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Abstract

:

The reuse of effluent waters and sediments from African catfish (Clarias gariepinus) recirculation aquaculture systems requires a deeper understanding of the nutrient and energy flows and material pathways. Three semi-commercial systems, differing in stocking density, were sampled for nutritive and pollutant elements of the input- (tap water, feed) and output pathways (fillet, carcass, process water, sediments) by ICP-OES/MS and calorimetry. Highly water-soluble elements, e.g., potassium, accumulated in the water, whereas iron, copper, chromium and uranium where found in the solids. Feed derived phosphorous was accounted for, 58.3–64.2% inside the fish, 9.7–19.3% in sediments, and small amounts 9.6–15.5% in the process waters. A total of 7.1–9.9% of the feed accumulated as dry matter in the sediments, comprising 5.5–8.7% total organic carbon and 3.7–5.2% nitrogen. A total of 44.5–47.1% of the feed energy was found in the fish and 5.7–7.7% in the sediments. For reuse of water and nutrients in hydroponics, the macro-nutrients potassium, nitrate, phosphorus and the micro-nutrient iron were deficient when compared with generalized recommendations for plant nutrition. Low energy contents and C/N-ratio restrict the solely use of African catfish solids for biogas production or vermiculture. Using the outputs both for biogas supplement and general fertilizer in aquaponics farming (s.l.) (combined with additional nutrients) appears possible.
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1. Introduction


The globally growing and developing human population within the save limits of the planetary boundaries [1] increasingly depends on the level of sustainability of the agricultural systems of the future. These systems must produce higher yields by using fewer resources, but also entail fewer emissions when compared with those of the present times. To meet these demands, future food production must be intensified [2] and integrated [3] into other farming systems. The use of intensive recirculation aquaculture systems (RAS) to produce aquaculture species is considered as one of the most sustainable farming methods of animal protein [4,5]. The makeup and reuse of process water in RAS allows conservation of valuable resources like water and energy, and the capacity in concentrating animal waste products, i.e., feces, offers more effective waste treatment, disposal or recycling [6]. One of the most efficient warm water aquaculture RAS production has been described for the African catfish, Clarias gariepinus [7,8] allowing stocking densities of up to 200–350 kg m−3 water and on a fairly limited space [8,9,10].



Despite these advantages, the environmental conditions inside a RAS challenge the animal, because of increasing concentrations of feed- and input water-derived elements accumulating in the system [8,11,12,13]. Most recently it was detected that the production intensity of African catfish RAS disproportionally affects the accumulation of nutrients in the process water [8]. In addition, the fast growth rate and rapidly increasing feed input with subsequent adjustment of process water treatment and water exchange rates resulted in highly variable proportions of the macro-nutrients during the production cycle. In combination with biogas production, liquid and solid effluent wastes from RAS have been added to the anaerobic digester for energy production, without information on the possible impact on the methanation process and a better use, such as plant fertilizer. Also considering the quality of the fish product, increasing levels of different elements in the process water finally may accumulate in the flesh of the fish [14] and affect its product quality.



To transform modern RAS into production models that comply with the principles of the circular economy, different integrative approaches have been tested or are under development. To save energy costs, warm water RAS are integrated into biogas production facilities to benefit from the excess heat [15]. In order to reduce the effects of nutrient emissions, the integration of commercial plant production systems under reuse of process water, also known as aquaponics [16], is in the process of investigation [17]. The plant nutritive elements contained in the process water are provided through the unretained fish feed nutrients [8,16,18]. The high process water reuse rate of RAS favors the accumulation of valuable plant essential nutrients, i.e., nitrate, phosphate, and potassium [8,13,19,20,21]. However, the optimal process water reuse and the subsequent different aquaponics systems constructions are still under dispute [16].



Under reuse of nutrients and process water from African catfish production in aquaponics, both the total concentration and the ratio of primary macro- and micro-nutrients influence the productivity and quality of plant produce [19,20,22]. So far, only few studies registered all the essential plant nutrients in RAS process water, such as for Tilapia (Oreochromis niloticus) [18]. Compared with African catfish, Tilapia resulted in better yields in lettuce, cucumber, tomato [23], and basil [24]. Nutrients from solid wastes have not been utilized in aquaponics s.s. in the sense of Palm et al. [16], however, were considered suitable for aquaponics farming in combination of salmon smolts with wheat and barley [25]. In African catfish RAS, the solids, usually separated gravitationally from the process water by clarifiers, might also be suitable for a subsequent reuse. The deposited solids are removed during regular cleaning intervals, in addition to the regular water exchange (ca. 10–15% of total RAS volume per day). This discard, however, results in notable loss of water and nutrients and therefore does not comply with a sustainable resource use.



Based on limited input pathways of nutrients (tap water, feed) and different output pathways of macro- and micro-nutrients (process water, deposited solids, fish), the purpose of the present study was to analyze the element fluxes in commercial African catfish RAS under different stocking densities and two different feeding regimes. With the actual growth of commercial catfish RAS and increasing emissions, the best options to achieve most efficient nutrient uptake and/or reuse must be evaluated. Besides catfish farmers and general RAS operators, stakeholders intending to invest into aquaponics require information on nutrient fluxes and pollutant accumulation as well as the most deficient elements inside liquid and solid effluents for an effective plant production. This enables targeted adjustment of their aquaponics, either with additional waste treatment, nutrient addition or adequate adjustment of the applied catfish holding conditions (nutrient management). We, therefore, present the nutritive and pollutant elements inside the water, deposited solids and fish, combined with an evaluation of the energetic balance between feed energy input and detected output values in fish and deposited solids. This allows for first suggestions of optimal reuse options of African catfish RAS outputs in order to move forward towards the principle of a future circular economy.




2. Materials and Methods


2.1. Aquaculture Facilities


The experiment was carried out in the aquaculture research facilities in the “FishGlassHouse” [8,16] of the Faculty of Agriculture and Environmental Sciences of the University of Rostock. Three nearly identical RAS at a semi-commercial scale were used. Each RAS comprised nine fish tanks, one clarifier, one sump (heater and trickling filter supply pump), one nitrifying trickling filter, and one trickling filter sump (fish tank supply pump). Detailed specifications of the systems have been described previously [8,16].




