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Abstract: This study evaluated water quality, growth, and partial budget analysis (PBA) for Penaeus
vannamei, comparing super-intensive Biofloc Technology (BFT) and Recirculating Aquaculture Sys-
tems (RAS). The 69-day trial used 100 L units with two treatments (RAS and BFT), each with three
replicates. Shrimp were initially reared in a 30-day nursery to a weight of 0.10 ± 0.04 g and then
stocked at 500 shrimp m−3. Biofloc growth in BFT was promoted by maintaining a C:N ratio of 15:1,
adding dextrose when total ammonia nitrogen (TAN) reached 1 mg L−1. Probiotics (3 g m−3) were
administered daily to both groups. TAN levels in BFT initially spiked but stabilized after 36 days.
Vibrio abundance was initially higher in RAS, but by the end of the trial, it was higher in BFT. Final
weight, weekly growth ratio, and yield were greater in BFT, whereas feed conversion ratio (FCR) and
water use were higher in RAS. Survival rates were 83.33% in BFT and 88% in RAS. BFT achieved a
superior net benefit/cost compared to RAS. Although RAS more effectively controlled nitrogenous
compounds, BFT exhibited better growth performance, with higher final weights, lower FCR, and
better Vibrio management. The partial budget analysis indicated an economic advantage for BFT, with
a net positive benefit of $2270.09 when shifting from RAS to BFT due to lower operating costs and
higher shrimp yield. Among these two sustainable production systems, BFT was more productive
while utilizing less natural resources.

Keywords: recirculating aquaculture system; biofloc; nitrogenous compounds; Vibrio; sustainable
shrimp production

1. Introduction

Aquaculture has advanced significantly by incorporating innovative technologies
that aim to preserve water resources and reduce environmental impacts. Among these
approaches, Recirculating Aquaculture Systems (RAS) and Biofloc Technology System
(BFT) operate with minimal water use [1,2]. The practice of Penaeus vannamei intensive and
super-intensive culture minimizing water exchange meets growing environmental concerns
driven by the concept of sustainable development, which seeks to integrate principles of
ecological prudence, economic efficiency, and social equity into all human activities [3–5].

RAS provides a high level of control over the aquatic environment, allowing for more
efficient production in terms of space and labor use, in addition to substantially reducing
water consumption in relation to the biomass produced. According to Timmons et al. [6],
these systems facilitate economies of scale, enabling high shrimp production compared to
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other aquaculture methods. The configuration of RAS includes devices for water treatment
and reuse, such as decanters, mechanical filters, and biological filters [7]. The use of
mechanical filters allows the removal of solid waste, including feed remains and feces,
whereas biological filters promote the action of nitrifying bacteria to control the levels of
ammonia and nitrite in the water [8]. Thus, these systems can achieve high yields with
minimal environmental risks, making them one of the most promising technologies for
modern aquaculture.

The BFT system represents a complex and dynamic environment characterized by
comprehensive microbial diversity, comprising not only bacteria but also algae, protozoa,
and organic matter [9,10]. This system adopts an ecologically responsible approach that
favors the reuse of water in several cycles, resulting in significant environmental benefits
such as reducing pollution in coastal areas [11]. Furthermore, the implementation of BFT
has been shown to promote optimized yields in P. vannamei cultures at high stocking
densities [12,13]. Therefore, this strategy not only increases productivity but also improves
environmental control by minimizing or eliminating the need for water changes, thus
contributing to the sustainability of the aquaculture sector [12,14,15].

