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Abstract: Optimizing nutrient usage and controlling environmental parameters are crucial
for improved crop growth and yield in the cultivation of Cannabis sativa, commonly known
as hemp, using controlled-environment agriculture (CEA) systems. Although hemp culti-
vation in CEA is rapidly growing, the effects of different light-intensity treatments on early
vegetative stages of hemp grown in hydroponic and aquaponic systems, along with the
impacts on the environment and human health remains limited. This study employed a
split-plot design, consisting of two layers of plant grow beds where each layer was exposed
to different light intensities (LIs): approximately 752 µmol/m2/s (high light intensity) on
the upper layer and 141 µmol/m2/s (low light intensity) on the lower layer. To assess
the influence of two different LIs on plant growth indicators, specifically plant length
and leaf area, the environmental parameters, including dissolved oxygen (DO), electrical
conductivity (EC), pH, and water temperature (WT) were maintained within the same
range for both systems. Additionally, the study incorporated a cradle-to-gate life cycle
assessment (LCA) to precisely evaluate the environmental performance of both systems.
Under the specific environmental and design conditions of this study, hemp plants grown in
aquaponics showed greater growth performance in plant length compared to hydroponics
(more than 42% higher for both LIs) and leaf area (28.3% greater under 141 µmol/m2/s),
although the leaf area was 2.1% lower under 752 µmol/m2/s compared to plants grown in
hydroponics. The LCA demonstrated that the aquaponic system provided an efficient and
sustainable approach by integrating fish with hemp cultivation. The LCA results showed
that aquaponics had a 22% reduction in midpoint and a 15% reduction in endpoint impact
in contrast to the hydroponics system for hemp leaf cultivation. This research highlights
the potential of aquaponic systems as a viable and sustainable alternative to hydroponic
systems for hemp leaf cultivation in CEA under uncertain future climates.

Keywords: hemp; aquaponics; hydroponics; light intensity; life cycle assessment;
sustainability

1. Introduction
Cannabis sativa, commonly known as “hemp”, contains 0.3% or less of tetrahydro-

cannabinol (THC) and is widely recognized for its significant medical uses [1–5]. Cannabis
sativa includes significant medicinal potential due to its abundant range of secondary
metabolites, comprising more than 100 known cannabinoids, such as THC, cannabidiol
(CBD), and cannabigerol, in addition to terpenes and flavonoids [6–8]. CBD has demon-
strated efficacy in reducing seizures in individuals with epilepsy, particularly in cases of
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genetic juvenile epilepsy, such as Lennox-Gastaut and Dravet syndromes [9], whereas THC
provides pain relief for those with fibromyalgia and neuropathic diseases [10–12]. Addi-
tionally, the medicinal usefulness of the decarboxylated forms of ∆9-tetrahydrocannbinolic
acid and cannabidiolic acid is increasingly acknowledged, as they act as general symptom
suppressors and exhibit antibacterial characteristics [13–15]. The growing recognition of
C. sativa’s therapeutic value and significant economic potential emphasizes the increasing
importance of its production, which has contributed to a USD 35 billion industry in 2022,
potentially raising the global industry value to USD 80 billion by 2026 [1].

The implementation of diverse regulatory frameworks for cannabis uses and cultiva-
tion reflects a paradigm shift in societal attitudes and legislation [16]. In the United States,
a significant turning point was the reclassification of hemp, which refers to cannabis with a
THC content of less than 0.3% when measured by weight without moisture. This reclassifi-
cation resulted in pilot programs at the state level for hemp cultivation, as authorized by the
2014 Agricultural Act [17]. In 2018, the Farm Bill removed hemp from the list of Schedule I
drug classifications after a 45-year ban, allowing its production to be legal in the USA [2].
This change in classification helped to acknowledge the potential therapeutic benefits of
hemp, especially in treating intractable pediatric epilepsy. As a result, the FDA approved
Epidiolex in 2018, which is the first drug based on CBD to treat this condition [2,18]. In
2021, Idaho passed the Industrial Hemp Research and Development Act (House Bill 126),
thereby becoming the 50th state in the United States to legalize industrial hemp. The act
allows for the production and commercialization of hemp that contains a maximum of 0.3%
THC [19].