2.2. Fish and Feeding


The three RAS were stocked with African catfish (Clarias gariepinus Burchell, 1822) at three different production intensities: extensive aquaculture system (EAS): max 50 kg m−3 ≙ 35 fish tank−1, semi-intensive aquaculture system (SIAS): max 100 kg m−3 ≙ 70 fish tank−1, and the intensive aquaculture system (IAS): max 200 kg m−3 ≙ 140 fish tank−1 under staggered production with three age/size class cohorts per RAS. All RAS were stocked in parallel with the same three cohorts. Cohort 1 was stocked and first fed on 01 Nov 2016, cohort 2 on 13 Jan 2017, and cohort 3 on 10 Apr 2017, with initial mean weights of 35, 35, and 40 g fish−1. The fish were automatically fed by commercial diet for African catfish (Skretting Meerval TOP 4.5 mm) from two different batches. Except for zinc sulfate monohydrate, manufacturers specifications indicated identical feed compositions, containing 42% protein, 13% fat, 8.5% ash, 1.8% fiber, 2% calcium, 0.4% sodium, 1.2% phosphorus, 42 mg kg−1 iron 2 hydrate monohydrate, 2.1 mg kg−1 calcium iodate anhydrous, 5 mg kg−1 copper sulfate pentahydrate, 16 mg kg−1 manganese sulfate monohydrate, 110 mg kg−1 zinc sulfate monohydrate in batch 1 and 100 mg kg−1 in batch 2.



To determine fish growth and feed efficiency, all fish were weighed during stocking, and on 8 Jun 2017 (fish sampling). With the data obtained from stocking and sampling, the feed conversion ratio (FCR) Equation (1), the specific growth rate (SGR) Equation (2), and the survival rate (SR) Equation (3) of the different RAS and cohorts were calculated. For the calculations on fish performance, the mean values per tank were used. The respective coefficients of variance (CV) were calculated between the mean values of the triplicated tanks.


  FCR =  F G   



(1)




with F = feed as given (ww, in g), G = growth (ww, in g)


  SGR    (    %   d   − 1    )  =    (  ln   BW   final   − ln   BW   initial    )   t  ∗ 100 ,  



(2)




with BWfinal = body weight (ww) on the day of sampling at the end of the experiment, BWinitial = body weight t = time in days of feeding (d).


  SR    ( % )  =     n   fish   final       n   fish   initial     ∗ 100 .  



(3)




with n fishfinal = number of fish on the day of sampling at the end of the experiment, n fishinitial = number of fish on the day of sampling at the beginning of the experiment.




2.3. System Management


The sampling of the systems was performed under two different feeding regimes. Fish were fed according to 50% and 80% of a feeding curve supplied by a commercial partner (Fischgut Nord eG, Abtshagen, Germany). Thereby the 50% feeding regime resulted in higher oxygen levels and 80% in lower oxygen levels. To allow microbes in the three RAS to adapt to both feeding regimes, the systems were run on the respective feeding and management regimes for four weeks prior sampling. The water flow in each RAS was modified via the amount of inlet water in the fish tanks. The flow of the clarifiers in each RAS was adapted to a mean value (±CV) 11.2 ± 18.4 m3 h−1 resulting in approximately the same hydraulic surface load Equation (4) in each clarifier with a mean value (±CV) of 0.14 ± 10.0 m3 m−2 h−1. Once a week during clarifier cleaning, the flow was measured and adjusted if necessary. The water level in inside the systems was controlled automatically by a buoyant valve.


  Hydraulic   surface   load    (   m 3      m   − 2       h   − 1    )  =    Q  AB      (     m 3   h   )    A    (   m 2   )    ,  



(4)




with QAB = flow rate in clarifier, A = effective surface area of tube settler.




2.4. Monitoring of Holding Conditions


To ensure adequate holding conditions of the fish, the physico-chemical water parameters (dissolved oxygen (DO), pH-value, temperature, redox potential, and conductivity) were measured daily with a multimeter (HACH LANGE HQ40d). Process water samples for the determination of ammonia nitrogen (NH4+-N), nitrite nitrogen (NO2−-N), nitrate nitrogen (NO3−-N) were taken every seven days from the outlet of the nitrifying trickling filter over the run of the experiment and were analyzed colorimetrically (Gallery™, Thermo Fisher Scientific, Dreieich, Germany). To calculate water nutrient input as a consequence of water exchange and precipitation, the water meters of the systems were recorded daily.




2.5. Sampling


Sampling of the clarifiers was performed six days after the cleaning of the clarifiers. The first sampling during high DO management (50% feeding ≙ low feeding level) was performed on 8 May 2016 after a total feed input RAS−1 6 d−1 as dry matter (dm) of EAS = 7.0 kg, SIAS = 13.9 kg and IAS = 27.5 kg.



The second sampling during low DO management (80% feeding ≙ high feeding level) was done on Tuesday 6 Jun 2017 after a total feed input RAS−1 6 d−1 (dm) of EAS = 14.1 kg, SIAS = 28.3 kg and IAS = 56.6 kg.



To collect sludge and supernatant water samples, the clarifiers were decoupled from the water circuits (switched from “flow-through” to “bypass”). The solids in the clarifiers were left to settle down for 15 min, before the removal of the water with a pond sludge suction cleaner. The sludge on the tube settlers was then flushed of with a high-pressure cleaner and caught in the clarifier. Thereafter, the clean tube settlers were removed and the filling level (hCE) was measured for further calculations. The sludge in the clarifiers was homogenized by heavy stirring with a water blade. For sampling, a 5 L graduated beaker was filled with homogenized sludge. Under continuous stirring, a graduated cylinder (1000 mL) was filled with ca. 1 L (VS: exact volume was noted) of sludge and left for 15 min for the solids to settle. According to this scheme, three samples were taken. The supernatant water from the cylinders was decanted into a second graduated beaker.



