is the combination of the principles of aquaculture and hydroponics to grow 

both crops and fish using strategic nutrient cycling between animal, plant, and bacteria, 

all connected through a water-based flow path. Aquaponics has been practiced in 

research and somewhat professionally since the 1970s, and yet there are few instances 

of it being a strong commercial success. While researchers are interested in what it can 

tell us about nutrient management generally and small-scale hobbyists find it a curiosity, 

there are still questions about its commercial viability.  

One of those questions is the water productivity or water use efficiency (WUE) of 

aquaponics in comparison to traditional soil-based agriculture. Put simply, “If a traditional 

grower wanted to go through the time and expense to convert some of their production 

from traditional to aquaponics methods, would the water savings in aquaponics be 

significant enough to justify the transition?” This question is at the heart of this project for 

which High Plains Water District (HPWD) agreed to fund half of my initial request beginning 

in fall 2018. 

My approach in this project is to evaluate water use efficiency of a large-scale 

aquaponics greenhouse in Amarillo, TX. It is the greenhouse run by Youth With A Mission 

(YWAM) directors Danny and Joy Atkisson. Their greenhouse is not commercial in the 

sense that revenue from production covers costs of production. Their organization is non-

profit and gives the food away to local groups who help provide fresh food to those who 

are food insecure. However, the fact that their greenhouse produces approximately 100 

pounds of fresh food weekly means that the greenhouse is operated at the scale which 

would be required for commercial viability. 

On the ground, what we are doing weekly is using water depth sensors at several points 

within the aquaponics system, along with measured tank and trough geometries, to 

estimate the evapotranspiration (ET) water use (meaning “consumed water”) for all of 

the plants in the aquaponics system. We are then combining that with weekly estimates 

of biomass across all crops in the greenhouse to arrive at weekly values of water use 

efficiency (grams biomass produced per liter of water evapotranspired) to use as a 
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measure of how efficiently water is being used generally. WUE is fairly well-established in 

our region for other crops, and we can make one-to-one comparisons between the 

benefit gained for each drop of water consumed in aquaponics versus traditional soil 

agriculture.  

Surprisingly, there is very little data on how much water savings is truly possible in an 

aquaponics system. Our aim is to provide a quantitative accounting of net water use in a 

working aquaponics system so that people within HPWD might consider its viability for 

themselves. In addition, we would like the impacts of this project to reach well outside of 

HPWD because aquaponics could be part of larger water conservation strategy in many 

places in the world. 

PROGRESS MADE TO DATE 
The specific objectives we listed in our proposal were: 

1. To quantify the water budget for an aquaponics system according to water supplied, 

water stored, and water evapotranspired. 

2. To estimate the water-use efficiency (WUE) of vegetables grown in an aquaponics system. 

3. To estimate the effect of changing water quality conditions on crop growth and WUE in 

an aquaponics system. 

We fully intend to report in the peer-reviewed literature and also to the HPWD board 

concerning objectives 1 and 2, quantifying aquaponics water budget and determining 

vegetable water use efficiency. Last year’s grant-review cycle only yielded funding for 

about 60% of what I requested. So we elected to not examine changing water quality 

conditions as strongly as originally stated in objective 3. We had wanted to purchase a 

water quality data logger to help in that objective. The reduction in funds will not allow 

for the logger’s purchase. We will, however, be taking some point-in-time water quality 

measurements for organic carbon, nitrogen species, total phosphorus, and other basic 

water quality parameters to provide context for the plant growth and water 

quantity/budget information that we are investigating in detail. 

WATER BUDGET 
Beginning in January 2019, Dr. Howell and two students took several trips into the 

greenhouse to conduct some basic spatial measurements to help determine layout, 

sizing, depths, connectivity, flow rates, and water storage capacity in the system’s 

elements. I have provided a simple summary of the information in Figure 1. 



3 

 

 

FIGURE 1. SPATIAL LAYOUT OF YOUTH WITH A MISSION (YWAM) AQUAPONICS GROWING SYSTEM IN 

AMARILLO, TX. 

We divided the greenhouse in the schematic into divided into north and south ends. The 

majority of the footprint of the greenhouse is the grow bed or troughs (north section). 

Each of these troughs has floating rafts placed on top of about 10 inches depth water 

slowing flowing (about 5 gpm) in a back-and-forth pattern from one trough to the next. 

The flow is serial (bed-to-bed). There are no instances of flow splitting into parallel paths.  