With the legalization of cannabis, numerous cultivators have transitioned towards
controlled environment agriculture (CEA), such as greenhouses and indoor settings, for
medical and scientific objectives [20]. This transition has resulted in the creation of advanced
indoor facilities, such as hydroponics and aquaponics, that are equipped with automated
systems for lighting, ventilation, and irrigation [21,22]. These facilities allow for year-
round production of large quantities of high-quality, uniform plant material [23]. The
CEA system includes advanced approaches such as the nutrient film technique (NFT) and
drip fertigation, using rockwool and peat substrates [20,24–28]. Among many types of
soilless cultivation systems, aquaponics has garnered significant scientific and commercial
interest [29]. This system combines fish farming with plant cultivation by using fish
waste and nitrifying bacteria to nourish plants in a closed-loop ecosystem. It reduces
the dependence on fertilizers and pesticides while generating both plant material and
fish [30,31]. Recent research has investigated the use of aquaponics and hydroponics
for cultivating C. sativa. These studies have examined how the root zone affects plant
growth and the impacts of copper-rich environments on plants [14,32,33]. These studies
emphasize the inventive techniques and the possible advantages and difficulties of soilless
and aquaponic systems.

Hemp is a multi-purpose crop with many applications, including textile fibers, paper,
biofuels, food, and medicinal products [34]. Its edible leaves have been described as grassy,
floral, earthy, minty, and sometimes pungent, depending on the cultivar [35]. Recent studies
[34,35] demonstrate its potential as a nutritious salad green in the form of baby leaves and
microgreens. The studies conducted on the potential of baby hemp leaves as an edible
salad green in greenhouse facilities are limited and have only been performed at Cornell
University by Mi, et al. [35,36], highlighting nutrition, sowing density, seed size, and
cultivar selection to improve yield and quality, alongside consumer sensory evaluations.
Besides, previous studies on different Cannabis sativa varieties have demonstrated that light
intensity is crucial during the vegetative stage. Light intensity during the vegetative stage
has been found to significantly impact the plant architecture, biomass accumulation, and
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leaf structure in cannabis [37–40]. However, the impact of light intensity on baby hemp
grown in soilless CEA systems has yet to be evaluated.

Despite the growing application of aquaponics and hydroponics systems to improve
food security and mitigate climate change, a major obstacle depends on substantial energy
consumption by these systems [41]. Life cycle assessment (LCA) has been recognized as an
essential tool for assessing the environmental impacts of agricultural systems and practices,
facilitating the development of more sustainable CEA systems [42]. LCA is renowned for
its comprehensive method, which assesses both direct and indirect environmental effects,
facilitating the assessment of local, regional, and global impacts such as eutrophication,
smog formation, and greenhouse gas emissions, respectively [43]. Several studies suggest
that hydroponics and aquaponics have the potential to significantly decrease water and
fertilizer (specifically aquaponics) consumption when compared to conventional soil-based
agriculture [44,45]. Barbosa et al. [46] found that hydroponic lettuce cultivation consumes
up to 90% less water compared to conventional methods. However, the high energy
consumption for artificial lighting and climate management in these systems can lessen the
advantages [47]. Several LCAs have been conducted on the production of different crops,
such as basil, lettuce, Swiss chard, kale, arugula, cilantro, Boston lettuce, and mustard
greens, in combination with fish like tilapia or trout [41,42,48,49]. To the best of the author’s
knowledge, there have been no published LCA studies on hemp production in aquaponics
or hydroponics systems yet. As such, this study analyzed the impacts of light intensity
on the early vegetative stage of salad-quality hemp plants cultivated in aquaponic and
hydroponic systems, while a cradle-to-gate LCA was conducted to assess the environmental
performance of the two production systems. The purpose of the study was to evaluate
the performance of two soilless systems under different light conditions during the early
vegetative stage of hemp growth and to analyze the environmental impact per unit of hemp
produced in these systems.

2. Materials and Methods
2.1. System Setup

The experiment was conducted in CEA platforms at the University of Idaho Boise,
featuring a combination of hydroponic growth modules, 568 L of fish-rearing tank, bio-
filtration units, and Internet of Things (IoT) sensors. The plant growth chamber is equipped
with polyvinyl chloride (PVC) tubes as grow beds, and IoT sensors to monitor critical
parameters, such as dissolved oxygen (DO), electrical conductivity (EC), pH, and water
temperature (WT) in a reservoir. The length of the PVC tubes is 81 cm, with a diameter
of 6.5 cm. A total of six tubes (three on top and three on the bottom) are connected to
the water reservoirs. Nutrient film technique systems were used for this study. Also, the
systems were incorporated with power over ethernet (POE) internet protocol cameras for
the fish tank and each crop, enabling remote growth monitoring, and two layers of different
light intensity light-emitting diode (LED) grow lights to investigate the impact of light on
the crop growth. Figure 1 shows the schematic of the experimental setup for hydroponics
and aquaponics.