Solids: The sludge material was transferred into glass trays (31.3 × 21.3 × 4.0 cm) and dried in an oven („Universal Oven UN750“, Memmert, Germany) at 60 °C for 24 h (first sampling) and 48 h (second sampling) until weight constancy. Samples were checked at 08:00 am, 12:00 am and 04:00 pm, and were removed after mass constancy. To determine the dm (mDMS) Equation (5) and water contents (mWS) Equation (6) of the sludge-samples, the empty weight (mETray), the wet weight (ww) (mWTray), and the DW (mDTray) of the glass trays were determined.


   m  DMS      ( g )  =  m DTray     ( g )  −   m   ETray      ( g )   



(5)






   m  WS      ( g )  =  m WTray     ( g )  −  m  DTray      ( g )   



(6)







Sample masses were extrapolated Equation (8) with the aid of a volumetric conversion factor (CF) Equation (7). The dried sample material was then transferred into tubes, sealed, and stored at −18 °C until analysis.


  CF =  l C   ( m )  ∗  w C   ( m )  ∗    h  CE    ( m )     V S   (   m 3   )     



(7)






   m  DMC      ( g )  =  m  DMS      ( g )  ∗ CF  



(8)




lC, wC: length and width of the clarifier bottom; hCE: filling level; Vs: mean volume of the three homogenized sludge samples



Water: The supernatant was filtered through a glass fiber filter (GF6, Ø 47 mm, Whatman, UK). Then a single-use syringe (60 mL, ISO 7886-1) was flushed with the pre-filtered sample water. Samples for dissolved species were taken with pre-cleaned syringe filters (0.4 µm, SFCA) and stored cool in acid-cleaned (2 vol % HNO3) 50 mL PP tubes after acidification with 1 mL sub-boiled HNO3. Tap water samples were treated in the same way.



Feed: Both feed batches were sampled three times (150 g each) and the material was dried at 60 °C until weight constancy (“Universal Oven UN750”, Memmert, Germany). The water content was calculated from the weight loss after drying. Finally, the feed was transferred into tubes and sealed and stored at −18 °C until analysis.



Fish: To determine the contents of nutritive and pollutant elements in the fish, a small and a large animal from the three fish tanks with the largest cohort (cohort 1) in every RAS was chosen. The filets were removed from the carcasses. The filets and the flesh-free carcasses from one respective RAS were then weighed and shredded with a meat chopper. After that, a whole fish sample was simulated by mixing a proportional part of the shredded filet and carcass for every RAS. The filet, carcass, and whole fish samples (each ca. 100 g) were deep-frozen (−20 °C) in freezer bags and freeze-dried for 3 days. The water content was again calculated from the weight difference of the wet and dry fish samples. The fish sampling was carried out only during the second sampling under 80% feeding.




2.6. Chemical Analysis


Sample preparation: The dried sludge samples were homogenized by an agate ball mill (200 rpm for 10 min) and the feed samples by an agate mortar. The freeze-dried fish samples were first crushed with an agate ball mill (200 rpm for 20 min) and then homogenized using a ceramic mill. As pre-treatment for the analysis, about 50 mg of the dried and homogenized feed and sludge samples and 250 mg of the fish samples were put in closed Teflon vessels [26] for acid digestion. To oxidize the organic matter contents, the samples were first treated for 1 h with 2 mL (fish samples 3 mL) concentrated HNO3 at 60 °C on a hot plate. Thereafter, 2 mL (fish samples 3 mL) concentrated HClO4 was added and the closed Teflon vessels were heated at 185 °C for 12 h. After digestion, the acids were evaporated at 185 °C on a hot plate to almost dryness before the samples were fumed-off three-times with 2 mL 1+1 HCl. To the residues, 5 mL 2 vol % HNO3 were added and the digestion sintered for 1 h at 60 °C. After cooling, the samples were transferred into 50 mL centrifuge tubes and filled up with 2 vol % HNO3 to a final volume of 50 mL.



ICP-OES and ICP-MS Analysis: In fish and solid waste samples, the major elements Al, Fe, Ca, Mg, Na, K, P, and S were measured by ICP-OES (iCAP 7400 Duo, Thermo Fisher Scientific, Bremen, Germany) using an external calibration and Sc as internal standard. Precision and accuracy of the measurements were monitored by the international reference material SGR-1b (USGS, Denver, CO, USA) and were ≤4.9% and 2.7%, respectively. The trace elements As, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Se, Sn, U, and Zn were determined by ICP-MS (iCAP Q, Thermo Fisher Scientific coupled to a PrepFast dilution module, ESI, Dreieich, Germany) using external calibration and Be, Ga, Rh, and Ir as internal standards. The measurements were done in the KED (kinetic energy discrimination) mode with He as collision gas for all elements except for Se (He with 8% H2). Precision and accuracy of the measurements were also determined by the international reference material SGR-1b and were ≤2.9% and 7.6%, respectively. The water samples were also measured by ICP-OES for major ions and P and Mn, whereas ICP-MS was used for As, Cd, Co, Cr, Cu, Fe, Mo, Ni, Se, Pb, U and Zn. Precision and accuracy were determined by the international reference material SLRS-5 (NRCC, Ottawa, Canada) and were ≤5.8% and 5.2% for ICP-OES and ≤4.0% and 9.3% for ICP-MS.



CNS-Analysis: The total C and N contents of sludge, feed, and fish samples were determined by combustion in an elemental analyzer (Euro EA, HEKAtech, Wegberg, Germany). While ~5 mg of the sludge and feed material was directly weighed together with vanadium pentoxide in tin capsules, the fish samples were mixed 1:10 with silica sand and homogenized in the agate ball mill (200 rpm for 20 min). Of this mixture, ≈15 mg were again weighed in the tin capsules with vanadium pentoxide as catalyst. Precision and accuracy were determined by the international reference standard MBSS and were 3.6% and −3.1% for TC and 9.3% and 1.6% for TN.



