
Vol. 58, No. 4, Fall 2024 249

ChE  laboratory

HYDROPONICS LAB EXPERIMENT: 
AN INTRODUCTION INTO SUSTAINABLE 

AGRICULTURE FOR CHEMICAL ENGINEERS

Jacob Lakomy,1 John Kopas,1 Jon Friedman,1 Ajay Patel,1 and Alex J. Bertuccio2

1. Rutgers, The State University of New Jersey  •  New Brunswick, NJ 08854
2. University of Kansas  •  Lawerence, KS 66045

©  Copyright ChE Division of ASEE 2024

INTRODUCTION

The industrial and sociopolitical needs of mankind 
have historically driven the evolution of chemical 
engineering (ChE) research and curriculum to best 

prepare students for their post-educational endeavors.[1,2] At 
the turn of the 20th century, the rise of the petroleum and 
chemical industries catalyzed the development of ChE edu-
cation at several universities to meet societal demands.[1–4] 

The increasing demand of the ChE skillset in these indus-
tries steered the ChE university curriculum to emphasize 
petrochemical topics.[1–4] In the mid- to late-20th century, 
the rise of the pharmaceutical and biotechnology industries 
led to curricula including topics associated with these new 
fields.[5,6] Many ChE curricula have evolved to include one 
or two bio-focused courses.[6] However, in the 21st century, 
one pressing area is sustainability, specifically providing 
adequate life-sustaining resources, including clean water, 
energy, and food, to the increasing human population. This 
new emerging field is one that directly applies to ChE and 
may lead to further adjustments to topics and courses taught 
in the ChE curriculum. [1]

Water, energy, food, and climate have an interconnected 
relationship known as the water-energy-food (WEF) nex-
us. The WEF nexus identifies that disturbances to any one 
system will have a significant impact on other primary sys-
tems and numerous dependent subsystems. In 2022, the Na-
tional Academies of Sciences, Engineering, and Medicine             
(NASEM) recognized in their “New Directions for Chemi-
cal Engineering” that chemical engineers will play a criti-
cal role in addressing the WEF nexus challenge by shifting 
their focus and evolving to encourage the development of 
sustainable solutions for environmental systems, such as hy-
droponic and aquaponic technologies.[7] 

As detailed by the NASEM, the solution to the WEF nexus 
challenge is not simply to produce more of these resources, 
but rather to revolutionize the efficiency and sustainability of 
the systems currently used.[7] As global concerns regarding 
soil degradation, environmental pollution, climate change, 
and water scarcity increase, the development of sustainable 
environmental systems to minimize these issues is urgent. 
According to the United Nations, 72% of annual water with-
drawals are already used in agriculture practices, while the 
agriculture industry will have to grow by more than 50% by 
2050 to meet the substantially growing world population.[8,9] 

Although irrigation techniques have greatly improved, ef-
ficiency remains at only 65%, with toxic pesticides in run-
off water posing a health risk. Soil-based farming is also an 
energy-intensive process, and the energy used to cultivate 
crops, including the production of pesticides and fertilizers, 
produces a large amount of greenhouse gases.[10] 

The NASEM notes that lower water and energy-intensive 
agricultural alternatives, such as hydroponics, will need to 
be integrated to meet the demands of a rapidly growing pop-
ulation with the currently available resources. [7] The agricul-
tural industry is a less common path for ChE graduates, but it 
creates many opportunities for ChEs to innovate and to tack-
le the WEF nexus challenge.[7] However, current ChE cur-
ricula at many universities do not require courses covering 
key topics needed to provide students with the background 
knowledge, such as biology and education for sustainable 
development (SD).[2,11] SD is not a required course in many 
ChE curricula; instead, it is sometimes offered as an elective 
course that students can explore based on their interests.[11] 
The large majority of the ChE curriculum continues to focus 
on the petroleum refining and chemical production indus-
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tries, while biological concepts have been limited to those 
pertaining to mammalian cells, bacteria, and viruses.[2] Shaf-
fer and Lopez [12] concluded that only 8 out of the 13 top ChE 
programs in the United States require some type of biology 
course, most commonly biochemistry or molecular biology. 