The flow rate inside the fish tank is 10 L/min, ensuring a continuous flow within
the tank. The water recirculation process, involving the inflow and outflow between the
fish tank (or nutrient reservoir) and the grow bed, was programmed to operate on a cy-
cle of 30 min, with a 5-min active flow duration during each cycle. The fish tank was
equipped with four air stones to maintain the DO required for the fish. Environmental
parameters were controlled and kept consistent across both systems: temperature was
maintained between 20 and 22 ◦C, pH was 7 to 7.7, DO levels ranged from 7.8 to 7.9 ppm,
and EC was maintained at 190 µS/cm. Drinking water was supplied following dichlo-
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rination and filtration processes. Water analysis at our site confirmed compliance with
federal health-based drinking water standards. The monitoring report by Veolia Municipal
Water Division, Boise, Idaho, assessed the concentrations of key substances, including fluo-
ride (0.31 mg/L; standard: 4 mg/L), arsenic (<2.00 µg/L; standard: 10 µg/L), nitrate
(0.08 mg/L; standard: 10 mg/L), chloride (1.69 mg/L; standard: 250 mg/L), iron
(<0.01 mg/L; standard: 0.3 mg/L), manganese (<0.001 mg/L; standard: 0.05 mg/L),
selenium (<0.002 mg/L; standard: 0.05 mg/L), and sulfate (8.9 mg/L; standard: 250 mg/L).
No significant mineral additions were detected in the drinking water.

(a)  (b) 

Figure 1. A schematic of the experimental setup for (a) Hydroponics and (b) Aquaponics Systems.

2.2. Plant and Fish in the Systems

The plant growth chambers of hydroponic and aquaponic systems were utilized to
cultivate hemp leaves (Cannabis sativa L.). Prior to the experiment, the license to grow hemp
in the university facility was obtained from the Idaho State Department of Agriculture
(ISDA) in accordance with Idaho Code 22-1705. The variety used for this experiment is the
Han NE variety, which is dioecious with a Tetrahydrocannabinol (THC) level of less than
0.3% and is primarily used for fiber production. The seeds were bought from a commercial
hemp seed seller and 108 seeds in total were germinated in rockwool grow plugs. Each
growth chamber was equipped with six polyvinyl chloride (PVC) tubes, organized in two
layers with three tubes per layer, to provide specific light-intensity treatments. Each tube
was designed with nine planting holes, allowing for the growth of 54 plants per system.
The experiment focused on producing salad-quality hemp leaves with 0% THC; therefore,
the trial ended before the flowering stage. The seeds were germinated on 5 November 2023,
transplanted into grow tubes on 12 November, and harvested on 4 December 2023, when
the plant length was observed to be 21.5 cm. We used three replicates for each system, and
the experiment was conducted in a parallel setup. Note that we tested the hemp leaves
cultivated in the facility by Columbia Laboratory to check the THC level in the leaves. The
test result showed that the LOQ for ∆10-THC-9R, ∆10-THC-9S, ∆10-THC-Total, ∆8-THC,
∆9-THC, THC-A, and THC-Total were 0.0297, 0.0297, 0.0594, 0.0297, 0.0297, 0.0297, and
0.0557, respectively. All these analyte results came below the LOQ level and were negligible
to mention.
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The fish tank contained fingerlings of Butterfly Koi (Cyprinus carpio var. koi) with
a stocking density of 880 g/m3. Although the system allows a stocking density of
6.16 kg/m3, we decided on a lower stocking density based on studies [50,51] indicat-
ing that a lower density of koi provides a sustainable approach for fish health and nutrient
recycling in aquaponic systems. The feed provided to the fish was Blue Ridge Koi Food
with a feed rate of 3% of total fish weight per day. The feed mainly consists of dehulled
soybean meal, ground corn, fish meal, and wheat, with a guaranteed analysis provided by
the manufacturer: crude protein not less than 36%, crude fat not less than 6%, crude fiber
not more than 5%, phosphorus (P) not less than 0.75%, and ash not more than 8.5%. The EC
in the aquaponics plant growth chamber reservoir was measured daily, and the nutrient
application in the hydroponics system was controlled to ensure that it remained near the
aquaponics EC. The nutrient solution applied in the hydroponics water was FLORAGRO®

and the N-P-K ratio in the nutrient was 2-1-6. A total of 34 mL of nutrients was added to
each hydroponic system.

