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Abstract

:

Biofloc technology (BFT) as an efficient aquaculture alternative is attracting attention for boosting biosecurity with minimal water exchange and reduced feed intake. BFT relies on applying organic carbon to maintain a high C/N ratio above 10, which allows heterotrophs to assimilate toxic nitrogen. A high percentage of carbon loss is thus generated from BFT. For this review, a thorough search of the relevant literature was conducted to gather valuable information on the optimization of carbon utilization. The keywords searched included ‘BFT’, ‘carbon use efficiency’, ‘carbon conversion’, ‘carbon retention’, ‘carbon emission’, ‘carbon loss’, and ‘carbon release’. The current review discusses the possible effects of various C/N ratios, carbon types, addition strategies, and technology integration with respect to the optimized carbon utilization in BFT. Given the extreme lack of accessible research, it was concluded that the carbon utilization in BFT is still in its initial research stage. Anyhow, this review sheds light on plausible approaches for boosted carbon utilization by adopting slow-release carbon, reducing carbon input, integrating with other technologies, and enhancing interactions between functional microbes within BFT, thereby contributing to sustainable aquaculture.
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Key Contribution: This paper focuses on carbon loss in biofloc systems. At present, this issue has not received enough attention from the academic community, but it is of great value for building a green, low-carbon, and sustainable aquaculture industry.










1. Introduction


1.1. Background


The conflict between the growing demand for fish protein and limited environmental resources constitutes a great threat to aquaculture production [1]. With the reinforcement of environmental awareness, more attention has been paid to sustainable intensive production at the cost of using the least water and land resources, resulting in the gradual replacement of traditional aquaculture production [2]. Thus, one key issue of current aquaculture is the commitment to advance toward sustainability [3].



Among intensive production, the active use of biofloc technology (BFT) offers the possibility of minimal water exchange along with reduced feed intake for cost-effective and sustainable aquaculture development [4,5,6,7]. It was calculated that the water consumption/kg tilapia in a flow-through system (water flow of 0.6 L/day) was 42 times higher than that in BFT under zero water exchange [8]. Basically, zero water exchange entitles a BFT system to a higher degree of biosecurity and better environmental control. BFT has positive impacts on enhanced resistance against infectious viruses [9], Vibrio [10], and environmental stress [11]. Also, BFT systems could improve net productivity by 8–43% compared to conventional and recirculating aquaculture systems [12]. In addition, BFT can not only decompose aquaculture residues, excreta, and other wastes, but also convert harmful nitrogen in water into its own bacterial protein, providing cheap food protein sources for aquaculture animals [13], thereby reducing feed coefficients [14] and improving breeding efficiency [15]. For example, through isotope labeling experiments, Daniel and Bayer [16] and Burford et al. [17] found that proteins taken up and transformed by bacteria in bioflocs were taken up and assimilated by aquaculture animals. As a result, BFT is widely used in the intensive culture of Carassius auratus [18], Cyprinus carpio [19], tilapia [20], Clarias gariepinus [21], Jade perch [22], Pelteobagrus vachelli [23], and Pacific white shrimp [24,25].




1.2. Components of a BFT System


BFT is a microbial-based culture system that works by adding organic carbon sources to water or increasing the carbon content in the feed to increase the carbon-to-nitrogen ratio. BFT systems support nutrient cycling and are therefore more environmentally friendly [26,27,28]. Hargreaves [29] defined it as suspended biological systems that rely on active phytoplankton, flocculants, protozoa, microalgae, etc., to regulate ammonia nitrogen and maintain nutrient levels in water bodies. Thus, BFT is essentially a water quality management technology that minimizes water exchange by converting nitrogen-containing toxic wastes such as ammonia and nitrite into less toxic nitrates through microorganisms [30,31,32]. The key of BFT is the formation of internal flocculation structures, containing bacteria, protozoa, algae, and other zooplankton, possibly up to 1000–2000 different species [33]. Bacteria exist in free form in water. Due to the heterogeneity of water concentration, nitrogen molecules diffuse, making it difficult for free bacteria to capture them, and the BFT system can solve this problem well [34,35]. The internal structure of the bioflocs is porous and the gaps are large enough to allow bacteria to fully absorb the nutrients in the aquaculture water flowing from the pores and gaps. In addition, bacteria can use bioflocs as safeguards to provide shelter for their own reproduction. Another important factor influencing the formation of bioflocs is the flocculation mechanism. Bacteria are coagulated together by extracellular polymeric substances consisting of multiple enzymes, polysaccharides, and other organic substances, resulting in flocculent structures [36,37].