In the context of these systems, the accumulation of nitrogenous compounds results
mainly from the ingestion of food by shrimp, their excretion, and the decomposition
of organic matter present in the culture environment, including unconsumed feed and
feces [10]. Maintaining inadequate levels of total ammonia nitrogen (TAN) and nitrite
(NO2

−) can induce stress and physiological changes in cultured organisms, harming their
growth and survival, with a consequent negative impact on production [16]. Therefore,
nitrifying bacteria present in bioflocs play a key role in controlling these toxic nitrogenous
compounds, facilitating their oxidation to less harmful forms such as nitrate (NO3

−) [17].
When using RAS and BFT systems in aquaculture, an interconnected approach has

emerged, driven by the growing need for sustainability and productivity. Using these
systems is essential to mitigate the environmental impacts of intensive aquaculture and
promote a more responsible approach to the use of water resources. Although there are
studies on BFT and RAS, this research explores, in an unprecedented way, the comparison
of specific production costs under super-intensive aquaculture conditions, highlighting
the economic and microbiological advantages of bioflocs. This study aimed to evaluate
the differences in water quality parameters, Penaeus vannamei growth, and partial budget
analysis (PBA) between BFT and RAS systems, emphasizing economic factors and Vibrio
control throughout the cultivation cycle.

2. Materials and Methods
2.1. Design and Experimental Conditions

A P. vannamei shrimp grow-out was carried out for 69 days at the Virginia Seafood
Agricultural Research and Extension Center, Virginia Polytechnic Institute and State Uni-
versity, Hampton, VA, USA. P. vannamei post-larvae were acquired from Homegrown
Shrimp, LLC, Indiantown, FL, USA. Shrimp were initially kept in a 30-day nursery until
they reached a weight of 0.10 ± 0.04 g (mean ± standard deviation) and then were stocked
in the 6 experimental units at a density of 500 shrimp m−3.

The experiment was carried out in 100 L experimental units and divided into two treat-
ments, all with three repetitions: RAS (Recirculating Aquaculture System) and BFT (Biofloc
Technology System). Seawater (salinity between 28 and 30 g L−1) obtained from mixing
tap fresh water with artificial salt (Instant Ocean Sea Salt, Blacksburg, VA, USA) was ini-
tially treated with 10 g m−3 of sodium hypochlorite and subsequently dechlorinated using
ClorAm-x (Reed Mariculture, Campbell, CA, USA).

In the RAS treatment, the water was driven by a 0.75 hp centrifugal pump (Doheny’s,
model 2601, flow rate of 180 L h−1) to a mechanical Bubble bead filter and then to a
biological filter as steps of water treatment before being recirculated among experimental
units. The biological filter was composed of K1 Kaldnes Biological Media (Evolution Aqua,
Green Brook, NJ, USA) and was constantly aerated with an air injector (Nozzle®, model
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a3, Detroit, MI, USA). Additionally, two air stones were installed inside each RAS tank to
maintain optimal oxygen levels. The total volume of the RAS system was approximately
600 L.

In the BFT treatment, biofloc growth was stimulated by maintaining a carbon:nitrogen
(C:N) ratio of 15:1 [16,18], by adding dextrose (based on Serra et al. [19]) once the total
ammonia nitrogen (TAN) concentration reached 1 mg L−1. In the BFT tanks, a structure
containing four porous stones (7.6 cm long × 2.5 cm wide × 2.5 cm deep) coupled to a
central hose was arranged in each tank to provide oxygenation by an air pump (Intertek,
model AP-60, Chickasaw, AL, USA).

In both treatments, the commercial probiotic Sanolife MIC (Inve® Aquaculture, Den-
dermonde, Belgium), composed of Bacillus subtilis, Bacillus licheniformis, and Bacillus pumilus
(concentration: 5 × 1010 colony forming units (CFU) g−1) was administered daily at a
dosage of 3 g m−3. The probiotics were diluted in water and incorporated into the feed
before each feeding.

2.2. Water Quality Variables

Temperature (◦C), dissolved oxygen (DO, mg L−1) (YSI Pro 2030), pH (Hanna, model
HI98107), TAN (mg L−1) [20], and nitrite nitrogen (NO2

−-N, mg L−1) (Hach method
8507) were measured daily. The concentration of nitrate nitrogen (NO3

−-N, mg L−1)
(Hach method 8039), total suspended solids (TSS, mg L−1) (Hach portable multiparameter
colorimeter, model DR900), settleable solids (SS, mL L−1) [21], CO2 (mg L−1) [22], and
alkalinity (mg L−1) [23] were measured weekly. When pH and alkalinity were below 7.5
and 150 mg L−1, respectively, adjustments were made with sodium bicarbonate (NaHCO3)
application, following Furtado et al. [24]. On day 51, a sampling error occurred for NO2

−-N
in both treatments. Therefore, we decided to present the data only up to day 50.