2.3. Light Intensity Treatments

A split-plot design was used to compare two light intensity (LI) impacts on two
different growing systems, e.g., hydroponics and aquaponics [52,53]. The upper layer of
each plant growth chamber was provided with a high light intensity of approximately
752 µmol/m2/s, while the lower layer plants were treated with a low light intensity of
141 µmol/m2/s. The light intensities were selected based on a review of previous studies:
Moher et al. [39] reported that 600 to 900 µmol/m2/s provided robust plant growth;
Roman et al. [37] found that 30 to 180 µmol/m2/s effectively supported plant morphological
responses; and Eaves et al. [40] observed that hemp yield increased linearly with light
intensity up to at least 1500 141 µmol/m2/s.

The photoperiod for both systems was 12 h (7:00 am to 7:00 pm), consisting of full-
spectrum LED grow lights. The two growing systems were considered whole plots, and
the two layers within each system, receiving different LIs, were considered subplots. LI,
the main effect, was applied at the subplot level, while the whole plot is the growth system.

The impact of two LIs (752 µmol/m2/s and 141 µmol/m2/s) was measured on the
plant performance in the two systems, particularly the increase in plant length and leaf area,
which were measured as plant growth indicators [54]. Plant growth data (plant length and
leaf area) were collected daily under different light treatments; therefore, the experimental
design can also be considered a repeated measures design. Box plots, interaction plots, and
mixed model ANOVA table were used to analyze the effects of system and light treatments
on plant growth. Since we had three replicates of each system, the boxplots and interaction
plots presented here are based on data from a randomly selected replicate for illustrative
purposes, while the ANOVA results were generated using data from all replicates. We used
RStudio (R version 4.5.0) for all statistical analyses.

2.4. Data Collection

Data were collected both manually and using the Atlas Wi-Fi hydroponics kit to
measure environmental parameters, such as water temperature of the reservoirs, DO, EC,
pH, and WT for both aquaponic and hydroponic systems. Manual data collection was done
using APERA Instruments AI209 Value Series PH20 Waterproof pH Tester Kit, AZ8403
Dissolved Oxygen Meter, and VIVOSUN Digital TDS and EC Meter for measuring pH,
DO, and EC, respectively. The IoT sensor data were uploaded to ThingSpeak™ (a free,
cloud-based data acquisition and visualization platform) and later downloaded from the
cloud. Additionally, the temperature, humidity, and electricity consumption of each plant
growth chamber were monitored and recorded manually. For the fish tank, water quality
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parameters critical for fish, such as ammonia, nitrite, and nitrate were regularly checked
using the API Freshwater Master Test Kit 141. The fish biomass and length gain were
measured every two weeks, and the plant length and leaf area gain were measured daily
except on weekends.

2.5. Life Cycle Assessment

A Life Cycle Assessment (LCA) study was conducted for the systems, along with an
investigation into the impact of light intensity on hemp growth. The goal of the assessment
is to analyze the environmental impact of the aquaponics and hydroponics systems used
for the cultivation of hemp in its early vegetative state. Utilizing the openLCA framework
and the USLCI database, this study focuses on a cradle-to-gate system boundary [49]. The
assessment aims to compare these two systems to reduce environmental impacts, thereby
increasing the overall sustainability of the controlled environment agriculture techniques.

The products derived from aquaponic and hydroponic systems differ significantly,
with aquaponics producing fish that command a higher market price. Therefore, we defined
the physical functional units (FU) as the estimated value of each parameter per kilogram of
hemp and fish produced by each system. Table 1 presents all relevant inputs and outputs
of the systems. This inventory is critical in providing the necessary data for environmental
impact assessment.

Table 1. Life cycle inventory of aquaponic and hydroponic systems for a year of operation.

Inputs

Ingredients Unit Amount Per FU (Aqua) Per FU (Hydro)

Aqua Fish Feed

Total kg 0.90 0.30 -
Soybean meal kg 0.27 0.09 -
Ground corn kg 0.13 0.04 -

Fishmeal (including meat meal) kg 0.36 0.12 -
Wheat kg 0.05 0.02 -

Nutrient

Total N L 0.08 - 0.04
P2O5 L 0.04 - 0.02
K2O L 0.23 - 0.13

MgSO4 L 0.02 - 0.01

Biofilter
Filter material kg 0.15 0.05 0.03

Gravel kg 3.85 1.28 2.14

Fish Tank Glass Aquarium kg 136.08 45.36 -

Hemp Seeds - kg 0.14 0.05 0.08

Electronic Equipment IoT devices kg 1.22 0.41 0.68
Light bulbs kg 1.86 0.62 1.03

Koi Fish - kg 0.85 0.28 -

Polyethylene - kg 9.49 3.16 5.27

PVC - kg 8.85 2.95 4.92

Water Usage (aqua) - L 151.42 50.47 -

Water Usage (hydro) - L 64.00 - 35.55

Electricity (aqua)