Total inorganic carbon (TIC) was determined by an elemental analyzer (multi EA 4000, Analytik Jena, Jena, Germany) after acid treatment of 50 mg of the samples with 1:1 phosphoric acid. Precision and accuracy were checked with the in-house reference material OBSS and were 3.1% and −0.2%. Total organic carbon (TOC) was calculated by the difference of TC and TIC.



Hg-Analysis: For the determination of Hg by atomic absorption spectroscopy (DMA 80, Milestone, Leutkirch im Allgäu, Germany), ≈100 mg of the sludge, feed, and fish samples were weighed into metal boats. In brief, after combustion at 700 °C, released gases were transferred to an amalgamator where Hg was removed by forming gold amalgam. After evaporation, Hg was finally measured by AAS at a wavelength of 253.7 nm. Precision and accuracy where calculated from the reference material MBSS and were 7.1% and 9.4%.



Energetic analysis: The calorific values (gross calorific value) of the dry and homogenized samples (sludge, feed and fish) were measured by a bomb calorimeter Parr 6400 after DIN51900-2 using 1 g of each sample. Fiber content (Acidic Detergent Fibre (ADF), Neutral Detergent Fibre (NDF) of feed and deposited solids was analyzed by using a Gerhard Fibretherm after Weender and detergent analysis method according to van Soest (described in [27]). A total of 10 g of the dry samples are used for each triplicate. Raw ash (XA) represents the inorganic content of the samples. XA was analyzed by incineration of the sample by using a muffle furnace at 550 °C until weight constancy. The ADF summarizes commonly not digestible compounds from cell walls as lignin and cellulose, whereas the difference between NDF and ADF Equation (9) characterizes the hemicellulose (H) content of the cell wall, which is known as (heavily) digestible. Easily digestible are cell contents as proteins, fat, sugar, starch and pectin, which were not analyzed. The principally easily digestible fraction (ED) could be calculated as difference between 100% dm and the sum of NDF and ash Equation (10).


  H    ( % )  = NDF    ( % )  − ADF    ( % )   



(9)






  ED    ( % )  = 100    ( % )  − NDF    ( % )  − XA    ( % )   



(10)








2.7. Mass Balance Calculations


Nutrient calculations: For nutrient balancing, the masses of elemental nutrient input by the feed and by the water, the masses of elemental nutrients that accumulated in the clarifiers sludge (mOS) and in the system water (mOW) as well as the masses of elemental nutrients that were retained in the fish (mOFi), were calculated using the results of the samples. The balancing was done for the six days of sludge collection during 80% feeding. To obtain the mass of elemental nutrient input through the feed (mIF), the measured nutrient concentration (cIF) was multiplied with the dm of feed that was given during the six foregoing (mAllF) days (time space between last clarifier cleaning and sampling) Equation (11). The mass of an elemental nutrient in the sludge dm (mOS) was determined with the measured concentration of the nutrient (cOS) in a sample and the calculated sludge dm in the clarifier of one RAS (mDMC) Equation (12). To determine the elemental nutrient mass that retained in the fish during the six days (mOFi) Equation (16), the mean proportion of elemental nutrient input through the feed that retained in the fish from stocking until sampling was calculated (WStSFFi) Equation (15). Therefore, the elemental nutrient input by the feed from stocking until sampling (mStSF) in one RAS was calculated by multiplying the mean values of the measured elemental feed nutrient concentrations (cF) and the mass of feed brought into the system from stocking until sampling (mAllStSF) Equation (14). The masses of elemental nutrients that retained in the fish from stocking until sampling (mStSFi) were determined by multiplying the biomass gain of fish (mAllStSFi) over this time in one RAS with the mean values of the measured concentrations in the fish (cFi) samples Equation (13).



For calculating the elemental nutrient input by the water (mIW), the water exchange rate (VIW) was multiplied by the elemental nutrient concentrations in the tap water (cIW) Equation (17). The water exchange was performed during the clarifier cleaning. To calculate the accumulation of elemental nutrients over six days in the water, a steady state regarding the dissolved nutrients was assumed. In this context the elemental nutrient concentrations in the supernatant (cOW) multiplied with RAS volume (VRAS) represented the highest elemental nutrient masses in the process water of one RAS (mEndRAS) Equation (18). The water exchange rate (VIW) multiplied with the supernatant concentrations (cOW) showed the output of nutrients (mOutW) Equation (19). Consequently, the mass of elemental nutrient accumulation (mOW) could be calculated by building the difference of mEndRAS and mOutW Equation (20).


   m  IF   =  c IF  ∗  m AllF   



(11)






   m  OS   =  c OS  ∗  m DMC   



(12)






   m  StSFi   =   m   AllStSFi   ∗ cFi  



(13)






   m  StSF   =     cF   Batch 1   +  cF  Batch 2    2  ∗  m AllStSF   



(14)






   W  StSFFi   =    m  StSFi      m  StSF      



(15)






   m  OFi   =  W StSFFi  ∗  m IF   



(16)






   m  IW   =  V IW  ∗  c IW   



(17)






   m  EndRAS   =  V RAS  ∗  c OW   



(18)






   m  OutW   =   V   IW   ∗  c OW   



(19)






   m  OW   =  m EndRAS  −  m OutW   



(20)







Balancing: The proportional amount (X) of element input by feed and tap water in% in relation to overall input was calculated according to formula Equation (21).


  X    ( % )  =    m x    ∑  m n    ∗ 100 ,  



(21)




with X = percentage of the input element in feed or tap water in relation to overall element input (feed + tap water), mx = mass of the element in feed or tap water, ∑mn = sum of the element masses in feed and tap water.



The proportional element/energy output (Y) in fish, sludge and process water in relation to its overall input (element = feed, tap water; energy = feed) in% was calculated according to formula Equation (22).


  Y    ( % )  =    m y    ∑  m n    ∗ 100 ,  



(22)




with Y = percentage of element/energy output in relation to overall input, my = mass of the element mass/energy in fish, sludge or water, ∑mn = sum of the element in feed and tap water/energy value of input feed.