2.3. Vibrio Community Composition

Water samples were collected from experimental units on days 0, 14, 28, 42, and 63 of
the trial to assess the abundance of Vibrio spp. in the systems. From each tank, at least two
10 mL water samples were drawn as biological replicates. Samples were collected using
sterile techniques to prevent contamination.

The samples were subjected to a standard plate count method to enumerate Vibrio
spp. Initially, each sample was diluted using sterile phosphate-buffered saline (PBS) to
prepare serial dilutions appropriate for counting. The diluted samples were then plated
on Thiosulfate-Citrate-Bile Salts-Sucrose (TCBS) agar, a selective medium for the isolation
of Vibrio species. Plates were incubated at 35 ◦C for 24 h. After the incubation, colonies
characteristic of Vibrio spp. were counted on the TCBS agar plates. The counts were
expressed as colony-forming units (CFU) mL −1, according to the methodology proposed
by FDA BAM [25].

2.4. Feed Management

The shrimp were fed Ziegler® commercial feed (Gardners, PA, USA), with 35% crude
protein, distributed manually three times a day. The amount of feed offered to the animals
was calculated according to Jory et al. [26], which is based on the animal’s weight and the
temperature of the culture water.

2.5. Shrimp Growth, Survival, and Water Use

At the end of the experimental time, shrimp sampling was carried out to determine
final weight (g), feed conversion ratio (FCR), survival (%), weekly growth ratio (WGR, g
week−1), yield (Kg m−3), and water use (m3 Kg−1).

2.6. Partial Budget Analysis

A partial budget analysis (PBA) was performed considering the costs and revenue
associated with shrimp production in RAS compared to BFT systems. Partial budget
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analysis measures the net benefit from the difference between the benefits and costs for a
small change in the operation [27]. In this case, the RAS and BFT systems have different
equipment requirements and procedures that impact on the costs of water use, salt, sodium
bicarbonate, dextrose, feed, electricity, labor, operating interest, and depreciation.

The PBA considered two different scenarios to estimate the net benefit cost of a RAS
system turning into a BFT system (RAS to BFT) and a BFT system turning into a RAS
system (BFT to RAS), based on the performance obtained in the grow-out experiment.
The indicators utilized in the PBA are similar to those used by Krummenauer et al. [28]
and are described as follows. Additional revenue was estimated based on the difference
in gross receipts between RAS and BFT systems for each scenario. Reduced costs were
estimated based on the difference in the input supply items, operating interest, and equip-
ment depreciation between RAS and BFT systems. Total additional benefits = Additional
revenue + Reduced costs. In each scenario, additional costs were estimated based on the
difference in input supply items, operating interest, and equipment depreciation between
RAS and BFT systems. Reduced revenue was estimated based on the difference in gross
receipts between RAS and BFT systems for each scenario. Total additional cost = Re-
duced revenue + Additional costs. Net benefit/cost = Total additional benefits—Total
additional costs.

2.7. Data Analysis

Water quality data were tested for normality and homoscedasticity with the Shapiro-
Wilk and the Levene test, respectively. Differences between treatments were tested with a
repeated measures analysis of variance (ANOVA). When necessary, data were transformed
to fulfill parametric assumptions. For non-parametric data (NO2

−-N), the Friedman test
was used.

Vibrio abundance (analyzed separately for each day sampled), shrimp growth, and
water use data were tested for normality and homoscedasticity with the Shapiro-Wilk and
the Levene test, respectively. Differences between treatments were tested with the T-test.
When necessary, data were transformed to fulfill parametric assumptions. Non-parametric
data (Vibrio—day 28 and survival) were analyzed with the Wilcoxon test.