BFT has a probiotic effect and is therefore able to inhibit pathogenic bacteria [26]. It contains active compounds such as bromophenol, carotenoids, chlorophyll, poly-β-hydroxybutyrate (PHB), and phytosterol [38,39,40], some of which have antibacterial properties [41]. For example, BFT is known to contain polyhydroxyalkanoate (PHA) and PHB that can synthesize PHA particles [26]. PHB is an important polymer produced by various microorganisms in response to physiological stress and as an energy store, which can account for 16–18% of dry weight depending on the carbon source [42]. PHB can also positively affect the host by stimulating the growth of beneficial microbial cells in the gut and altering the composition of the gut flora [40]. Disruption of quorum sensing is a mechanism by which BFT inhibits pathogenic organisms. Quorum sensing is cell-to-cell communication between bacteria. Therefore, infectious bacteria in aquaculture can be controlled by destroying quorum sensing [30,41].



For a BFT system, the prosperity of heterotrophic bacteria plays a great role in assimilating inorganic nitrogen [43]. The nitrogen uptake rate by heterotrophic bacteria is higher than that by denitrifying bacteria, resulting in a growth rate and production of microbial biomass per unit substrate 10 times higher than those of the latter. Thus, immobilization of ammonia by heterotrophic bacteria usually occurs rapidly in BFT over a period of hours or days with appropriate C/N ratios [44,45]. BFT largely depends on organic carbon sources for the maintenance of heterotrophic bacteria. The major driver of floc formation is the growth of heterotrophic bacteria dependent on supplied carbon [46,47]. Thus, additional carbon sources are introduced to the BFT tank, offering a suitable C/N ratio (Figure 1).




1.3. Current Status of Carbon Loss in BFT Systems


Carbon source is one key factor for the management of BFT, and extensive studies have investigated the carbon types [8,11,48], addition amounts (i.e., C/N ratios) [49,50,51], and addition strategies [52,53] in an attempt to enhance BFT performance. Many helpful recommendations have been made when selecting and using carbon substrates according to specific cultured animals for desired performance. The nutrient composition of the bioflocs formed is related to the type of carbon source added and ultimately affects the growth of aquaculture animals (Table 1).



Regarding the consumption amount of carbon substrates, Avnimelech [14] proposed a calculation method based on feed N content and assumed that 20 g of carbon was required to convert 1 g of ammonia, which was the most commonly used method. Additionally, it can be calculated that 7.2 g of carbon is required to assimilate nitrogen from waste feed and fish excretion per kg feed per day when the desired C/N ratio is set at 10. The schematic calculation is presented in Figure 2. Then, the amount of carbon substrate applied is determined using its own carbon content. In the case of glucose, glycerol, and acetate (all containing 0.4 g C per g), up to 18 g of carbon sources are required per kg fish per day. The premise of this calculation method is that C and N exist in the form available for heterotrophs to assimilate. However, both C and N have various forms in practice, including the unavailable ones. In addition, this method only considers the C/N ratio of the input, rather than the C/N ratio of the BFT system where the bacteria live. Thus, it is difficult to ensure that the C/N ratio in BFT is suitable for the assimilation of ammonia by heterotrophic bacteria [14].