2.8. Statistics


All statistical analysis was performed with “IBM SPSS Statistics 22”, with a significance level of p < 0.05. The daily measured water parameters (O2 (%, mg L−1), pH, temperature (°C), conductivity (μS cm−1) and salinity (‰, calculated)) over the six days between clarifier cleaning and sampling (for 50% as well as 80% feed input) were tested for normal distribution using Shapiro-Wilk-test. Homogeneity of variance was tested using Levene’s Test. When data showed no homogeneity of variance, after an univariate ANOVA, Dunett T3 was used as post hoc test. This was the case for salinity, conductivity and O2 (%) under 50% feed input. When data was not normally distributed, Kruskal–Wallis-test was performed. This was the case for all water parameters during 80% feed input and pH, temperature and O2 mg L−1 under 50% feed input.





3. Results


3.1. Fish Performance


The fish demonstrated efficient growth and high survival rates (Table 1). The increase of production intensity did not affect weight gain, FCR and SGR, but resulted in reduced survival rate in the IAS by 4% when compared with EAS. Under all production intensities, increase of age/size (fish cohort 1–3) resulted in an increase of the FCR by about 0.11, and a decrease of SGR by about 1.4.




3.2. Water Quality


The results on the physico-chemical water quality are given in Table 2. The temperature remained close to 27 °C. The pH values were in the range of 4.5–4.9 under 50% F and between 5.0–5.8 under 80% F. Increase of production intensity increased the EC, but increase of F from 50 to 80% did not result in proportionate increase of conductivity. DO remained between 5.3 and 7.1 mg L−1, with the lowest values in the SIAS and highest values in EAS. The concentrations of dissolved nutritive and pollutant elements are given in Table 3. The highest concentrations of N and P were observed in the IAS under 50% F and the lowest in EAS under 50% F. The concentration of TDN per unit of feed input decreased with increase of production intensity under both feeding regimes. The highest level of total dissolved nitrogen (TDN) per kg feed input was observed in EAS under 50% F, the lowest concentration of N per kg feed input in the IAS under 80% F.




3.3. Element Concentrations Inside the Fish


The concentrations of nutritive (macro- and micro-nutrients) and pollutant elements analyzed in the total fish, the fillet and the carcass (dw) of African catfish, stocked at three different intensities (EAS, SIAS, IAS) are given in Table 4.



In the whole fish from all production intensities, macro-nutrient concentrations decreased in the order N > Ca > P > K> S> Na > Mg. Amongst the micro-nutrients, except for the switched order between the concentrations of Cr and Cu in IAS, the concentrations in all systems decrease in the order Fe > Zn > Mn > Cu > Cr > Se > Mo > Co. Amongst the pollutant elements, the concentrations decreased in the order Al > Ni > As > Pb > Cd > Hg > Sn > U.



When compared between fillet and carcass, the concentrations of the macro-nutrients N, K and S were found to be higher in the fillet, all other macro- and micro-nutrients were higher concentrated in the carcass. Likewise, the pollutant elements Hg and As were higher in the fillet, all other pollutant elements in the carcass.



In the fish fillets from the three RAS, the macro-nutrient concentrations decreased in the order N > K > P > S > Na > Mg > Ca. Except for N, the highest macro-nutrient concentrations were found in the fillets from IAS. The lowest concentrations of K, P and Mg in fillets were determined in the EAS, and the lowest concentrations of S, Na and Ca in fillets from the SIAS. Except for the switched order of Co and Mo in the fillets from IAS, the micro-nutrient concentrations in all systems decreased in the order Fe > Zn > Cu > Mn > Cr > Se > Co > Mo. Amongst the pollutant elements, the concentrations in EAS and SIAS decreased in the order Al > Ni > As > Pb > Hg > Sn > Cd > U, and in IAS Al > As > Pb > Ni > Hg > Sn > Cd > U. In the carcasses from all RAS, macro nutrient concentrations decreased in the order N > Ca > P > K > S > Na > Mg.



Amongst the micro nutrients, except for the switched orders of Fe and Mo in EAS and Cu and Cr in IAS, the concentrations in all systems decreased in the order Fe > Mo > Zn > Co > Mn > Cu > Cr > Se. Amongst the pollutant elements, the concentrations in EAS and SIAS decreased in the order Al > Cd > Hg > Sn > Ni > U > Pb > As, and in IAS Cd > Al > Hg > Sn > Ni > U > Pb > As. The relative distribution of nutritive elements between fish fillet and carcass are illustrated in Figure 1 (exact values: see Table S1). All nutritive elements were recorded in the carcass, unaffected by stocking density. While the distribution of K between fillet and carcass are closer to equal, Ca and Mn are overbalanced in the carcass (Ca > 99%, Mn > 96% for all RAS). The relative distribution of the pollutants between fish fillet and carcass are illustrated in Figure 2. Most pollutant elements were recorded in the carcass. While the distribution of Hg, As and Cs between fillet and carcass are closer to equal, Al, Cd and Ni are overbalanced in the carcass (Al > 97%, Cd > 98%, Ni > 88% for all RAS).