This paper presents a hands-on laboratory experiment that 
was piloted during the senior Process Engineering Lab II 
(PELII) that can be used to expose ChE students to plant bi-
ology, horticulture, and sustainable environmental systems. 
A large majority of the ChE curriculum continues to exer-
cise traditional lecture-style teaching, which has been prov-
en less effective in developing students’ skills compared to 
hands-on learning techniques.[13] These skills are especially 
important to not only maintain student attention but to also 
develop technical skills in a laboratory setting. Standard lec-
ture courses deter creativity in addition to being detrimental 
to students’ retention of material.[14] Through the integration 
of hands-on learning (HOL) in the ChE curriculum, students 
will not only become more excited to learn but also have an 
expedited learning process. 

LEARNING OBJECTIVES 

By the conclusion of the experiment, students should be 
able to: 

•	 Apply ChE concepts to growing plants in a         
hydroponic system 

•	 Develop a hypothesis and an experimental plan to 
test this hypothesis

•	 Present and explain growth results caused by 
changing variables with replicable data

BACKGROUND OF MICROGREENS AND 
HYDROPONICS

Appeal of Microgreens for Data Collection 
Microgreens refer to the immature greens or seedlings 

produced from the seeds of vegetables, herbs, or grains.[15] 

A unique feature of microgreens is their capacity for rapid 
growth and development in short periods of time. They are 
typically harvested 7-21 days from seed germination, de-
pending on the species, at the base of the hypocotyls just 
after the cotyledon leaves and one set of true leaves have 
developed.[16] These short growth cycles are particularly 
valuable to research, as they create the opportunity for mi-
crogreens to be used as a model system for studying plant 
responses to changes in their environments and adaptations 
to different growing conditions. Their small size is another 
characteristic that makes microgreens well suited for re-
search, since they can be grown in large quantities within 

a small area. Common methods for analyzing microgreen 
growth include assessment of nutrient content, total crop 
yield, harvest weights per unit time, stem heights, and leaf 
surface area.[17–19]

Plant Biology Principles in a Hydroponics System
The structure and function of plant organs, tissues, and 

cells are closely related to their growth, development, and 
physiological processes. For example, the root structure in-
fluences nutrient and water absorption, and stem structure 
affects water and nutrient transport. While leaf structure is 
crucial for photosynthesis and transpiration, all components 
of the plant are regulated by the nutrients provided.[20] Addi-
tionally, the availability of light, nutrient concentrations, pH 
levels, and other environmental factors can influence plant 
organ and tissue development, cellular characteristics, and 
physiological processes.[21,22] 

The control of light parameters (i.e., wavelength, inten-
sity, and duration) and nutrient concentrations can be care-
fully managed to optimize photosynthetic rates and plant 
growth.[21,22] This allows for precise control of the environ-
mental factors that influence photosynthesis, providing an 
opportunity to enhance plant growth and overall efficiency. 
Nutrient solutions can be formulated to provide the exact 
concentrations of macronutrients and micronutrients that 
are required for optimal plant growth. Macronutrients (such 
as N, P, Ca, K, S, and Mg) are required in relatively large 
quantities by plants and play critical roles in various physi-
ological processes.[23] Micronutrients (such as Fe, Zn, Cu, 
Mn, Mo, B, and Cl) are required in smaller quantities by 
plants but are equally essential for their growth and devel-
opment.[23] This allows for fine-tuning nutrient availability 
to meet the specific needs of different plant species, growth 
stages, and environmental conditions. Various environmen-
tal factors can significantly impact plant growth and devel-
opment, and their control and optimization are crucial in a 
self-regulated hydroponic system. Some of these conditions 
include temperature, humidity, pH, air circulation, lighting, 
and carbon dioxide levels.[24–26] 

Hydroponics is the technique of growing plants in soil-
less cultures with their roots immersed in mineral-rich nutri-
ent solutions, often with the combination of inert growing  
media such as gravel, perlite, and cellulose or other min-
eral wool.[27] There are many advantages that hydroponics 
techniques have over soil growing, such as offering higher 
crop yields per area, and they can be used in places where 
traditional agricultural techniques cannot be used, such as 
deserts, urban populations, and cold climates. For reference, 
in the 2017 Census of Agriculture from the US Department 
of Agriculture, approximately 420 million pounds of food 
crops grown in closed environments (typically greenhouses) 
were produced from hydroponic systems.[28] Since 2017, 
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food grown through hydroponic methods has increased in 
popularity due to its efficiency and environmental control. [28]