The graphs, T-test, Wilcoxon, and Friedman tests were performed in the software R
4.3.1 [29] using the packages car [30], stats [29], rstatix [31], and ggplot2 [32]. Repeated
measures ANOVA was performed using Past 4.03 2020 software [33].

3. Results
3.1. Water Quality

Temperature was 28.21 ◦C in RAS and 29.82 ◦C in the BFT System, dissolved oxygen
was above 5 mg L−1, and pH was close to 8 in both treatments (Table 1).

TAN, NO2
−-N, and NO3

−-N, and turbidity were higher in the BFT treatment than in
the RAS treatment (Table 2). The BFT treatment had spikes in TAN concentration on days
17 (7.25 mg L−1) and 30 (9.78 mg L−1), being controlled from day 36 of the trial (Figure 1a).
NO2

−-N and NO3
−-N showed an increasing pattern throughout the experimental time in

the BFT, while RAS remained stable (Figure 1b,c).

Table 1. Water quality variables during a Penaeus vannamei super-intensive grow-out with biofloc
technology (BFT) and recirculating aquaculture systems (RAS). Different letters in the same line
indicate significant differences between treatments (p < 0.05).

Variables
Treatments

RAS BFT

Temperature (◦C) 28.21 ± 1.12 29.82 ± 0.79
DO (mg L−1) 5.75 ± 0.07 5.51 ± 0.16

pH 8.10 ± 0.17 8.11 ± 0.21
TAN (mg L−1) 1.89 ± 0.60 b 3.52 ± 2.00 a
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Table 1. Cont.

Variables
Treatments

RAS BFT

NO2
−-N (mg L−1) 0.09 ± 0.11 b 2.38 ± 2.23 a

NO3
−-N (mg L−1) 8.85 ± 5.18 b 52.73 ± 65.80 a

Alkalinity (mg L−1) 166.20 ± 31.17 199.00 ± 34.62
CO2 (mg L−1) 2.17 ± 0.35 2.69 ± 1.28
TSS (mg L−1) 31.39 ± 28.75 b 217.10 ± 114.95 a

SS (mL L−1) 0.00 ± 0.00 b 14.56 ± 15.28 a

Turbidity (NTU) 20.38 ± 17.19 b 179.90 ± 104.25 a

Data are mean ± standard deviation. DO: dissolved oxygen; TAN: total ammonia nitrogen; NO2
−-N: nitrite

nitrogen; NO3
−-N: nitrate nitrogen; CO2: carbon dioxide; TSS: total suspended solids; SS: settleable solids.
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−−N, (b)), and

nitrate nitrogen (NO3
−−N, (c)) during a Penaeus vannamei super-intensive grow-out with biofloc

technology (BFT) and recirculating aquaculture systems (RAS).

The TSS was higher in the BFT treatment, with a tendency to increase throughout
the trial (Table 1, Figure 2). The SS was higher in the BFT treatment compared to the RAS
(Table 1).
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Table 2. Penaeus vannamei growth, survival, and water use at the end of a super-intensive grow-out
with biofloc technology (BFT) and recirculating aquaculture systems (RAS). Different letters in the
same line indicate significant differences between treatments (p < 0.05).

Variables
Treatments

RAS BFT

Initial weight (g) 0.10 ± 0.04 0.10 ± 0.04
Final weight (g) 8.14 ± 1.47 b 13.56 ± 1.22 a

WGR (g week−1) 0.80 ± 0.15 b 1.35 ± 0.12 a

FCR 2.81 ± 0.49 a 1.91 ± 0.12 b

Survival (%) 88.00 ± 0.00 83.33 ± 9.24
Yield (Kg m−3) 3.58 ± 0.65 b 5.62 ± 0.33 a

Water use (m3 Kg−1) 2.13 ± 0.36 a 1.82 ± 0.12 b

Data are mean ± standard deviation. WGR: weekly growth rate; FCR: feed conversion ratio.
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3.2. Vibrio Community Composition

At the beginning of the trial and on days 28 and 42, the RAS treatment had more Vibrio
than BFT (Figure 3). On day 63, BFT had more Vibrio than RAS (Figure 3).
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3.3. Shrimp Growth, Survival, and Water Use

At the end of the trial, final weight, WGR, and yield were higher in the BFT treatment
than in the RAS treatment (Table 3). FCR and water use were higher in the RAS treatment
than in the BFT treatment (Table 3). Survival was 83.33% in the BFT treatment and 88% in
the RAS treatment (Table 2).