It should be noted that the unexpected carbon loss is often a reality to face in practice. The ratio of carbon assimilated to carbon metabolized is defined as the microbial conversion efficiency, usually in the range of 40–60% [14]. Carbon use efficiency is the ratio between the carbon retained in cultured species and the carbon input from feed and carbohydrates [53]. And carbon loss is defined as the difference between the total carbon input (feed + additional carbohydrates) and the carbon retained in all components of the whole BFT system (cultured species + biofloc + sediment + water + periphyton) [53]. For a BFT system, the carbon use depends on factors such as cultured species, farming density, aeration, input composition, and microbial community structures. Tinh et al. [53] documented that the feed-input-alone BFT retained 62% of the total carbon input, yet only 26–31% of total carbon was retained for the carbon-added BFT. The authors also stated that the carbon retention in corn starch and molasses BFT systems was as low as 15% and 17% of the total carbon input [63], which corresponds to an economic cost of 0.002 and 0.016 USD/m3/day due to the carbon loss, respectively (calculated by market unit price of 0.5 and 2 USD/kg, respectively). A similar doubling of C-loss was revealed for a tilapia BFT system when increasing the C/N ratio to 16 compared to feed input alone [64]. Using life cycle analysis, it was calculated that a ton of live weight shrimp production in BFT did generate 4657.2 kg CO2 eq, higher than that in RAS (4424.2 kg CO2 eq) [65]. Water exchange occurs when the total suspended solids in BFT exceed the limit of 500 mg/L [66], through which carbon loss is thus generated. The dissolved organic carbon (DOC) discharge from BFT would result in possible secondary pollution, especially for liquid-carbon-added BFT systems [67]. This puts an additional burden on the wastewater treatment system and operating costs, which conflicts with the sustainable development of aquaculture.



Thus, optimizing carbon utilization is of great significance to control operating costs and reduce the risk of secondary pollution. However, given the high carbon loss, the issue of carbon loss from biofloc systems has not received the attention it deserves. In this regard, the current review presents information on the possible state-of-the-art utilization strategies of the carbon source applied in BFT systems. This review regards the practice of BFT technology, achieving the goal of a greener and more sustainable production of aquaculture.





2. C/N Ratio Manipulation


Manipulating the C/N ratio is an ideal applied method when running a BFT system. Extensive research has evaluated the C/N ratio in an attempt to enhance the whole BFT system performance. Specific C/N ratio ranges have accordingly been recommended for different culturing animals. Azhar et al. [49] addressed that an increase in C/N ratio from 10 to 15 has positive effects on the feed utilization efficiency and water quality in the tilapia-redclaw crayfish co-culture BFT system. Azimi et al. [68] stated that increasing the C/N ratio from 10 to 20 enhanced the innate immunity of carp (Cyprinus carpio) reared in BFT. Similarly, positive effects of the increase in C/N ratio from 10 to 20 were also reported on immunological parameters and stress indicators of common carp (Cyprinus carpio) [50]. Yet, Chakrapani et al. [69] stated that the BFT water quality and growth performance of Litopenaeus vannamei were better at C/N ratios of 10 and 15 compared to 20.



It seems plausible that an increased C/N ratio leads to a high possibility of C-loss from BFT systems. Nevertheless, the aspect of C-loss is rarely mentioned when selecting C/N ratios in BFT. One study investigated the influence of C/N (0, 10, 15, and 20) on the input/output ratio and found that the input/output ratio increased with increasing C/N ratios [70]. Liu et al. [22] concluded that as the real-time nitrate was controlled at extremely low levels in BFT, less carbon could be applied to convert the heterotrophic denitrifying BFT biofilters into nitrifying ones, through which carbohydrates were saved. Also, Ferreira et al. [71] stated that the supply of carbohydrates to BFT tanks is necessary only in emergency situations, when occasional ammonia spikes need to be controlled. Thus, from the view of system sustainability, a reduced C supply to BFT might be a plausible method without adversely affecting the whole system performance except for emergency scenarios, through which C emission into the environment could be controlled to a certain degree (Table 2).




3. Optimization of Carbon Types


Multiple organic carbon substrates have been applied to adjust C/N ratios in BFT aquaculture systems [77]. These C-substrates can be divided into two categories on the basis of the speed that they release dissolved organic carbon (DOC) into the water, i.e., instant-release ones and slow-release ones. In general, instant-release carbon could increase DOC instantly, while complex dose control puts a burden on BFT operation. By contrast, slow-release carbon shows advantages of ease of management, long service life, and low tendency for secondary pollution.