3.4. Solids


The dm content and calorific values in the effluent sludge of one clarifier (deposited solid waste per clarifier water volume) after 6 d of solid waste collection was in EAS to SIAS 0.06, 0.1 and 0.13% under 50% F, and 0.1, 0.22 and 0.24% under 80% F. The amounts of dm, TOC and calorific values, which were determined in the deposited solid waste that was recovered from the clarifiers of the EAS, SIAS and IAS, after 6 d of solids collection, under the 50 and the 80% F are given in Figure 3. The total amount of dm increased from EAS to IAS under 50% F (0.69, 1.1, 2.2 kg) and 80% F (1.2, 2.7, 4.0 kg). The relative amount of dm as percentage of feed input 6 d−1 (dm) decreased from EAS to IAS under 50% F (9.9, 8.6, 8.0%). Likewise, under 80% F (8.4, 9.6, 7.1%), this amount was lower in IAS when compared with EAS, but the highest amount was found in SIAS. The total amount of TOC increases from EAS to IAS under 50% F (0.29, 0.47, 0.87 kg) and 80% F (0.46, 0.98, 1.46 kg). The relative amount of TOC as percentage of feed TOC input decreases from EAS to IAS under 50% F (8.7, 7.2, 6.7%). Likewise, under 80% F (6.9, 7.3, 5.5%), this amount was lower in IAS when compared with EAS, but the highest amount was found in SIAS. The fiber analysis, done only for 50% F, showed low differences between the EAS, SIAS and IAS but as expected considerable between feed and sludge (Table 5). The proportions of raw ash, NDF, ADF, the theoretically easy digestible (ED) share and hemicellulose are illustrated in Figure 4. It is to recognize a slight lower hemicellulose and slight higher ash content at solids of the EAS. The total calorific values increase from EAS to SIAS under 50% F (13.5, 22.7, 42.0 MJ) and 80% F (21.5, 46.4, 68.8 MJ). The relative calorific values as percentage of feed calorific input decreases from EAS to IAS, under 50% F (9.2, 7.7, 7.3%). Likewise, under 80% F (7.2, 7.7, 5.7%), this amount is lower in IAS when compared with EAS, but the highest amount was found in SIAS. The concentrations of relevant elements for anaerobic digestion in the effluent sludge (nutrients from water and solids) from one clarifier after 6 d of solid waste collection are given in Table 6. The concentrations of all detected elements in the solids waste from one clarifier after 6 d of solid waste collection are given in Table 7. The highest concentrations of N per dm were observed under 50% F, with the highest concentration in SIAS. Likewise, concentrations P and Ca, Cu, Co were higher under 80% F, with the highest concentrations in SIAS. S was higher under 50% F, with highest concentrations in EAS. Ni, Pb and U decrease under increased production intensity.




3.5. Mass Balance


Input of nutritive elements: The proportions of nutritive element input via the feed and the tap water into the EAS, SIAS and IAS within 6 d of feeding (80% F) without maintenance, are given in Figure 5. Most of all nutrient input into the EAS, SIAS and IAS was attributed to the feed, which accounted for more than 99% of N, P, Fe, Mn, Zn, Se, Co and Cr resulting from feed nutrient concentrations of 6.9% N, 1.4% P, 431 mg Fe kg−1, 50.0 mg Mn kg−1, 188 mg Zn kg−1, 0.76 mg Se kg−1, 0.35 mg Co kg−1 and 9.5 mg Cr kg−1 (per dm). Nutrient input via the feed into the EAS, SIAS and IAS further accounted for 95.3%, 97.6% and 98.3% of K, 69.4%, 82.1% and 86.6% of Ca, 66.7%, 80.2% and 85.1% of Mg, 69.1%, 81.9% and 86.4% of S, 94.8%, 97.3% and 98.1% of Mo and 90.4%, 95.0% and 96.4% of Cu. The analyzed concentrations of the nutritive elements inside the feed are given in Table S2. The calculated proportions of input nutritive elements via the feed and the water are given in Table S3.



Output of nutritive elements: The calculated amounts of the nutritive element output (process water, fish, deposited solids and other) relative to the nutritive element input (tap water, feed) in% are given in Figure 6. The element output through the process water was dominated by the elements S (63.3, 52.9, 37.4%, EAS to IAS), Co (61.9, 32.5, 17.4%) and Mg (57.8, 51.3, 35.6%), via the fish by the elements P (58.7, 58.3, 64.2%), N (42.7, 48.7, 46.9%), Ca (37.5, 45.6, 52.2%), K (34.1, 35.6, 37.5%) and Se (35.6, 32.5, 33.5%), and via the deposited solids by the elements Cu (145.2, 81.9, 50.8%), Co (85.3, 90.8, 36.9%), Fe (57.5, 67,3, 54.0%), Zn (63.1, 82.2, 60.3%), Mn (30.0, 81.9, 57.1%) and Mo (48.1, 45.5, 33.5%). The unaccounted nutrients were dominated by Cr (76.9, 74.2, 60.2%), N (41.1, 38.4, 44.9%), K (40.7, 36.9, 39.6%), Mo (31.7, 35.4, 50.0%) and Se (31.0, 32.9, 39.8%). The calculated proportions of output nutritive elements (process water, fish, deposited solids and other) are given in Table S4.



Input of pollutant elements: The proportions of pollutant elements (As, Cd, Ni, Pb, U) input through tap water and feed into the EAS, SIAS, and IAS are given in Figure 7. In accordance with the contents of As (0.99 mg kg−1), Cd (0.18 mg kg−1), Ni (5.83 mg kg−1) and Pb (0.74 mg kg−1) in the feed, most of the pollutant input into the EAS, SIAS and IAS can be attributed to the feed (>97%). The input of U into the EAS, SIAS and IAS via the feed (0.16 mg kg−1) accounted for 55%, 71% and 77%. The calculated proportions of input pollutant elements via the feed and the water are given in Table S3.



Output of pollutant elements: The calculated amounts of the pollutant element output (process water, fish, deposited solids and other) relative to the pollutant element input (tap water, feed) are given in Figure 8. This is dominated (from EAS to IAS) via process water by the element As (35.9, 29.5, 30.0%), via the fish by the element Ni (38.5, 59.9, 67.6%), and via the deposited solids by the elements, U (72.4, 84.8, 59.3%), Cd (51.8, 61.8, 43.8%), Pb (46.8, 37.5, 26.2%). Likewise, the highest unaccounted pollutant output was dominated by As (31.0, 33.5, 37.4%), Ni (45.1, 22.3, 20.5%) and Pb (27.3, 36.0, 47.5%). The calculated proportions of output pollutant elements (process water, fish, deposited solids and other) are given in Table S4.




3.6. Energy Balance


The energy balance is illustrated in Figure 9. About 44.5–47.2% of the feed energy input was recovered in the fish. The energy content of the carcass accounted for about 70% of the whole energy content of the fish. The energy inside the deposited solids was <10% of total feed energy input and decreased with an increase in production intensity and F. About 45–50% of the feed energy input was not recorded.