Table 3. Price of items considered in the Partial Budget Analysis (PBA) for Penaeus vannamei produc-
tion comparing RAS and BFT systems.

Input Description Unit Price ($)
Total Cost ($)

RAS BFT

Water Rate per gallon 3.69 2.92 3.98
Salt Box 27.2 Kg 50.00 143.77 196.14

Sodium Bicarbonate Bag 22.68 Kg 34.46 0.07 0.03
Probiotic 500 g 104.00 16.97 16.97
Dextrose 997 g 18.00 - 6.45

Feed 25 Kg 47.79 5.81 6.33
Labor Wage hour−1 12.00 346.00 407.00

Electricity Rate per kWh 2.49 2380.20 137.42
Operating interest 5% interest rate - 144.79 38.72

Equipment Description Unit price ($) RAS BFT

Aeration pump 50 Watts 413.00 413.00 413.00
Water pump 0.75 HP 443.00 443.00 -

Sump 180 gallons 470.00 470.00 -
KMT media per cu.ft. 45.00 45.00 -

Mechanical sand filter Bubble bead filter 352.00 352.00 -
Equipment depreciation $ year−1 172.30 32.57 6.16

Production Description Unit RAS BFT

Final biomass Experiment yield G 1074.07 1684.97
Sales price ($/kg) Farmer’s market $ Kg−1 26.43 26.43

Revenue From yield $ 28.39 44.58

3.4. Partial Budget Analysis

The PBA considered economic variables such as costs of water, electricity, labor, and
other inputs. These data were collected for both systems and allowed the assessment of the
economic cost-benefit comparison. The costs of supplies and equipment were quantified
for the scale of the experiment based on the local market prices of goods and services. The
items utilized to perform the PBA are listed in Table 3.

The Partial Budget Analysis (PBA) findings (Table 4) indicate that the BFT system is
more advantageous compared to shrimp production in RAS. The scenario considering a
change from RAS to BFT treatment had a positive net benefit cost of $2270.09. The scenario
considering a change from BFT to RAS requires a series of equipment and extra costs,
especially with electricity, which caused the negative net benefit cost of −$2270.09.

Table 4. Partial budget analysis comparing changing scenarios between RAS to BFT System to
produce Penaeus vannamei.

Scenarios

Benefits Costs

Net Benefit/
CostAdditional

Revenue
Reduced

Costs

Total
Additional

Benefits

Additional
Costs

Reduced
Costs

Total
Additional

Costs

RAS to BFT 16.19 2375.31 2391.50 121.41 0 121.41 2270.09
BFT to RAS 0 121.41 121.41 2375.31 16.19 2391.50 −2270.09

Values are expressed in dollars on a per-cycle basis for the experimental scale.
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4. Discussion

In this study, the water quality variables were maintained within the recommended
ranges for Penaeus vannamei culture, as indicated by Ponce-Palafox et al. [34], Gaona
et al. [35], Furtado et al. [24], Maicá et al. [36], and Van Wyk et al. [37]. Temperature, which
is a crucial factor for shrimp growth and survival, was monitored carefully. P. vannamei
can tolerate temperatures ranging from 15 to 35 ◦C [37]. In both treatments, RAS and BFT,
the temperature was maintained above 28.21 ◦C, which falls within the optimal range for
shrimp growth [34].