3.1. Instant-Release Carbon


Acetate, glucose, and glycerol are three simple and directly soluble carbohydrates that have been extensively applied in BFT [78,79,80]. These soluble carbohydrates decompose quickly, providing a high level of DOC for heterotrophic bacteria. Molasses and starch, as more complex carbohydrates, should first be decomposed into simple sugars, resulting in a slower increase in DOC level. The addition of water-soluble carbohydrates occurs a few times a day or every several days with careful calculation and constant supervision to avoid overdosing or starvation [77]. Undoubtedly, the complexity of dose control greatly increases BFT practice costs.



The completely instant release of DOC would cause a sudden spike in carbon concentration within a BFT system. Unexpectedly, it was found that the carbon retention ratio in corn starch and molasses BFT systems was only 15% and 17% of the total carbon input, respectively, and the rest was in loss [63]. As for the carbon distribution retained within the BFT, the authors stated that most carbon in the corn starch system was accumulated in shrimp and sediment, whereas retained carbon was more equally distributed in all compartments of molasses-added BFT [63].




3.2. Slow-Release Carbon


Compared to soluble carbohydrates, the slow-release ones are much less studied in BFT systems. Slow-release carbon usually includes synthetic high-molecular polymers and plant-based materials. As high-molecular polymers, PHB, PCL, and PHBV have been frequently supplemented in BFT-based systems, and they have exhibited desirable performance results [81,82]. Meanwhile, corn straw, rice straw, yam, rice bran, and sugarcane bagasse are the common plant-based materials adopted in BFT [83,84,85]. The slow-release carbon has gradually gained attention due to its ease of management, long service life, and low tendency for secondary pollution [72,86]. Notably, slow-release carbohydrates applied in aquaculture are mainly synthetic and novel ones, as aquaculture systems are sensitive to water quality and require carbon sources that can provide steady C-release rates, less DOC accumulation, and lower color intensity [87].



The supplementation of DOC by adding slow-release carbon requires the biodegradation of the carbonaceous substrates first. Zhang et al. [88] proposed that enzymes secreted from the bacteria on a solid-phase carbon surface are responsible for decomposing the carbon into small, water-soluble monomers. The insoluble carbon exhibited a more stable ability to release DOC for the maintenance of water parameters within an extended duration. Also, insoluble carbohydrates could better control the overdosing of carbon into water in comparison with soluble ones.



C-loss is closely related to the C-release characteristics of slow-release carbohydrates. Basically, the carbon release from slow-release carbohydrates follows first-order kinetics, among which raw slow-release carbohydrates can release a greater amount of DOC, and synthetic ones have obvious advantages in release sustainability [87]. One study investigated the addition amounts of PHB and showed that with the increase in PHB addition, the higher the degradation loss and the lower the degree of surface degradation and damage [72]. It is noted that most existing studies with respect to slow-release carbon focus on DOC supplementation for the denitrification process. In contrast, little research has focused on the carbon release kinetics of slow-release carbon applied in BFT. In this way, the attempt to reveal the C-loss parameters seems to be in vain in light of the limited available information. On the other hand, C-loss from BFT also directly correlates to bio-assimilation by microbes and microalgae within the system, which makes the C-loss characteristics more complicated to describe.





4. Optimization of Carbon Addition Strategy


Current research on carbon addition strategies in BFT mainly attempts to improve water quality and biofloc quality, ultimately ensuring a desirable welfare for cultured animals [8,89,90]. However, the corresponding C-loss under certain carbon addition strategies is rarely mentioned (Table 2). One study investigated the potential to combine a carbon source (corn starch) and feed in one pellet at a C/N ratio of 14.6 for BFT shrimp farming [53]. The results showed that compared to the commercial diet at a C/N ratio of 7.6, applying additional carbon reduced the carbon utilization efficiency regardless of the addition methods (added separately at 12%, with feed in one pellet at 10% and commercial diet at 21%). Also, the energy efficiency was the highest when additional carbon was not applied regardless of addition method.