At the outlet of bed D2, the flow reaches a lowest point in system, the sump area (just 

below a concrete floor, not shown in diagram), and it is from this area that a small pump 

raises the water into the top of Tank 1 (T1) so that it can be returned to the fish. At the 

outlet of Tank 2 (T2), the water returns back into the crop grow beds at bed 1.  

The water quality at the outlet of T2 is generally high in total dissolved and suspended 

solids, total phosphorus, and ammonia. As the water moves through troughs A to D2, most 

of the solids settle, and bacteria nitrify ammonia to nitrate. As the plants consume water 

from the troughs, the nitrate is incorporate into plant biomass growth, and the water that 

remains in the troughs has a lower total nitrogen concentration. Similar processes occur 

with phosphorus to decrease its total concentration. These nutrient transformations 

constistitute what many in the aquaponics world would call the biofilter. The plant-

bacteria system converts nutrients into useable forms that the plants can remove, thus 

preventing any toxic buildup in water which would harm the fish. The primary means 

whereby additional carbon, nitrogen, and phosphorus are reintroduced to the system is 

by retail fish feed used by Director Atkisson at YWAM. He is able to control many aspects 

of the system at large merely by adjusting the amount and frequency of fish feeding. 
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Water enters at two different points indicated in orange on the diagram, either from the 

a groundwater well in the southeast corner of greenhouse (flow rate ~11 gpm) or from 

rainwater harvest (RWH) tanks at the north central part of the greenhouse (flow rate 

depends on water depth storage height). 

We have known since the earliest days of discussing this project that system 

evapotranspiration (ET) is both vital to understanding the central goal of the project, 

water use efficiency (WUE) evaluation, and that ET is difficult to measure. In a 

conventional agricultural system, ET is measured using different sensing tools, heat 

balance-climate models, crop growth and water use estimates, and reference values of 

potential ET (PET) measured from well-understood grasses. Most of these tools are not 

helpful for a greenhouse, and their use is questionable because the plants are not grown 

in a soil media or anything resembling a media. 

Thus, we are working to estimate ET from the water balance itself. The water balance for 

the system is simple to understand but somewhat complicated to measure. We 

summarize the balance in Equation [1] 

∆𝑆 = 𝐼𝑔𝑤 + 𝐼𝑟𝑤ℎ − 𝐸𝑇𝑐𝑟𝑜𝑝𝑠 [1] 

The equation says that when you subtract a weekly value for crop ET from whatever 

water you added from groundwater (gw) and rainwater harvest (rwh), you are left with 

positive or negative storage changes (ΔS) in the system as whole (6 troughs + 2 fish tanks 

+ water in piping network). If the inflow (gw+rwh) minus crop ET are zero, then there is no 

change in storage. Such a condition would generally be desirable in aquaponics 

because this would mean that the operator has strong understanding of the water 

demand of the crops and is able to balance this demand with inflow so that fish and 

crops has as constant of a growing condition as possible. 

In this aquaponics system and indeed in any aquaponics systems, it is often the case that 

none of these water volumes or flow rate terms are known. What is often in view is the 

health of the fish, the growth rate of the crops, and the presence of pests and other 

negative indicators (things like surface algae scum, solid fish waste buildup, mosquitos 

and gnats, and destructive insects). So we are approaching the water budget, and have 

been since February 2019 with no prior balance in place. We would rearrange Equation 

[2] to solve for crop (ETcrop) as 

𝐸𝑇𝑐𝑟𝑜𝑝𝑠 = 𝐼𝑔𝑤 + 𝐼𝑟𝑤ℎ − ∆𝑆 [2] 

For our approach to work, we have to know the inflows and the storage changes to a 

relatively high degree of accuracy. The larger ETcrop is the more uncertainty we can afford 

in the other values. But we don’t yet know how small or large it will be relative to the other 

terms in the water balance. In that case, we are simply trying to make measurements 

that are reasonably accurate (± 5% or closer to the true value). Table 1 summarizes the 

four terms and how we have thus far been evaluating them. 

TABLE 1. METHODS TO QUANTIFY WATER BALANCE TERMS AND THEIR CURRENT STATUS IN PROJECT. 

Water budget term Currently quantifying term by How well it is working so far 

Groundwater inflow 

(Igw) 

Using several measurement of 

volume in a bucket over a known 

amount of time, we estimate the 

We feel that this is a reasonably 

accurate way to go about 

getting this value. We are, 
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flow rate (the “bucket-

stopwatch” method). Convinced 

of the relatively constancy of that 

flow rate, we make certain to 

record the exact amount of time 

water is added weekly from the 

well to determine weekly input 

groundwater volumes. 

however, considering purchasing 

a flow totalizer to put on the well 

so that anyone can fill from the 

aquaponics system from the well 

without having to precisely track 

their filling time. 