Total Wh 172.00 57.33 -
Light Wh 43.00 14.33 -

IoT devices Wh 8.58 2.86 -
Water pump motor Wh 120.42 40.14 -

Electricity (hydro)

Total Wh 144.00 - 80.00
Light Wh 36.00 - 20.00

IoT devices Wh 7.20 - 4.00
Water pump motor Wh 100.80 - 56.00

Outputs

Unit Aquaponics Hydroponics

Mass Produced kg 3.0 1.8
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This assessment employed the TRACI 2.1 life cycle impact assessment [55] method to
analyze various impacts using obtained data from various studies. The impact categories
considered include Acidification, Eutrophication, Freshwater Ecotoxicity, Global Warming
Potential, Human Health (Cancer, Non-Cancer, and Particulate Matter), Ozone Depletion,
and Smog Formation. TRACI 2.1 helps in quantifying the potential environmental impacts
across these categories, which include greenhouse gas emissions, energy use, and impacts
on human health and ecosystems. Global warming potential (GWP) is used to quantify the
relative potency of greenhouse gases in comparison to 1 kg of carbon dioxide (CO2) at time
zero [56].

3. Results and Discussion
3.1. Hemp Leaf Area and Plant Length for Different Systems and LIs

The leaf area measured for hemp plants grown in two different systems under two LIs
shows significant differences. The mixed-effects ANOVA (Table 2) showed that while light
intensity had a marginal effect on leaf area, both the growing system and its interaction
with light intensity significantly influenced leaf area (p < 0.001).

Table 2. Mixed Model Anova Table (Type 3 tests, S-method) for Leaf Area.

Model: ‘Leaf Area’ ~ LI + (1 | LI:Day) + Systems + LI:Systems

Effect df F Value p-Value
1 Light Intensity (LI) 1, 30 3.57 + 0.069

2 Systems (Hydroponics
and Aquaponics) 5, 150 34.33 *** <0.001

3 LI:Systems 5, 150 15.25 *** <0.001
Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘+’ 0.1 ‘ ’ 1.

Figure 2a illustrates that when the LI is 752 µmol/m2/s, the aquaponic system initially
exhibits greater leaf area growth. However, the hydroponic system surpasses it after
13 days, resulting in a larger leaf area. In contrast, the aquaponic system outperforms
the hydroponic system in terms of mean leaf area at an LI of 141 µmol/m2/s (Figure 2b).
This contrast suggests that the aquaponic system may be more effective at promoting leaf
growth than the hydroponic system when operating under lower LIs.

(a)  (b) 

Figure 2. Interaction Plot Between Date, System, and Leaf Area For LI- (a) 752 µmol/m2/s and
(b) 141 µmol/m2/s.

When analyzing the impact of light intensity on plant length, the mixed-effects
ANOVA (Table 3) revealed that all factors, light intensity, growing system (hydropon-
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ics vs. aquaponics), and their interaction, significantly influenced plant length (p < 0.05).
The interaction between light intensity and the system was highly significant (p < 0.001),
indicating strong system-specific responses to light.

Table 3. Mixed Model Anova Table (Type 3 tests, S-method) for Plant Length.

Model: ‘Plant Length’ ~ LI + (1 | LI:Day) + Systems + LI:Systems

Effect df F Value p-Value
1 Light Intensity (LI) 1, 42 7.26 * 0.010

2 Systems (Hydroponics
and Aquaponics) 5, 210 62.60 *** <0.001

3 LI:Systems 5, 210 7.98 *** <0.001
Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘+’ 0.1 ‘ ’ 1.

Figure 3a,b displays the interaction plot for the two systems regarding mean plant
length increase over time. At a light intensity of 752 µmol/m2/s, a significant increase in
plant size was noted for aquaponics plants after five days of transplanting, compared to the
hydroponic plants. At 141 µmol/m2/s, the mean plant length was found to be higher for
aquaponics plants than for hydroponics plants from the very start until harvest time. While
harvesting, it was found that aquaponics plants had greater lengths, 43.8% and 42% higher
under 752 µmol/m2/s and 141 µmol/m2/s, respectively, compared to hydroponics plants.

(a)  (b) 

Figure 3. Interaction Plot Between Date, System, and Plant Length For LI- (a) 752 µmol/m2/s and
(b) 141 µmol/m2/s.