Additionally, few studies have investigated the carbon addition frequency for the optimization of addition strategy. As reported, splitting the daily dosage of the carbon source from 1 to 3 and 6 times per day had no significant effect on Pacific white shrimp performance, and carbon and nitrogen retentions in BFT [73]. The low carbon addition dose could also help to avoid sudden drops in oxygen concentrations caused by bacterial consumption, thereby maintaining a stable environment for the animals reared in the system and improving survival rates [91]. Importantly, the conventional commercial-feed treatment retained 62% of the total carbon input, while in carbon-added treatment, this was 26–31%. In other words, regardless of the carbon addition frequencies, biofloc reared with Pacific white shrimp showed double carbon loss compared to conventional cultivation [73]. Similarly, Hu et al. [64] clarified that the employment of soluble starch to a tilapia-based BFT system increased the daily CO2 emission by 91.1% compared to the feed only.



Overall, neither changes in carbon addition method nor increases in frequency have been effective in improving carbon utilization of BFT (Table 2). Thus, further research on developing carbon addition strategies is needed, facilitating the carbon retention efficiency within BFT.




5. Integration with Other Technologies


BFT focuses on maximizing the efficiency of the use of resources, complying with several criteria that bring them closer to sustainability. However, BFT faces one key challenge in the biological compatibility between different cultivated organisms. Notably, evidence suggests that integrated multitrophic systems could be a viable pathway to replace traditional monoculture systems that are polluting and inefficient [92].



A study found that integrating L. vannamei and Sarcocornia ambigua at different salinities (16 and 24 psu) facilitated the removal of N and P without negative effects on shrimp growth [93]. In addition, promoted water quality and shrimp growth were observed through the incorporation of seaweed to a BFT system rearing L. vannamei [94]. Also, it was reported that an integrated BFT system of L. vannamei and Ulva fasciata promoted the N and P recovery by 5.5% and 7.6%, respectively, compared to the BFT with L. vannamei alone [95]. However, it is noted that the current research paid little attention to the carbon utilization within the BFT integration systems.



In an attempt to seek the potential of promoted carbon utilization through BFT integration, Li et al. [67] established a newly Combined Denitrification and Biofloc Technology (CDBFT) system, which applied the waste effluent DOC from solid-phase denitrification as the carbon source for biofloc growth. This method has great potential in solving both the troublesome issues of the denitrification effluent pollution and the biofloc carbon source addition (see Table 2).



Additionally, to utilize BFT effluents in light of the sufficient nutrient content, existing feasible alternatives include reusing the water over multiple culture cycles [74] or recycling the nutrients in an aquaponics system for vegetable production to achieve sustainable development and a circular economy. The latter system, i.e., FLOCponics, integrates the production of both aquaculture animals and plants, and thus, in theory, enhances the overall utilization efficiency of nutrients within the system. For instance, Pinheiro et al. [75] proposed an aquaponic system with BFT, which could produce 2 kg of halophyte Sarcocornia ambigua for each kg of Pacific white shrimp. In a similar study, Pinho et al. [76] noted that nutrients from tilapia BFT effluent contributed to enhancing lettuce yield in an aquaponics production system. Also, Pinho et al. [96] observed a better Nile tilapia productive performance in FLOCponics, with a mean final weight of 36.7 g compared to 34.9 g for conventional aquaponics.



The level of integration increases in the following order: polyculture > aquaponics > BFT > FLOCponics [97]. Nevertheless, one of the challenges is the compatibility between the components of the integrated system, such as the compatibility between the resources excreted by one species for use by another. Thus, FLOCponics would be technically feasible if efficient and smooth management is developed to improve compatibility within the system (e.g., solids accumulation and nutrient imbalance in plant roots).




6. Challenges and Perspectives


Undoubtedly, carbohydrates play a crucial role in BFT practice, and the benefits of applying carbohydrates were intensively demonstrated on water quality, biofloc quality, and cultured animal performance [68,98]. Nevertheless, excessive carbon emission from BFT is an undeniable fact, exhibiting a great threat to the receiving system [63]. For the purpose of access to reduced resource waste and aquaculture sustainability, practical and effective strategies aimed at optimizing carbon utilization are urgently needed for BFT operations. Therefore, this review discusses the selection of carbon source types, the optimization of carbon addition strategies, and the synergy with other technologies, and proposes practical methods to improve carbon use efficiency, contributing to green and sustainable aquaculture.