RAS treatment provided the best conditions for controlling nitrogenous compounds.
This was because of the constant mechanical and biological filtration processes used in
this treatment. The presence of artificial substrates in one of the water treatment stages
provides an increase in the surface area for the growth of chemoautotrophic bacteria, which
are responsible for the transformation of toxic nitrogen compounds [38,39]. Furthermore,
backwashing was responsible for discarding most of the nitrate produced in the system
and maintaining a low concentration throughout the trial [40]. These results are in line
with those found by Ray & Lotz [41], who compared the P. vannamei culture in RAS and
BFT, using a density of 250 shrimp m−3, and found the highest control of ammonia and
nitrite in RAS, and attributed this to the external filtration process.

In the BFT treatment, the nitrification process was observed because TAN concentra-
tions were controlled from day 31 of the trial, and nitrate began to increase from day 43.
The reduction in nitrite concentrations may not have occurred because nitrite-oxidizing
bacteria were not fully established in the system. The observed TAN and nitrite spikes are
typical of a newly started system [42]. This behavior was also reported by Ren et al. [43],
who observed TAN spikes within the first two weeks of culture and elevated nitrite levels
until the end of the seventh week of the trial. Biofloc development in aquaculture tanks
requires a certain period until a stable maturity state is achieved [44]. A reliable BFT system
is often established 30 days after the initial application of organic carbon to water [45].
Consequently, dangerous spikes in TAN and nitrite commonly occur during the initial
weeks of BFT culture [43,46,47].

Under these conditions, management strategies are adopted to maintain the nitroge-
nous compound concentration within the appropriate limits for the species being cul-
tivated. In contrast, the nitrogen cycling process does not begin to be carried out by
chemoautotrophic bacteria. High concentrations of TAN are controlled by manipulating
the Carbon:Nitrogen (C:N) ratio of water with the addition of an organic carbon source,
which stimulates TAN immobilization through the growth of heterotrophic bacteria [48].
Nitrite concentration can be managed by water changes, which is the most effective strat-
egy for eliminating part of this compound in the absence of the oxidation process of this
compound by nitrite-oxidizing bacteria.

The composition of the Vibrio sp. community in the water exhibited several distinct pat-
terns. It is important to highlight that the presence of these bacteria can be disadvantageous
since some species have pathogenic potential and can cause diseases, such as vibriosis in
shrimp [49]. Our findings revealed that the abundance of Vibrio was higher in the RAS
treatment during most of the experiment. The difference in Vibrio abundance between the
RAS and BFT systems throughout the experiment suggests that the characteristics of the
bioflocs may play a significant role in bacterial control, especially in the initial days, with a
lower abundance of Vibrio in the BFT. According to Decamp & Moriarty [50], the inclusion
of Bacillus sp. as a probiotic in diets increases the survival of cultured shrimp and reduces
the presence of Vibrio sp. in the water and sediment of the tank. Ferreira et al. [51] indicated
that microbial bioflocs can serve as a source of Gram-positive probiotic bacteria of the
genus Bacillus and are effective in controlling opportunistic Vibrio bacteria. It is essential to
adequately monitor and control Vibrio communities in water, in addition to implementing
good management practices, to ensure the health of cultured shrimp [11,52,53].

Probiotic inoculation contributed to microbial stability in both systems; however, the
biofloc environment in the BFT may have enhanced the action of probiotics, providing more
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effective control of Vibrio. In addition to helping control water quality conditions, probiotic
inoculation also improves the growth of aquatic organisms [54]. A study by Zokaeifar et al. [55]
demonstrated that juvenile Penaeus vannamei that received probiotics containing Bacillus subtilis
strains presented significantly higher values of final weight, weight gain, specific growth rate,
and survival compared to systems that did not use probiotics. According to Balcázar et al. [56],
probiotic bacteria can reduce or eliminate the incidence of pathogenic microorganisms in
the intestine, which is extremely important for the animal’s immune system, increasing
nutrient absorption and, consequently, improving their performance. The use of probiotics in
aquatic organisms has shown positive effects in several experiments and cultivation practices,
including the control of bacterial diseases [55,57–59].