The environmental parameters of a hydroponic system, 
such as pH, electrical conductivity, CO2, and temperature, 
can be controlled more precisely than traditional agricultural 
methods, allowing hydroponic systems to use less water and 
nutrients, which decreases the cost associated with those re-
sources.[29] Studies have shown that closed hydroponic sys-
tems that recirculate water use up to 90% less water than 
soil-based farming and increase the efficiency of used wa-
ter by 250%.[29] Additionally, hydroponic systems in green-
house environments do not require pesticides and other toxic 
chemicals to kill insects, fungi, and bacteria, eliminating the 
contamination of water and the need for fallowing or till-
ing between growth cycles, which significantly reduces the 
energy, cost, and time of growth cycles.[30] These reasons 
contribute to the increasing popularity of hydroponics in ag-
ricultural and horticulture practices, including commercial 
agriculture, urban farming, and restoration ecology efforts.[28] 

APPARATUS AND METHODS

For this experiment students built an In-House Hydropon-
ics System (IHHS) that was fully automated to maintain sys-
tem parameters (Figure 1). The IHHS was 4 ft × 3 ft × 6 ft and 
utilized the nutrient film technique (NFT) growing method, 
which includes 36 trays split between two levels and lights 
with relative intensity of 4000K, 5000K, and 6500K. The 
unit K represents the Kelvin color temperature of the light 
source. The measurement indicates the color of the light 
emitted by the light source. The NFT method allows nutri-
ent-rich water to flow down an incline through growing sub-
strate, which continuously replenishes plant nutrients.[24] On 
one level, Styrofoam barriers were placed between each tray 
to prevent light contamination. The IHHS controlled light 
intensity and duration of lighting. Due to the IHHS hav-
ing 36 individual growing trays, up to five variables can be 
tested within one 9-day growth cycle. The IHHS regulated 
electroconductivity (EC), pH, water temperature, and flow 

Figure 1. The In-House Hydroponic System (IHHS) is an autonomously regulated growing system with capabilities to regulate 
growth environment conditions. Shown in the figure is (A) Plywood board housing the circuitry, (B) Two levels for growth with 
Styrofoam barriers on the upper level, (C) Side view of the intake fan with heating mantle and exhaust fan, and (D) Peristaltic 

pumps controlling nutrients and pH in the nutrient reservoir.
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rates throughout each 9-day growth cycle using a Wi-Fi 
Hydroponics Kit manufactured by Atlas ScientificTM, 
which included pH, EC, and temperature sensors. The res-
ervoir had a volume of 18 – 24 gallons. The pH was held 
between 5.6 – 6.2, EC values were kept above 2100 µS/
cm, and a water temperature of 30 °C was maintained with 
the IHHS using a 50 W Mylivell aquarium heater. The air 
temperature in the growing environment was regulated at 
27 °C using a heating mantle from a Conair® hair dryer.[25]

Handy Pantry® biodegradable wood fiber hydroponic 
grow pads were cut into 9.25 in × 2 in rectangles to fit 
within 10 in × 3 in vinyl growing trays (AmerimaxTM Home 
Products). The grow pads were soaked in the system for 
10 minutes to maximize water saturation, and the mass of 
the wet grow pad and tray was measured for each indi-
vidual tray. The optimal seed density for mustard micro-
greens, found in previous studies, of 50 g/m2 was weighed 
out and distributed uniformly on the growing mats where 
a 100 g PVC block was placed on top to encourage germi-
nation.[31] The seeds germinated in the dark with the PVC 
block placed on top for three days and had a nutrient solu-
tion flow rate of 7.5 mL/min before the germination blocks 
were removed. On the third day, light was provided to the 
plants, while the flow rate of the nutrient solution was kept 
at 7.5 mL/min. The nutrient solution consisted of 0.48 g/L 
of KNO3, 0.38 g/L of Ca3(PO4)2, 0.66 g/L of MgSO4, 0.08 
g/L of (NH4)2SO4, 0.22 g/L of CaH4P2O8, and 0.04 g/L of 
FeSO4. On the fourth day, if flow rates were being investi-
gated, the flow was increased to 125 or 250 mL/min. 