Rainwater harvest 

inflow (Irwh) 

We place a depth sensor one of 

the two RWH tanks. Since we 

know the elevation difference 

between the tank’s bottoms, we 

can determine the depth in both 

tanks from a single measurement. 

The depth sensor logs the depth 

at 5-min intervals. By reading out 

that data and relating the depth 

to the rest of tank geometry, we 

can determine the flow rate of 

water and the total water volume 

to the aquaponics system. 

This method of determining RWH 

tank outflows is substantially the 

same as the RWH-specific 

project, which HPWD has 

previously funded. We have 

found few issues with this 

approach so far. However, we 

are considering using the bucket-

stopwatch method on some 

outflows from the RWH tank and 

comparing against depth 

measurements to better validate 

the volumes. 

System storage 

change (ΔS) 

The two downhill troughs (D1 and 

D2 in the schematic) are the two 

places in the entire system that 

substantially change in depth 

over time. We know this because 

we have placed water depth 

sensors in many points throughout 

the system to understand when 

there are overall increases or 

decreases in system volume, 

where is the volume change 

reflected? We see it in these last 

two troughs. By measuring the 

water depth changes in these 

two troughs and multiplying the 

trough cross-sections, we can 

arrive at a reasonable estimate 

for system storage change. 

The system storage component 

of the water balance has 

presented the largest challenge 

to our team so far. It took some 

time to demonstrate to ourselves 

that it really was only troughs D1 

and D2 which exhibit any major 

changes in depth. The system is 

designed to keep a constant 

level everywhere else using 

outtake lines at prescribed 

depths. Now that we are more 

certain about how volume 

changes are reflected in the 

physical system, we are about to 

embark on a short experiment to 

get daily system storage 

changes. When we combine 

these with the inflows, we should 

be able to quantify daily ETcrop.  

Crop 

evapotranspiration 

(ETcrop) 

We’ll determine ETcrop using 

Equation [2]. One important 

piece of this will be not only to 

provide a value of ETcrop but also 

to estimate the precision of our 

value using the uncertainty that 

we are estimating from the other 

water balance terms. 

We have not yet attempted to 

put the three other water 

balance terms together to get 

crop ET. We are currently putting 

all of this process together to then 

put this into our long-term 

monitoring. 
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To provide a sample of what the water depth logger sensor data looks like in troughs 

which do and do not seem to exhibit storage changes, we have provided a brief time 

series for two troughs in Figure 2. There is a daily oscillation in Trough C2 though the overall 

depth remains relatively constant. In Trough D2, there is a clear decline even as there is 

also a daily oscillation in depth. The decline is most pronounced in D2, and there is a 

smaller decline over the same period in D1 (not shown). So we think that we will use these 

two troughs (D1 and D2) to estimate the change in daily storage and thus determine the 

ultimate daily ETcrop value. 

 

FIGURE 2. DEPTH TIME SERIES FOR TROUGH D2, MOST DOWNSTREAM TROUGH IN AP SYSTEM, AND TROUGH 

C2, IN THE MIDDLE OF TRAIN OF TROUGHS. EACH POINT REPRESENTS AN HOURLY AVERAGE OF 1-MIN 

FREQUENCY DEPTH MEASUREMENTS. 

To summarize, in the area of the water budget we have gotten to the point where know 

how to measure all of the terms in the water balance. We will, the week of July 1, begin 

a three-week monitoring program where we are tracking all inflows and storage changes 

to arrive at daily ETcrop measurements. If the measurements from this method look strong, 

we can proceed with this method over a multi-week period of monitoring to track the 

entire water budget and thus satisfy objective 1 of the project. 

BIOMASS MEASUREMENTS 
In order to determine the water use efficiency (WUE), you have to take the dry biomass 

increase in a crop and divide that by the amount of water evapotranspired by that crop 

over the same time period. What you would obtain is WUE in units of kg biomass/cm water 
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or kg biomass/L water. We started later in this project learning how to measure biomass. 

During the week of July 1, we will start a three-week experiment, which is to be parallel 

to the three-week experiment for water budget. Figure 3 shows a basic outline of ways 

we might use to measure crop biomass.  

There are two main ways to measure biomass. The first is direct measurement. In direct 

measurement, either part or a whole of the above-ground biomass of the plant must be 

cut off from growth, dried, and then weighed. The mass that remains after drying is the 

dry biomass. If you weigh before you dry, then you can also determine moisture content.  