The box plot in Figure 4a indicates the lowest median value for leaf area (less than
10 cm2) under LI of 141 µmol/m2/s in the hydroponic system, although the in-
terquartile range (IQR) is the widest for the leaf area in the hydroponic system under
752 µmol/m2/s with the upper quartile beyond 40 cm2. Conversely, the aquaponic system
with 752 µmol/m2/s presents the highest median leaf area. In percentage, the hemp grown
in aquaponics had 2.1% less leaf area than hydroponics under 752 µmol/m2/s, and 28.3%
more leaf area under 141 µmol/m2/s. Therefore, aquaponics with high LI shows slightly
lower leaf area growth than hydroponics but significantly higher performance at a lower
LI. Similarly, Salam et al. [57] found a higher leaf area for the Taro plant in aquaponics
compared to hydroponics and soil-grown plants. Since all of the environmental parameters
(e.g., DO, EC, pH, water temperature) were kept similar in the two systems, aquaponics’
performance in producing hemp leaves with a higher leaf area can be attributed to the light
treatment and microorganisms present in the system [58,59].



Horticulturae 2025, 11, 588 9 of 16

(a)  (b) 

Figure 4. Boxplot of hemp (a) Leaf area and (b) Plant Length according to LI.

The boxplot in Figure 4b shows at higher LIs (752 µmol/m2/s), the median plant length
for aquaponics increases (higher than 10 cm), with a wider spread of data as indicated
by the IQR, while hydroponics plants show a lower median length compared to their
aquaponics counterparts and a more compact IQR. The lowest median is found for the
hydroponic system with LI at 141 µmol/m2/s. A similar study conducted by Suhl et al. [60]
on tomato plants found that while maintaining the same EC, the plant length was nearly
the same in both aquaponics and hydroponics systems (10.9 m in aquaponics and 10.8 m in
hydroponics). As our study was conducted on hemp in a vegetative state with 0% THC,
the maximum plant length we observed was 21.5 cm in the aquaponics system. This length
is suitable to produce salad-quality hemp leaves. We excluded the flowering stage from
our experiment to ensure that the THC level does not exceed 0.03%. Hence, we confirmed
that the hemp leaves produced in the facility meet the regulatory standards for THC levels,
ensuring they are safe and compliant with legal requirements.

Among the two systems under similar environmental conditions, the aquaponic
systems worked well for both LIs to promote plant growth in terms of increasing the length
of the plant and the leaf area. Hydroponics only showed higher leaf area growth with
high LI. In this regard, Yep et al. [14] studied hemp root zone growth and observed that
hydroponic systems outperformed aquaponics and aquaculture systems due to higher EC,
pH, and N-P-K concentrations in hydroponics, contributing to increased growth. On the
contrary, we maintained similar environmental conditions, such as DO, EC, and pH, in
both systems, and the aquaponic setup demonstrated improved plant growth performance
compared to hydroponics under the specific conditions of this study. Delaide et al. [59]
conducted similar research and found that crop growth is higher in aquaponics than
in hydroponics while maintaining near ranges for nutrients and other parameters. The
authors concluded that the increased plant growth in aquaponics was due to the presence
of dissolved organic matter and microorganisms. Studies conducted by Jordan et al. [61]
and Goddek et al. [47] also showed that lettuce grown through aquaponics demonstrated
either a greater or equal yield compared to lettuce grown by hydroponics.

3.2. Life Cycle Assessment Results

LCA results comparing aquaponics with hydroponics, based on mass production, in-
dicated that hydroponics produces higher values across most impact indicators, suggesting
a heavier environmental burden. In this study, eutrophication, global warming potential,
ozone depletion, and smog formation showed more than 20% higher values in hydroponics
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compared to aquaponics. The highest impact was found to be caused by hydroponics, with
63% for eutrophication, while aquaponics accounted for 37% of the contribution.

3.2.1. Midpoint Environmental Impacts

The aquaponics system exhibits a lower impact on acidification, eutrophication, fresh-
water ecotoxicity, global warming potential (a 100-year time horizon), and smog formation,
with values of 0.07639 kg SO2 eq., 0.03735 kg N eq., 28.34265 CTUeco, 21.5879 kg CO2 eq.,
and 1.82892 kg O3 eq., respectively. Conversely, the hydroponics system demonstrates
higher impacts in these categories, with values of 0.10303 kg SO2 eq., 0.06336 kg N eq.,
39.1941 CTUeco, 35.00933 kg CO2 eq., and 3.02559 kg O3 eq., respectively. Previous LCA
studies [42,62], comparing aquaponics and hydroponics methods for producing crops,
found that aquaponics has a lower environmental impact than hydroponics. Figure 5
shows the chart of the midpoint environmental impacts for aquaponic and hydroponic
systems per kg of mass produced in these systems.

 

Figure 5. Comparison Between the Midpoint Environmental Impacts of Aquaponics and
Hydroponics Systems.