Table 1 includes a material list of items used to build 
a simple hydroponics apparatus (Figure 2) and an en-
hanced version similar to the one used in this experiment. 
All items listed in Table 1 are for constructing a “simple 
apparatus.” Table 2 includes all items in addition to the 
ones listed in Table 1, such as electronic components, to 
build an “enhanced apparatus” with an automated system. 
The total costs reflect the cost to purchase items, exclud-
ing any sales tax. It also does not account for the fact that 
there are several items listed that were purchased in excess 
due to supplier availability or cost per unit. When multiple 
simple apparatuses are made, there is a cost advantage be-
cause some supplies have already been purchased. 

This self-regulated hydroponic system utilizes an ar-
ray of sensors, actuators, and control algorithms to moni-
tor system parameters and control actuators to optimize 
plant growth. These systems are carefully designed to 
emulate an environment that can be closely monitored 
and controlled to enhance the efficiency, sustainability, 
and scalability of the system. One benefit of an autono-
mously regulated system is that there is minimal need for 
manual interventions, which increases the precision and 
consistency of controlling the system’s environmental 
conditions while minimizing the risk of human error.[32]                                                                                                      

TABLE 1
Material Lists for Making a Simple Hydroponic Apparatus

Simple Apparatus Materials Cost
1 lb mustard seeds $10.64
5 pack of 10” x 10” hydroponic grow pads $9.99
6-qt plastic storage container $1.29
80 GPH submersible water pump $9.99
4.5” x 120” vinyl gutter $6.78
1/4’’ O.D. x 0.170” I.D. x 20 ft plastic tubing $4.96
3/8’’ O.D. x 1/4” I.D. x 10 ft plastic tubing $7.95
1/4” plastic ball valves (pack of 5) $7.99
3/8” – 1/4” female coupling $5.47
3/4” by 10-feet 22-gauge metal hanger strap $9.99
Machine screws and nuts $4.84
Full Spectrum LED Lights (recommended for 
simple apparatus, required for enhanced apparatus) $22.99

Total Cost $102.88

TABLE 2
Material Lists for Additional Materials Needed to Make 

an Enhanced Hydroponic Apparatus
Enhanced  Apparatus Materials Cost

12 V DC dosing peristaltic pumps $9.99
Fish tank water heater $11.99
Arduino $14.99
16 channel 12V relay board $12.99
Rotary potentiometer $9.99
1875 W hair dryer $12.99
3-pack of PC fans $9.99
27-gallon plastic tote $16.98
Atlas Scientific hydroponics Wifi kit $552.99
1200 GPH submersible water pump $39.99
Air humidity /temperature sensor $13.99
10 ft x 1” PVC piping $6.98
57-qt plastic under bed storage bin $19.98
Total Cost (excluding simple apparatus costs) $733.84

Autonomously regulated hydroponic systems also have in-
creased resource efficiency since the delivery of water, nu-
trients, and heat can be carefully monitored and closely con-
trolled, improving the overall resource sustainability.[32] These 
systems can also be scaled to any size, whether for research 
or educational purposes or for larger commercial applications. 
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Over several growth cycles the conditions investigated in-
cluded nutrient availability, nutrient fl ow rate, relative light 
intensity, and seed density. Experiments were conducted 
with mustard microgreen seeds, with a nutrient fl ow rate of 
7.5 mL/min and air temperature of 27 °C. Conditions were 
adjusted based on the variable being tested. Growth while 
varying nutrient availability was tested between deionized 
water (0 µS/cm) and a nutrient solution with 2100 µS/cm. 
Nutrient fl ow rate was varied from 7.5 mL/min, 125 mL/
min, and 250 mL/min. Relative light intensity was tested at 
4000K, 5000K, and 6500K. The mustard microgreen seed 
density was varied from 35 g/m2, 50 g/m2, 65 g/m2, and 100
g/m2. Mass growth was measured for each condition over a 
9-day period.