The direct method is further broken down into Harvest and Reference Units methods. The 

Harvest method is the simplest. In order to measure biomass week to week, you set up 

plants that you intend to sacrifice at set intervals. Each time you kill one, you measure its 

dry biomass. Then you build a curve of the biomass during the crop’s life cycle. For the 

Reference Units measurement type, you sacrifice pieces of the plant (stalk, stem, fruit) 

and measure those pieces along with some kind of dimension about the piece. Then you 

can size and count those pieces on a living plant to estimate its dry biomass later on 

without having to kill the plant. 

 

FIGURE 3. METHODS FOR MEASURING PLANT BIOMASS. 

The indirect method is somewhat similar to the direct Reference Units method. In the 

Reference Units method, you are measuring pieces of the plant. In the Indirect 

Dimensions method, you have an experimental series of plants that are identical. You 

sacrifice them at different times during a growth period, and you get the dry biomass 

each time. In addition to the dry biomass, you also determine some growth dimension of 

the plant as you sacrifice each one. The other dimension could be plant volume, plant 

height, basal area, twig length, stem diameter, canopy cover, leaf area index, or any 

other measure that seems to track well with plant growth. You then fit a regression 

relationship between the dimension variable(s) and the biomass with the intent that the 

fit will be both statistically significant and have a coefficient of determination of 0.70 or 

better (R2 > 0.70). We may find in our study that more than one plant sizing variable 

correlates with biomass, and in that case, we may develop a multivariate regression 

relationship. 

With the regression relationship established, then we will be able to use the power of the 

Indirect Dimensions method more strongly. The greenhouse will have four or more crops 

types in it and many individuals growing. What we can do is to measure the plant 

dimensions of each individual and apply the regression relationship to get the dry 

Biomass 
Measurement 

Methods

Direct

Harvest

Reference 
Units

Indirect Dimensions
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biomass of each individual. By then summing up these dry biomasses first per crop and 

second for all crops, we can get the dry biomass at any moment in time. By subtracting 

current from previous dry biomasses, we can further determine changes in biomass. We 

would determine the change in biomass for a week by a process similar to the numerical 

example shown in Table 2. I made up these values simply for purposes of demonstration. 

TABLE 2. NUMERICAL EXAMPLE FOR WATER USE EFFICIENCY (WUE) CALCULATION. USING A SINGLE RAFT OF 

TOMATO PLANTS TO DEMONSTRATE HOW WUE MIGHT BE CALCULATED FOR A SINGLE CROP IN THE 

AQUAPONICS SYSTEM. 

basis: one raft with six tomato plants  

biomass estimation   

previously determined regression relationship   

(entirely made up for demonstration only)  

 
 
 

   

coefficients 0.25 0.31  
    
 Plant growth dimensions  Measured 

plant length of main stem (inches) no. of tomatoes 
dry biomass 

(kg) 

1 45 6 13.11 

2 48 7 14.17 

3 42 5 12.05 

4 45 8 13.73 

5 49 10 15.35 

6 52 10 16.10 
  Total (kg) 84.51 
  biomass one week prior (kg) 72.50 
  biomass increase (kg) 12.01 

evapotranspiration estimation   

gw inflow gallons 890  

rwh inflow gallons 0  

storage change gallons 150  

et=inflow-ΔS gallons 740  

grow area ft2 1310  

et-crop inches 0.906  

water use efficiency (wue)   

biomass growth kg 12.01  

et-crop inches 0.906  

wue kg biomass/cm water 5.22  

 

In the example, we put a multiple linear regression relationship between the length of the 

main stem of a tomato plant and the number of tomatoes on the plant (predictor 

variables) and the amount of dry biomass in the tomato plant (dependent variable). If 

the regression relationship is reasonably predictive, then all we have to do is measure the 

total main stem length of each tomato plant and the number of tomatoes, apply the 

regression relationship, and the result will be the dry biomasses shown which range 12.1-

16.1 kg. The total biomass for that raft is 84.5 kg, which represents a change in biomass 

𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠(𝑘𝑔) = 0.25𝑙𝑚𝑎𝑖𝑛 𝑠𝑡𝑒𝑚 (𝑖𝑛) + 0.31𝑛𝑡𝑜𝑚𝑎𝑡𝑜𝑒𝑠 
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from the previous week of 12.0 kg increase in biomass due to growth. Using the water 

balance equation to determine crop ET (Equation [2]), then you can determine a grow-

area equalized value of 0.906 inches (2.30 cm) of ET during that same week. Divide the 

ET into the biomass change and the result is a WUE of 5.22 kg biomass per cm of water 

evapotranspired (5.22 kg/cm). 