Applying low-cost carbohydrates is thus recommended since it is an obvious alternative that entitles BFT to economic sustainability [99]. It is worth noting that carbohydrates applied in aquaculture are mainly synthetic and novel ones, as cultured species require carbon sources with steady C-release rates, less DOC accumulation, and lower color intensity [87]. Additionally, although the economic impact of part of C-loss can be solved by applying cheap by-product carbohydrates, this undesired high C-loss will undoubtedly raise concerns about the environmental impacts of BFT practice.



The application of less carbon to BFT [22], or only even in the case of occasional ammonia spikes [71], has been previously reported as a plausible approach, through which carbon was saved and C-loss was accordingly reduced. Remarkably, the premise of the above approaches is that it does not cause any adverse effect on overall BFT performance; otherwise, the approaches are not worth the benefits and are meaningless. Therefore, the practical scenarios for achieving an overall satisfactory performance of BFT at the cost of a certain amount of C-loss are currently within reach.



The implication of most current studies emphasized the role of carbon in determining BFT running performance, usually from the aspect of carbon types and C/N ratios [8,11,49]. Yet, related sustainability issues including resources waste and environmental pollution induced by a high percentage of C-loss have not received the attention they deserve. One consequence of this ignorance is the extreme lack of relevant studies (Table 2), which brings great difficulties in overviewing the current optimized utilization strategies of carbon sources of this paper. Thus, the authors are looking forward to bringing attention to this review for the purpose of further filling the gap in C-loss control of BFT. BFT itself is an excellent alternative for obtaining sustainable aquaculture, as it could reduce feed intake along with minimal water exchange and a high degree of biosecurity. If nutrient loss, especially C-loss, is not well addressed, the green sustainability of BFT will be reduced.



It is evident that carbon addition reduced the carbon retention efficiency of the total carbon input compared to the commercial feed alone (Table 2). Nevertheless, the manipulation of the addition method or frequency failed in elevating the carbon utilization as expected [53,73]. By contrast, the integration of BFT with denitrification and aquaponics recycling nutrients for multiple uses seems plausible to reduce carbon emission for sustainable aquaculture production [67,76], and further research is thereby warranted.



Further research is needed on optimizing the carbon utilization efficiency and reducing carbon emission, either directly by farmed animals or indirectly by capturing nutrients for other purposes. The standardization of methods, techniques, and equipment is critical to the application of carbon to BFT aquaculture systems. In the near future, it is anticipated that BFT will become a more competitive alternative to aquaculture, adopting upgraded approaches to maximize the utilization of resources while reducing the impact on the external environment.



In addition, research on the diversity and dynamics of biofloc microorganisms is still scarce, and the possible mechanisms of their interaction with farmed species, mass balance, and receiving environment remain unclear. The interactions between biofloc microbes are complicated; one example is that heterotrophic bacteria could utilize the organic carbon secreted by algae [100]. This carbon availability due to algal constituents can be considered when evaluating carbon cycling within BFT systems. In this regard, the enhancement in mass transfer between functional microbes might be another feasible method for the purpose of improved carbon utilization in BFT systems. Thus, exploring the interaction mechanism between biofloc microbes is of great significance, which deserves further study.




7. Conclusions


High carbon loss from BFT has not received the attention it deserves. This review discussed the possible impacts of C/N ratios, carbon types, addition strategies, and technology integration on the optimization of BFT carbon utilization. For this purpose, the application of less carbon to BFT, or only even in the case of occasional ammonia spikes, could be served as a plausible approach. Notably, the manipulation of the addition method or frequency failed in elevating the carbon utilization as expected. By contrast, the integration of BFT with denitrification and aquaponics recycling nutrients for multiple uses seems plausible to reduce carbon emission for sustainable aquaculture production.