Measurement Techniques
After germination concluded on day three, microgreen 

growth was measured by massing growth trays. The trays 
with growth pads were removed from the system once a day 
and placed at an angle of 80° to allow excess water to drain 
from the growing mats for 10 minutes before taking the wet 
weight and measuring stem length. Mass growth percentage, 
based on the wet weight of each sample, was calculated us-
ing Equation 1 

where GP is mass growth percentage, wn is the weight on day 
n, and w0 is the initial seed weight. The height of the micro-
greens was taken each day by measuring three sections (3 in 
× 2 in) of the growing tray and calculating the average. Nine 

days after germination began, the growing season was con-
cluded, and microgreens were picked from the grow pads. 
The microgreens were placed in a conventional oven set to 
150 °F for an hour before being weighed to determine the 
fi nal dry weight. Prior to drying, visual parameters such as 
color, progression of vegetable leaves (e.g., cotyledon and 
fi rst true leaves), root length, and density were recorded. 

System Cleaning
At the end of a growth cycle, microgreens were removed 

from the growth medium, which was then disposed of, along 
with the remaining solution in the nutrient reservoir. Each 
tray, germination block, and microtube was scrubbed with 
hot water using a sponge or straw cleaner. The IHHS was 
also scrubbed and fl ushed with hot water for 15 minutes to 
remove debris within the pipes. All components inside the 
nutrient reservoir, including heaters, pumps, sieves, and sen-
sors, were cleaned with hot water and a sponge.

SAFETY

This experiment only uses mild irritants that can be miti-
gated by wearing proper personal protection equipment 
(PPE), such as safety goggles and nitrile gloves. The chemi-
cals used for the nutrient solution were salts which, when 
combined, formed a solution that was slightly acidic (pH 
of 6.0 – 6.5). The pH regulators used to control the pH of 
the solution were stored in a labelled glass jar that was then 
neutralized and disposed of properly. Any remaining nutri-
ent solution was collected into a container and properly dis-
posed of with liquid inorganic waste. 

Figure 2. An assembled simple hydroponic apparatus from the (A) top, and (B) side views.

(1)
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RESULTS AND DISCUSSION

Effect of Nutrient Solution Composition on 
Microgreen Growth

Mustard microgreens were grown using two different me-
dia. One was a nutrient-rich solution based on a common 
hydroponic solution recipe, while the other was deionized 
water (DI).[33] Table 3 shows the differences in mass growth 
percentage based on nutrient solution composition. 

Over a growth cycle, mustard microgreens grown using a 
nutrient-rich solution had significantly greater growth per-
centages each day compared to those grown in DI water. 
This agrees with studies from previous groups showing that 
optimal plant growth requires a certain macro- and micro-
nutrient profile for plants to sufficiently perform all meta-
bolic processes, especially for growth and development.[34,35]       
One such example of this is the concentra-
tion of nitrogen, a required macronutrient by 
plants, in the nutrient solution. The concen-
tration of nitrogen in the nutrient solution is 
significantly higher compared to only DI wa-
ter. Nitrogen, a macronutrient for plants, is 
essential for the development of amino acids 
that produce growth and metabolic enzymes 
in plants.[34,35] The concentration of growth 
and metabolic enzymes present in plant cells 
determines the plants’ capacity for growth and 
development.[34] Therefore, it is hypothesized 
that the increase in the concentration of ni-
trogen available to the plants in the mineral-
rich nutrient solution increased the develop-
ment of growth and metabolic enzymes, thus 
increasing the capacity for the plant to grow 

and develop.[34] Another example lies in the requirements of 
micronutrients for plant growth. Magnesium is an essential 
micronutrient for plants, and it is a requirement to form pho-
tosynthetic pigments such as chlorophyll.[35] The concentra-
tion of chlorophyll in plants’ cells is related to the photosyn-
thetic activity of the plant cells, which determines the rate of 
photosynthesis and growth.[35]  Therefore, it is hypothesized 
that the increase in micronutrients in the mineral-rich so-
lution increases the formation of essential organelles and 
photosynthetic pigments, resulting in an increase in plant 
growth and development.[35] 

Effect of Flow Rates on Microgreen Growth
Plants tend to morphologically adapt to their environ-

ments, including varying their root length, roots per plant, 
and root surface area.[24] With lower flow rates nutrients 
have a much larger residence time in the system compared 
to higher flow rates. Table 4 shows the percent mass growth 
of mustard microgreens at different nutrient flow rates rang-
ing from 7.5 mL/min to 250 mL/min. 