Emissions of gases and chemical elements from aquaponic and hydroponic systems
impact the environment. Hydroponics emits 59% nitrogen oxides and 36% sulfur dioxide,
contributing to acidification. Aquaponics adds 19% ammonia (not present in hydroponics)
to acidification, along with nitrogen oxides and sulfur dioxide. The high percentage
of sulfur dioxide emissions from hydroponic systems can be attributed to the synthetic
fertilizer used in the system, and ammonia emissions from aquaponics are generated from
the feces of the fish [42,63]. Besides, aquaponics has 88% nitrogen in eutrophication, while
hydroponics contributes 56% orthophosphate, 15% nitrogen, and 23% nitrogen oxides.
Since eutrophication is twofold higher in hydroponics, the emission of orthophosphate and
nitrogen oxides is 100% and 32%, respectively, higher than in aquaponics. Hydroponics
water reservoirs generate orthophosphate from the phosphorus present in the N-P-K
nutrient solution, whereas aquaponics significantly lack this phosphorus [64–66].
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Both systems show similar emissions for freshwater ecotoxicity. Regarding global
warming potential (GWP), carbon dioxide (CO2) emissions are almost identical in both
systems, but hydroponics also emits methane 7% (CH4), adding to its GWP100. Here,
both CO2 and CH4 have a significant impact on contributing to GWP, although CO2 has a
long-lasting impact while CH4 has a more immediate and substantial impact on GWP than
CO2 [67]. For smog formation, both systems show similar results, although aquaponics has
a higher presence of volatile organic compounds (14%) compared to hydroponics (2%). On
the contrary, nitrogen oxide contributes 95% to smog formation in hydroponics, compared
to 84% in aquaponics. Figure 6 shows the emission profile contributing to midpoint impacts
of aquaponic and hydroponic systems.

(a)  (b) 

Figure 6. Emission Percentage for Midpoint Indicators by (a) Aquaponic And
(b) Hydroponic Systems.

3.2.2. Endpoint Environmental Impacts

Endpoint indicators in the LCA study assess the total environmental impact by quan-
tifying potential effects on areas of concern, such as human health, ecosystem quality,
and resource depletion [68]. The endpoint impacts of aquaponics and hydroponics were
evaluated based on three human health indicators: cancer, non-cancer, and particulate
matter. The aquaponics system exhibited impacts of 6.4 × 10−8 CTUcancer, 1.1 × 10−5

CTUnoncancer, and 3.2 × 10−3 PM 2.5 eq. per kg of mass produced. In comparison, the
hydroponics system showed slightly higher impacts of 9.2 × 10−8 CTUcancer, 1.5 × 10−5

CTUnoncancer, and 4.1 × 10−3 PM 2.5 eq. for the respective endpoint indicators. Previous
research has demonstrated a significant reduction in harmful human health impacts when
using aquaponics systems, as opposed to hydroponics [42] and conventional aquaculture
systems [48,69]. This indicates that aquaponics is a more sustainable and health-conscious
option than other systems. Figure 7 shows the chart of the endpoint environmental impacts
for aquaponic and hydroponic systems. Although aquaponics has a slightly lower health
impact, the health effects of both systems for cancer and non-cancer are almost negligible,
and particulate matter values are also quite low (Figure 7).

Figure 8 shows the human health indicators for analyzing endpoint impact depending
on the emission of some elements, e.g., lead, mercury, arsenic, sulfur dioxide, nitrogen
oxides, ammonia, and particulate matter (≤2.5, and >2.5 µm). Although our results show
negligible value for cancer risk for both systems, we found that the emissions of three
elements (i.e., lead, arsenic, and mercury) contribute to the minimal human health cancer
risk in both systems.
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(a)  (b) 

Figure 8. Environmental Profiles of (a) Aquaponic and (b) Hydroponic Systems.

Emissions from lead ranged from 32% to 35%, arsenic ranged from 34% to 38%, and
mercury ranged from 22% to 24% in both systems. Several studies discuss the cancer risk
to human health from heavy metals, such as lead, arsenic, and mercury [70–72]. The risk of
cancer from ingesting fish fillets containing heavy metals is higher than that of consuming
leaves due to bioaccumulation [73,74].

According to the U.S. EPA, the non-cancer impacts are the potential health effects of
toxic environmental contaminants that do not necessarily cause cancer but have severe
health effects, such as reproductive, neurological, respiratory, or other issues [75]. For
non-cancer human health impacts, the contributions of lead, arsenic, and mercury were
almost identical in both systems (lead: 67%, arsenic: 15%, and mercury: 15% to 16%).
However, these emissions are negligible because the total non-cancer impact on human
health from the systems is also negligible.