A cursory look at the literature reveals that research on optimized carbon utilization in BFT has just emerged. A large gap exists in practical BFT operation in terms of efficient carbon cycles. Future research should focus on revealing interactions between BFT microbial components, which is helpful for the standardization of carbon application in a more sustainable and economic manner.
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Figure 1. Schematic carbon and nitrogen cycle within BFT. 
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Figure 2. Calculation of the daily carbon for removing nitrogen from wasted feed and fish excretion in BFT. The hypothesis of 75% of the feed-N ending up in water is based on Avimelech [14]. 
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Table 1. Nutrient composition of bioflocs corresponding to different carbon source types.
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Carbon Source Type

	
Nutrient Composition of Bioflocs (%)

	
Reference




	
Ash

	
Protein

	
Carbohydrate

	
Fat






	
Acetate

	
44.8

	
31.1

	
23.6

	
0.5

	
[54]




	
41.5

	
26.3

	
20.2

	
/

	
[55]




	
27.0

	
42.0

	
29.0

	
2.3

	
[56]




	
Glycerol

	
15.2

	
35.5

	
45.1

	
4.2

	
[57]




	
Molasses

	
56.2

	
17.9

	
/

	
2.4

	
[58]




	
10.4

	
3.8

	
/

	
2.8

	
[59]




	
Corn

	
26.1

	
26.9

	
/

	
3.9

	
[60]




	
Wheat flour

	
25.0

	
53.7

	
20.4

	
/

	
[61]




	
10.5

	
40

	
/

	
7.9

	
[5]




	
Glucose

	
1.6

	
22.3

	
/

	
3.6

	
[28]




	
15.0

	
41.2

	
37.7

	
6.1

	
[57]




	
Starch

	
12.4

	
31.5

	
47.6

	
8.5

	
[57]




	
Rice bran

	
11.4

	
22.7

	
/

	
1.8

	
[62]











 





Table 2. Possible strategies for the purpose of improved carbon utilization in BFT.
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Carbon Types

	
C/N Ratios

	
Cultured Species (Period)

	
Carbon Loss Remarks

	
Reference






	
C/N ratio manipulation




	
Hydrous glucose

	
15

	
Jade perch

(adult, 45 days)

	
Converting into a nitrifying BFT biofilter by stopping carbon addition under low nitrate, through which C is saved

	
[22]




	
White sugar

	
15

	
Litopenaeus vannamei (post-larvae, 35 days)

	
Recommend to add carbon into BFT only in case of ammonia spikes

	
[71]




	
Glycerol

	
0, 10, 15, 20

	
Clarias gariepinus  (juvenile, 6 weeks)

	
Input/output ratio increased with increasing C/N ratios

	
[70]




	
Carbon type manipulation




	
Corn starch and molasses

	
12

	
Litopenaeus vannamei (post-larvae, 5 weeks)

	
Carbon retention in corn starch and molasses BFT systems was only 15% and 17% of the total input, respectively

	
[63]




	
PHB

	
>15

	
Oreochromis niloticus (juvenile, 48 days)

	
With the increase in PHB addition, the higher the degradation loss, and the lower the degree of surface degradation and damage

	
[72]




	
Addition strategy manipulation




	
Commercial diet, corn starch

	
7.6, 14.6

	
Oreochromis niloticus  (juvenile, 28 days)

	
Carbon use efficiency was reduced by 9-11% neither added separately nor with feed in one pellet

	
[53]




	
Tapioca powder

	
12

	
Litopenaeus vannamei  (post-larvae, 6 weeks)

	
Splitting daily dosage of carbon source from 1 to 3 and 6 times per day had no significant effect on carbon retention (26-31%)

	
[73]




	
Fish feed and soluble starch

	
16

	
Oreochromis

Niloticus  (larvae, 8 weeks)

	
Soluble starch addition increased daily CO2 emission by 91.1%

	
[64]




	
Technology integration




	
-

	
15

	
Litopenaeus vannamei (juvenile, 30 days)

	
Reusing water over multiple culture cycles

	
[74]




	
Effluent from solid-phase denitrification

	

	
Tilapia (juvenile, 15 days)

	
Reuse waste carbon in the effluent from solid-phase denitrification for biofloc growth

	
[67]




	
-

	

	
Litopenaeus vannamei (post-larvae, 73 days)

	
Integration with aquaponic produced 2 kg of halophyte Sarcocornia ambigua for each kg of shrimp.

	
[75]




	
-

	

	
Tilapia (juvenile, 21 days)

	
Integration with aquaponic favored lettuce yield

	
[76]
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