There is a noticeable difference in the amount of growth 
based on flow rates. The mustard seeds that were fed a nutri-
ent solution at 7.5 mL/min had much higher growth com-
pared to the other flow rates. When identifying whether 
laminar or turbulent flow affected growth, we see that the 
corresponding Reynolds numbers (Re) were 18.8, 313, and 
627 for flow rates of 7.5, 125, and 250 mL/min, respectively. 
All those flow rates are in the laminar regime. Although each 
flow rate was laminar, at a flow rate of 250 mL/min, the trays 
were flooded, and there was a constant strain on the seeds 
to successfully attach to the mat. The roots of the mustard 
microgreens did not need to grow deep, which hindered their 
ability to absorb the necessary nutrients to properly develop, 
and it was observed that the mats deteriorated at this high 
flow rate. Another issue that arose, due to the trays flooding, 
was that there was an increased chance of mold and other 

TABLE 3
Percent Mustard Microgreen Growth When Provided DI 
Water and a Nutrient-rich Solution With an Electrical 
Conductivity of 2100 µS/cm — Error Bars in Parentheses

Time After          
Germination (days) Nutrients DI Water Only

0 137.4 (272.4) 37.1 (42.9)
1 294.3 (464.3) 70 (77.3)
2 765.2 (452.7) 257.1 (104.2)
3 921.9 (614.7) 300.0 (144.9)
4 1057.6 (549.0) 375.7 (117.2)
5 1223.6 (516.2) 590 (83.2)
6 1350.2 (528.3) 597.1 (202.0)

TABLE 4
Percent Mass Growth of Mustard Microgreens at Various 

Flow Rates — Error Bars in Parentheses
Time After  

Germination (days) 7.5 ml/min 125 ml/min 250 ml/min

0 0 (0) 0 (0) 0 (0)
1 64.9 (62.4) 66.1 (57.8) 99.3 (0.5)
2 291.0 (80.6) 264.5 (138.4) 217.5 (25.4)
3 370.2 (143.0) 330.5 (198.8) 193.7 (66.6)
4 576.6 (119.7) 387.7 (183.9) 352.7 (27.5)
5 674.9 (142.1) 457.6 (178.4) 385.7 (122.9)
6 733.8 (137.0) 510.9 (186.1) 479.9 (117.9)
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greens exposed to a higher concentration of blue photons 
had slightly larger leaves. Higher concentrations of blue 
photons result in an increased concentration of chlorophyll 
α and β since blue light is not easily absorbed.[41] Blue light 
also promotes the opening of the stomata in leaves, resulting 
in an increased leaf surface area.[41] The 6500K lights were 
found to have lower mass percentages due to a higher con-
centration of blue photons, whereas the 5000K lights were 
found to perform in between these two due to an even distri-
bution of red and blue photons.

Effect of Seed Density on Microgreen Growth
Table 6 shows the mass growth percentage across seed 

densities varying from 35 to 100 g/m2, where a seed den-
sity of 35 g/m2 had the highest amount of growth. This is 
close, but not the same as Nolan,[31] who found that 50 g/
m2 yielded the highest percent mass growth.[32] These dif-
ferences in growth levels at various seed densities could be 
attributed to the different layouts of the hydroponic systems, 
including light duration, light intensity, and nutrient solution 
composition. 

At low seed densities such as 35 g/m2, there is low com-
petition for nutrients and light. Although it was not observed 
in this study, at seed densities higher than 50 g/m2, others 
have observed an increase in competition for nutrients, wa-
ter, dissolved oxygen, and higher pathogen rates, which has 
led to greater variability in microgreen growth.[32] At higher 
seed densities, microgreens grow less roots per plant, as well                    
as shorter roots due to the compaction caused by high densi-
ties.[42] Lower densities allow the microgreens to morpho-
logically adapt to grow longer roots and more roots per mi-
crogreen. This increases the surface area of the roots and 
allows for a greater nutrient uptake in comparison to higher 
seed densities.[24] Based on the findings in this experiment, 
it would be argued that mustard microgreen growth depends 
on seed density. 