In terms of final weight and growth rate (WGR), the RAS system showed inferior
performance. This result may be associated with the greater presence of Vibrio on days 0,
28, and 42 of the experimental time, despite the daily applications of probiotics. In the
BFT system, the presence of microorganisms, combined with the inoculation of probiotics,
contributed significantly to the growth of Penaeus vannamei [60,61]. In addition, the mi-
crobiota in the BFT system, composed of protozoa, rotifers, and other microorganisms,
promoted better growth performance for shrimp [62]. These findings contrast with the
studies by Ray et al. [63] and Ray & Lotz [41], who compared the intensive cultivation of P.
vannamei in the RAS and BFT systems, observing superior performance and survival in the
RAS system. In our results, we observed that, on certain points, the RAS system presents
a higher abundance of Vibrio, while on others, the BFT system has higher values. This
suggests that the two systems influence the presence of Vibrio in different ways over time.

In the BFT system, in addition to the feed provided, the shrimp were able to benefit
from the microbial flocs as an additional food source, increasing the culture yield. According
to Jory et al. [26] and Tacon et al. [64], bioflocs have high levels of proteins and other essential
nutrients that complement the shrimp diet [65]. When analyzing the nutritional influence
using the stable isotope technique in the BFT system, it was observed that the microbial
community present in the bioflocs was reflected in the tissues of P. vannamei, representing a
nutritional contribution. These studies corroborate with our results, where the yield was
higher in the BFT treatment than in the RAS.

The results obtained in this study revealed a significant difference in water use be-
tween RAS and BFT in the super-intensive culture of Penaeus vannamei. The BFT system
demonstrated superior efficiency, using only 1.82 m3 of water per kilogram of shrimp
produced, while RAS required 2.13 m3 of water per kg of shrimp. By using less water
per shrimp produced, BFT is more aligned with sustainability principles, as it reduces
dependence on this natural resource. This aspect is especially important in a global sce-
nario where the demand for aquatic products continuously increases while water resources
become scarce due to climate change, urbanization, and population growth.

The overall growth performance was superior in the BFT system compared to RAS.
The BFT advantage over RAS can be significantly improved by the addition of micro and
nanobubble technology [66] and artificial substrates [67]. These management strategies
for aeration and bacteria colonization improve the nitrification process, the microbial com-
munity composition, and the growth of Penaeus vannamei [66,67]. However, the economic
implications of the adoption of micro and nanobubble technology and artificial substrate in
super-intensive biofloc systems have never been quantified.

The Partial Budget Analysis (PBA) findings reinforce the advantages of the BFT system
over RAS from an economic standpoint. Even though the BFT system presented higher
costs with water, salt, dextrose, feed, and labor, the increased productivity of the BFT system
yielded larger shrimp, which can potentially access a different market price compared to
RAS-produced shrimp. The RAS system’s dependence on equipment such as water pumps,
sump, KMT media, and sand filters adds challenges to investment capital allocation and
increases energy consumption and electricity costs, causing a negative net benefit cost for
this system. However, this analysis considered the scale of the experiment, and most of
the equipment utilized is over-dimensioned for the experiment’s needs. Even though this



Sustainability 2024, 16, 11005 10 of 13

PBA is limited by the experimental scale and is not representative of commercial farms,
this method serves as a tool for short-term financial evaluation and decision-making to
improve efficiency and profitability [27]. However, aspects of the long-term viability and
sustainability of the production systems should be assessed via a feasibility analysis [28],
considering real-world farming conditions

5. Conclusions

The results of this study indicate that the BFT system is technically and economi-
cally more advantageous than shrimp production in RAS, particularly under the specific
conditions of the United States of America. The natural productivity from aggregates in
BFT provides better zootechnical parameters, offering valuable insights for improving the
management of intensive Penaeus vannamei culture. The use of probiotics and bioflocs
is essential for controlling Vibrio sp. and enhancing productive indices. However, these
results are closely tied to the characteristics of local water, climate, and regulations in the
U.S., which favor the effectiveness of BFT over RAS. Due to the delayed maturation of nitri-
fiers in BFT, it would be beneficial to initiate the development of stable biofloc before the
introduction of shrimp, considering the specific temperature and water quality conditions
in the region.
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