We do not currently have enough monitoring data to perform this calculation. Our plan 

currently is to take the next three weeks to perfect measurement and data handling 

methods for both biomass and water balance. Then we will continuously measure both 

quantities for 10 weeks (July 29 – Sep 30). We will monitor climate conditions inside the 

greenhouse with a temperature/humidity/pressure sensor during that time and also take 

some point-in-time water quality measurements. The primary result we will be able to 

report will be weekly WUE values per crop and an overall system water balance, which 

we will relate to climate conditions. My hope is that the WUE values we determine will be 

significantly less than in conventional soil agriculture for the same vegetable grown in the 

aquaponics greenhouse. Even if the values are not terribly better, I will likely have some 

insight on how to improve aquaponics WUE for our region and thus make it more enticing 

for others. 

WATER CONSERVATION IMPACTS TO THE DISTRICT 
The majority of water used within the district goes to grain and fiber agriculture. It does 

not go to vegetables, as is the case in an aquaponics greenhouse. Grain commodities 

such as are commonly grown in west Texas are difficult to grow in aquaponics, and they 

are not likely to be profitable due to the method of cultivation. So where might water be 

conserved should our project be successful at providing a real measure of aquaponics 

water budget and water use efficiency? I can conceive of water conservation 

happening in three ways:  

(1) Altering habits of vegetable growers – There are some vegetable growers in west Texas. It 

is natural to want to grow vegetables at the very least because of the higher market prices 

paid for vegetables. If these growers us aquaponics to grow, they will likely use less water 

without lowering their vegetable productivity. 

(2) Transitioning some grain agriculture to aquaponics vegetables – We often think about 

agriculture in our region more as sustaining profitability more than having any particular 

crop growth target. If producers can produce something different and make the same 

amount of profit or more profit by decreasing their direct water use, then the goals of both 

conserving water and sustaining the livelihoods of our people are both achieved (a win-

win). 

(3) Catalyzing entrepreneurship interest in urban farming – The interest in food supplied by 

aquaponics in Amarillo from the YWAM greenhouse is very high. The greenhouse right now 

serves primarily the needs of those who are food insecure. YWAM has also received 

inquiries from restaurants as well who want fresh, locally sourced, high quality foods. With 

the increase in restaurant quality and the desire for restaurants to be connected to locally 

sourced produce, the demand for urban agriculturally related businesses is substantial.  

At a base level, water conservation is simply about lowering the total amount of water 

everyone is using. A related goal is the economic value of water use. If current uses of 

urban and suburban water are redirected towards aquaponics agriculture, then water 

itself may be valued more in urban-suburban west Texas culture. Thus, our efforts to 
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conserve water become about not only wise resource use and environmental 

sustainability. We would establish a strong connection between conservation and realizing 

the economic potential of water to maximize its potential. 

BUDGET EXPENSE REPORT 
Table 3 provides an accounting of project expenses up to July 1, 2019. As indicated in 

the Table, we have spent only a small portion of the funds. Due to the inclusion of one of 

my student researchers being involved in work-study, the net labor cost has decreased 

thus far. Total net project expenses come thus far only to $2,190 which represents only 

21% of the total project budget. We anticipate spending the remainder of the project 

budget on detailed aquaponics system monitoring and data analysis to take place very 

soon and lasting for about ten weeks from July 29 through October 4. We will save some 

funds for the cost of student labor to help finalize all of the data, which will be complete 

in mid-October. It is around that time that we anticipate taking the finalized data and 

converting it into a manuscript to publish in a peer-reviewed journal such as Aquaculture 

Engineering (ISSN 0144-8609) or Agricultural Water Management (ISSN 0378-3774). 

We thank HPWD again for supporting us, the researchers in our project, and we invite you 

to ask for any additional information that will help you to understand better the benefits 

of the work. 

TABLE 3. ACCOUNTING OF EXPENSES FOR COMMERCIAL-SCALE AQUAPONICS PROJECT FROM PROJECT 

INITIATION UP UNTIL JULY 1, 2019. 

individual accounting   

   individual items  category totals 

labor & benefits    $        (1,214.74) 

work-study  $                 309.39   

fringe benefits  $                    (4.62)  

salaries  $             (1,519.51)   
   

services    $           (690.02) 

poster printing  $                  (36.00)  

outside analytical lab  $                (637.67)  

investigation expenses  $                  (16.35)   
   

supplies    $           (284.94)    

summary accounting   

starting balance   $        10,300.00  

labor & benefits   $        (1,214.74) 

services & supplies    $           (974.96) 

current balance    $       8,110.30 

 