diseases infecting the plants because there was 
too much water in the trays.[36]

At lower flow rates, roots are forced to grow 
longer to absorb enough nutrients to support 
plant growth and development.[24] Studies 
have shown that an increase in root length 
correlates with a higher nutrient uptake, lead-
ing to larger plants.[24] If lower flow rates are 
needed for plants to adequately absorb enough 
nutrients, this suggests that residence time 
plays an important role in plant growth. For 
this system, assuming that the height of the 
water in the growth trays was 0.25 inches, the 
residence time of the nutrient solution went 
from 16.4 min at a flow rate of 7.5 mL/min 
down to 1.0 and 0.5 min for flow rates of 125 
and 250 mL/min, respectively. Those higher 
flow rates significantly reduced the contact time between the 
plants and nutrients, which would explain why there is less 
growth at those much higher flow rates. 

Effect of Relative Light Intensity on Microgreen 
Growth

Light is an integral factor in plant growth and develop-
ment. Plants use photosynthesis to absorb energy from light 
through their chloroplasts. This energy is used to create the 
basic chemical energy compounds of ATP and NADPH.[37] 
Sunlight spans a wide range of wavelengths across the vis-
ible light spectrum, all of which affect the process of pho-
tosynthesis differently. At different relative light intensities, 
the spectrum of photons emitted varies. The light intensi-
ties used in this experiment consisted of 4000K, 5000K, and 
6500K. A 4000K light emits a higher concentration of red 
photons than 5000K, which produces an even amount of red 
and blue, while 6500K lights emit a larger concentration of 
blue photons. The mass growth percentage of microgreens 
with varying relative light intensities is shown in Figure 5.

As shown in Table 5, the mass percentage for the different 
relative intensities of grow lights used demonstrated that the 
4000K light had the highest mass growth percentage. Stem 
lengths of microgreens exposed to higher concentrations of 
red photons were found to be longer than those exposed to 
lower red photon concentrations. Studies have shown that 
red light is more easily absorbed by chlorophyll than blue 
light.[38,39] Microgreens exposed to a light that is easily ab-
sorbed by their photosynthetic pigments are more likely 
to grow toward that light source than microgreens grown 
in less favorable light sources. The light absorbed by plant 
cells is used as energy; microgreens exposed to higher con-
centrations of red light would have more expendable energy 
to use towards growth.[40] The higher concentration of red 
photons was found to increase the mass growth percentage 
of mustard microgreens. It was further observed that micro-

TABLE 5
Percent Mass Growth of Mustard Microgreens With Different Relative 

Intensities of Grow Lights — Error Bars in Parentheses
Time After 

Germination (days) 4000 K 5000 K 6500 K

0 352.6 (190.8) 137.4 (165.2) 124.3 (158.5)
1 726.3 (187.4) 294.4 (300.7) 343.1 (344.9)
2 1049.0 (211.6) 765.2 (298.4) 604.3 (359.3)
3 1186.7 (234.4) 921.9 (395.7) 718.8 (469.0)
4 1399.3 (269.8) 1057.6 (359.4) 799.5 (413.3)
5 1574.0 (369.5) 1223.6 (458.2) 1259.3 (451.0)
6 1821.4 (301.9) 1350.2 (435.0) 1236.9 (448.4)
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DIVERSITY, EQUITY, AND INCLUSION 
CONSIDERATIONS

This study did not set out to make a direct contribution to 
diversity, equity, and inclusion. However, we believe that 
this experiment aids in student diversity, equity, and inclu-
sion by offering a new topic within ChE that may appeal 
to students of various backgrounds with interests beyond 
traditional topics such as petrochemicals and pharmaceuti-
cal engineering/biotechnology. A simplified version of the 
apparatus described here can be created for just over $100 
and maintained for less than $100 a year to increase accessi-
bility for engineering programs across the nation. Addition-
ally, this experiment has a wide range of variables that can 
be tested, which promotes teamwork and encourages team-
mates to consider sustainability from different perspectives. 
The experimental set-up is flexible and can be adapted for 
students with special accommodation requirements.