4. Discussion


The general holding conditions, described by the physico-chemical parameters temperature, DO, pH-value, EC [28], as well as the concentrations of NH4+-N [29], NO2−-N [30], NO3−-N [31], were well suitable for the cultivated African catfish. This was seen in very good growth parameters (FCR, SGR) and adequate mortality rates. Most macro- and micro-nutrients and energy contents could be recorded from the produced fish, sediments and water. Most nutrients (N, P, K, Fe, Mn, Mo, Cu, Zn, Se, Co, Cr) were introduced through the fish feed. Notable proportions of the macro-nutrients Ca, Mg, S (approx. 25%) and the micro-nutrients Mo and Cu (approx. 5%) were introduced through tap water and reduced in proportion under increase of production intensity, as this value reflects the ratio of feed input and water use. Similar results were found by Delaide et al. [18] who studied nutrient mass balances in the PAFF box (small scale Tilapia aquaponics s.s.), although the proportions of nutrients introduced with the tap water were more predominant when compared with our study. In the PAFF box, the input via the water accounted for about 80% of total input of Ca, Mg and S, and for about 2–20% for Mn, Zn and Cu. Considering the pollutant elements in our experiment, only U was introduced by the water in larger quantities, all other pollutants mainly entered the systems through the feed. It is interesting to note that most amounts of P (80%) could be re-found either in the process water (Ø12% per input P), deposited in the fish carcass (Ø54% per input P) or in the sludge (Ø14% per input P), while only 55–62% of the input N could be detected.



4.1. Process Water


The assessment of the process water revealed that all measured plant essential elements were present. To evaluate the reuse of the process water by aquaponics plant production, we compared the concentrations with general recommendations for standard hydroponic nutrient solutions [32]. The deviations from these ‘optimum’ concentrations are given in Table 8, demonstrating that the overall concentrations inside the process water were comparatively low and imbalanced. Amongst the macro-nutrients, K, and amongst the micro-nutrients, Fe, Mo and Mn were most deficient, supporting Delaide et al. [18]. Increasing production intensity during 50% F combined with higher oxygen values resulted in an increase of the deficient N, a sign of optimal aerobic nitrification. The situation changed during 80% F, where the amount of dissolved N decreased under increasing production intensity, due to denitrification under lower oxygen regime. A stimulated denitrification processes can be attributed to lower DO and increased TOC in the deposited solid waste inside the clarifier [7,8]. Likewise, an increase of the production intensity under both scenarios 50 and 80% F reduced the deficit in total dissolved P to nearly ideal concentrations for plant production in hydroponics. However, concentrations of plant available ortho-P were 21–37% below total dissolved P. It is interesting to note, that in aquaponics, plant production is possible, even when some nutrients appear low [24], indicating other modes of action stimulating plant growth aside from the detected nutrient concentrations [19]. Despite that, in order to maximize the overall nutrient efficiency and to achieve economic competitiveness with conventional hydroponics, the plant quality and performance can be optimized by nutrient adjustment [19,33,34]. In that sense, Table 8 serves as a generalized indication of the plant relevant properties of the process water.




4.2. Fish


We found that a higher amount of nutrients was allocated to the carcass compared with the fillets. Considering that the carcass accounts for about 73% of the total dry weight of the fish, this is not surprising. Per dm weight, N, K and S were higher concentrated in the fillet; likewise, the macro-nutrients P, Ca and Mg were much higher concentrated in the carcass because it is included in the bones with crystal structures of calcium phosphates, the hydroxyapatite [35]. Inside the fillets from IAS (80% F), we found highest concentrations of all macro-elements and trace elements Zn, Mn, Se, compared with SIAS and EAS. Hoffman et al. [36] and Deng et al. [37] compared fillets of wild and farmed African catfish. While the former authors recorded mineral contents (mg kg−1, on a dm basis) in farmed fish of K > P > Mg > Ca > Fe > Zn > Cu, as in our catfish fillets, Deng et al. [37] showed minor differences from cultured fish (Na > Ca > K > P > Mg > Fe > Zn ww). Polak-Juszczak [38] analyzed African catfish from Polish markets, with smaller values for P, Cu and Se but nearly similar results for Mg (282 mg kg−1 ww) and Ca (106 mg kg−1 ww). Rosa et al. [39] found for raw fillets of farmed African catfish from a retailer in the Netherlands comparable macro- and trace mineral distributions in descending order K > P > Na > Mg > Ca > Zn > Fe > Cu >Mn with only higher concentration for Zn. They showed that K was the major element followed by P and Na as it was found for African catfish in this study. Similar order for minerals were found for African catfish from the Fish Bazaar in Hatay (Turkey) with K > Na > Mg > Ca > Fe > Zn > Cu > Mn [40]. Wasenitz et al. [41] analyzed the content of P (given as P2O5) and Se in fillets of farmed African catfish in Germany. For P2O5 they found 4.2 g kg−1 ww (value converted into P was 1.84 g kg−1 ww) and for Se around 0.58 mg kg−1 ww. In comparison, the values for P were much lower and for Se slightly higher in their study than we found in fillets of all RAS in our assessment.