The particulate matter (PM) emissions also exhibited similar contributions in both
systems. Ammonia accounted for 16% of emissions in the aquaponics system (not present
in hydroponics). Additionally, sulfur dioxide emissions were nearly twice as high in the
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hydroponic system compared to the aquaponic system for contributing to the human health
particulate matter indicator. Because of the respiratory health risk associated with PM
emissions, it is also referred to as respiratory effects from the system [69]. Both systems
have low PM levels, and the ammonia and sulfur dioxide emissions can be caused by fish
waste and synthetic nutrients, respectively [48,63]

4. Conclusions
This study provides a comprehensive assessment of hemp plant growth under different

light intensities and the environmental impacts of cultivating hemp using aquaponic and
hydroponic systems. The results of our study indicate that, under the specific experimental
conditions applied, aquaponics consistently perform better than hydroponics in terms of
plant growth performance, regardless of the light intensity conditions. The existence of
microorganisms and dissolved organic matter in aquaponics is likely to enhance its efficacy,
especially under lower light conditions. Also, the LCA findings show that aquaponics
imposes a considerably reduced burden on the environment in comparison to hydroponics.
Therefore, aquaponic systems offer a viable and sustainable alternative to conventional
hydroponic systems for producing hemp leaves. Further studies are needed to investigate
the organic cultivation methods of hemp in these systems, along with their economic
feasibility and potential for scalability in commercial production.
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B. Influence of the levels of arsenic, cadmium, mercury and lead on overall survival in lung cancer. Biomolecules 2021, 11, 1160.
[CrossRef] [PubMed]

73. Ahmed, M.K.; Baki, M.A.; Islam, M.S.; Kundu, G.K.; Habibullah-Al-Mamun, M.; Sarkar, S.K.; Hossain, M.M. Human health risk
assessment of heavy metals in tropical fish and shellfish collected from the river Buriganga, Bangladesh. Environ. Sci. Pollut. Res.
2015, 22, 15880–15890. [CrossRef] [PubMed]

74. Khandaker, M.; Asaduzzaman, K.; Nawi, S.; Usman, A.; Amin, Y.; Daar, E.; Bradley, D.; Ahmed, H.; Okhunov, A. Assessment
of radiation and heavy metals risk due to the dietary intake of marine fishes (Rastrelliger kanagurta) from the Straits of Malacca.
PLoS ONE 2015, 10, e0128790. [CrossRef] [PubMed]

75. US-EPA. Non-Cancer Screening Approaches for Health Effects. Available online: https://www.epa.gov/tsca-screening-tools/
non-cancer-screening-approaches-health-effects (accessed on 21 June 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.aquaeng.2018.11.003
https://doi.org/10.1016/j.aquaeng.2021.102205
https://doi.org/10.1016/j.agsy.2017.01.020
https://www.hypowave.de/fileadmin/user_upload/Ergebnisse/Publikationen/Masterarbeit_Laura-Maria_Dell_HyW_Website.pdf
https://www.hypowave.de/fileadmin/user_upload/Ergebnisse/Publikationen/Masterarbeit_Laura-Maria_Dell_HyW_Website.pdf
https://inis.iaea.org/search/search.aspx?orig_q=RN:42007554
https://inis.iaea.org/search/search.aspx?orig_q=RN:42007554
https://doi.org/10.1016/j.jclepro.2022.133450
https://doi.org/10.1016/j.jclepro.2019.118767
https://doi.org/10.3390/toxics10050223
https://doi.org/10.1016/j.toxrep.2022.02.001
https://doi.org/10.3390/biom11081160
https://www.ncbi.nlm.nih.gov/pubmed/34439826
https://doi.org/10.1007/s11356-015-4813-z
https://www.ncbi.nlm.nih.gov/pubmed/26044144
https://doi.org/10.1371/journal.pone.0128790
https://www.ncbi.nlm.nih.gov/pubmed/26075909
https://www.epa.gov/tsca-screening-tools/non-cancer-screening-approaches-health-effects
https://www.epa.gov/tsca-screening-tools/non-cancer-screening-approaches-health-effects

	Introduction 
	Materials and Methods 
	System Setup 
	Plant and Fish in the Systems 
	Light Intensity Treatments 
	Data Collection 
	Life Cycle Assessment 

	Results and Discussion 
	Hemp Leaf Area and Plant Length for Different Systems and LIs 
	Life Cycle Assessment Results 
	Midpoint Environmental Impacts 
	Endpoint Environmental Impacts 


	Conclusions 
	References