CONCLUSION

 The hydroponic experiment has multiple features that 
make it appealing to be incorporated into a ChE curriculum. 
This was a safe, cost-effective experiment, and a simpli-
fied version can be built for around $100 and has operating 
costs between $30 to $150 per semester. Although this ex-
periment was piloted in a senior unit operations course, it is 
flexible and can be adapted to be used in a variety of other 
undergraduate courses as a lab experiment or demonstration. 
Some examples are: 

•	 Material and energy balances: Material balances 
can be performed around the system using electrical 
conductivity to estimate the initial and final nutrient 
concentrations. Additionally, a material balance for 
water can and should be performed over the system 
since water evaporates over time and will change the 

nutrient concentrations unless the amount of water 
in the system is well controlled. 

•	 Fluid mechanics: The Reynolds number can be cal-
culated based on the volumetric flow rate and diam-
eter of the tubing.

•	 Kinetics: The system could be treated as a reactor 
where the seeds “react” to form the microgreens. 
Students can evaluate the yield (based on mass) 
during and at the conclusion of the experiment. Stu-
dents can calculate the residence time of the nutri-
ent solution and look at how that affects the yield of 
their “reaction.”

•	 Process controls: Students can practice developing 
a controller that initially maintains one variable at a 
time, such as reservoir height, electrical conductiv-
ity (i.e., nutrient concentration), or pH. Depending 
on time, students could also then maintain several 
variables simultaneously. Students can also inten-
tionally perturb the system and adjust how quickly 
and effectively their controller responds in return-
ing to the desired setpoints. If students are tasked 
to control one variable at a time, it is recommended 
to control variables in the following order: reservoir 
height, electrical conductivity, and then pH. For the 
system, reservoir height and electrical conductiv-
ity will realistically only decrease as the system is 
operated, so most of the control involves increasing 
these lowered values. However, when maintaining 
pH, there are several buffered solutions that the con-
trol system will need to use to either raise or lower 
the pH to the desired setpoint. 

The hydroponic experiment offers students the ability to 
design their own experiments by allowing them to choose 
their own variables to investigate and to evaluate the effects. 
Students also apply chemical engineering to the agricultural 
field. With the IHHS design 36 experiments can be com-

TABLE 6
Mass Growth Percentage of Mustard Microgreens Across Seed Densities — Error Bars in Parentheses

Time After 
Germination (days) 35 g/m2 50 g/m2 65 g/m2 100 g/m2

0 2003.1 (638.4) 1502.0 (142.1) 1291.2 (1154.5) 278.2 (36.8)
1 2234.7 (525.2) 1664.9 (195.6) 1456.0 (1194.8) 575.7 (89.5)
2 2456.1 (562.8) 2057.6 (451.5) 1763.2 (782.1) 803.2 (42.7)

3 2908.2 (486.1) 2534.5 (382.1 2024.7 (570.6) 981.4 (89.8)
4 3100.0 (504.1) 2660.4 (196.0) 2136.8 (680.8) 1437.5 (465.1)
5 3520.4 (501.7) 2842.4 (34.2) 2189.6 (719.8) 1527.1 (7.6)
6 3581.6 (511.9) 2891.8 (44.6) 2150.0 (793.2) 1614.6 (39.5)
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pleted with 12 different conditions performed in triplicate 
in a 7–10-day growth cycle. Automation helped accommo-
date students’ schedules by allowing them to be physically 
present in lab each day for no more than an hour. While in 
lab, students did routine maintenance, minor in-person ad-
justments to the growth environment, and growth data col-
lection. Growth was evaluated using the wet weight of the 
growth tray, microgreen height, and dry weight each day.  
The results collected demonstrate that students can obtain 
replicable, quantifiable data, and the collection methods can 
show significant differences in growth metrics. 

In addition to the aforementioned advantages of the hy-
droponic experiment, students are exposed to new topics 
that ChE curricula typically do not cover, such as plant biol-
ogy and sustainable systems. With the WEF nexus emerging 
as a topic relevant to chemical engineers, the hydroponic 
experiment provides an opportunity to teach students about 
this field and prepare them for post-graduation opportuni-
ties. The hydroponics experiment as described (or variations 
of it) could be integrated into the senior unit operations lab 
to expand the repertoire of experiments students conduct 
and to teach students about the emerging fields of hydropon-
ics and the WEF nexus.
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