Pollutant concentrations were investigated in the fillets of African catfish from commercial fish market in India [42], in wild fish from Red Sea in Egypt [43] or in Nile tilapia (Oreochromis niloticus) from three RAS reared under different water exchange rates [12]. The authors found that pollutant elements were low concentrated in examined muscle tissue compared to other organs. Jia et al. [14] pointed out that large amounts of heavy metals accumulate in the liver due to bounding metallothionein and in the gills through exchange of ions. Mahboob et al. [44] found enriched values of different metals in the skin of African catfish in comparison with the muscle and suggested that metal ions from water can bind to the surrounding mucus layer on the catfish body resulting possibly in higher absorption of elements in fish without scales through the skin. Moreover, we found nearly balanced levels for As, Hg, Cs and K in carcass and fillets. According to EFSA [45], fishmeal and fish oil were identified as the main source of As in fish feed. With view on the edible part of fish, elevated values for the pollutants Al, Sn, U, Pb, Hg and Cd were identified in fillets from IAS. For As, comparable values (0.22 mg kg−1, in ww) were found in African catfish from Polish market [38] Pb (0.004 mg kg−1, in ww) and Hg (0.03 mg kg−1, in ww) values were higher in comparison to our results. Gonzales et al. [46] pointed out the dietary protein source is the main influence on fillet element composition, especially phosphorus. They found lower levels of Al, Cr and Ni but much higher values of As, Pb, Cd and Co for yellow perch, farmed in RAS and feed with commercial diet. Colt [47] reported that heavy metals and further minerals came into fish in closed RAS through the vitamin premix in the feed. In a different study, Martins et al. [12] pointed out, that in RAS with Tilapia, a decrease in water exchange rates (1500, 70 and 30 L kg−1 feed d−1) resulted in increased concentrations of metals like As, Fe, Mn, Ni and Zn in the process water but not in liver or muscle tissue. Except for As, samples of Tilapia revealed higher accumulation of pollutant elements in the liver than in the fish meat. Considering that the majority of P output is via the fish carcass, combined with substantial amounts of other nutrients (N = Protein), Ca and energy, the most sustainable reuse option of this resource appears to be animal feeds. Already to date the carcasses of catfish in Mecklenburg-Western Pomerania are hydrolyzed and fed to pigs. In how far other applications, e.g., as feed additives and/or snacks for companion animals, may improve economic profits along the economic value chain need to be evaluated.




4.3. Solids


The sludge is a major sink for U, Pb, most transition metals (Fe, Mn, Mo, Cu, Zn, Cd, Co) and holds notable quantities of P, Ca, Se and As. The U concentrations of input water (1.5 µg L−1) were higher than the concentrations in the process water after 6 days without maintenance (from EAS to IAS: 0.02, 0.02, 0.11 µg L−1). That shows that U entered the system through the water but accumulated somewhere else in the system. Most U accumulated in the sludge with a percentage of (EAS to IAS) 72.5, 84.8 and 59.6% per total U input. We found that the effluent sludge from the clarifiers of the African catfish RAS only contained low dm concentrations (< 0.24%). Only little information on dm content of aquaculture effluent is reported in literature. Regarding the effluent of commercial African catfish RAS, no information is available. Cripps and Bergheim [48] reported a wide range of dm content in aquaculture effluents, and for clarifier effluent from Tilapia RAS, Monsees et al. [49] reported similar concentrations (0.114–0.165%). Nevertheless, it appears that the concentrations observed here are typical for RAS effluent without sludge thickening technologies [50,51]. The solids contained comparatively low concentrations of TOC (366–416 g kg−1 dm), but substantial amounts of the macro-nutrients N (33–50 g kg−1 dm), P (13–27 g kg−1 dm) and Ca (29–57 g kg−1 dm), and low levels of K (1.3–3 g kg−1 dm). Detailed information on the sludge composition of solid wastes from African catfish RAS is unavailable. As a comparison, sludge obtained from a commercial on-land Marine Harvest salmon hatchery in Norway contained 2.3 g kg−1 TOC, 82 g kg−1 N, 24 g kg−1 P, 8.2 g kg−1 K and 42 g kg−1 Ca [25], demonstrating even lower C/N-ratio, fewer N but higher P concentrations when compared with the solid waste from our experiment. Likewise, the effluent sludge obtained from Tilapia RAS [49], was recorded with 3.4–3.8 g kg−1 TC, 39–44 g kg−1 N, 25–36 g kg−1 P and 48–70 g kg−1 Ca, suggesting similar composition of nutritive elements inside the solid wastes of Tilapia and African catfish. The micro-nutrients were predominantly concentrated in the solids. Junge et al. [17] recorded that Cu, Zn, Mn were predominantly output via the solids, suggesting that this phenomenon takes place in the production of different aquaculture production systems and species.



Biogas production: We found that 5 to 10% of the energy input (by feed) is recovered in the deposited solid wastes. Mirzoyan and Gross [52] stated that 2 to 4% of the RAS energy demands could be covered by using the energetic potential of the remaining sludge by anaerobic digestion (AD). Recommendations on stable operation in AD depend on multiple parameters, i.e., C/N-ratio (TC/TN) TOC, pH, nutrient and trace elements (Table 9) [53]. When compared with these recommendations, the C/N-ratio in our study was about 1.1–3.8 times lower. At low C/N-ratio, N can undergo excessive formation of ammonia (NH3), which, even at low concentrations, inhibits the growth of bacteria and may lead to a complete collapse of the entire microorganism population [53,54]. The N:P:S-ratio differed only in small extend from the recommendation of [53], as P is elevated in relation to N and S. The supply of a carbon source can enhance the AD process stability and biogas formation, as for example the addition of cellulose to RAS sludge [52]. The total organic carbon content (TOC) of the investigated dry RAS sludge is with 36% to 42% lower as typical biogas substrates. For example, the TOC of manure ranges from 68 to 86% [53], of vinasse, a liquid waste from sugar cane ethanol production, from 80 to 85% [54]. Together with the low dm content of the fresh sludge a low specific biogas and methane yield from the studied catfish solids could be expected.



Biogas and methane tests of different studies demonstrate broad variety of test arrangements, substrates and results. Mirzoyan and Gross [52] reached a stable AD performance with sludge from brackish RAS (mono fermentation) by using UASB reactors and reached a maximal biogas production rate of 11.1 to 14.6 mL⋅g−1 vs. d−1 respectively 4.2 to 5.5 mL⋅g−1 CODadd.d−1, while the methane concentration of the biogas was only 4% to 15%. Zhang et al. [55] found a comparable high maximum specific methane yield of 203 mL CH4 g−1 CODadd. at organic load rate (OLR) of 4.4 kg COD m−3 d−1 for concentrated salty sludge from a brackish RAS. In a review study, Mirzoyan and Gross [52] reported specific methane yields between 20 and 250 mL CH4 g−1 CODadd. and methane concentrations from 30 to 80%.



Other authors found for sludge from a rainbow trout RAS also a high biochemical methane potential (BMP) of 318 ± 29 mL CH4 g−1 VS (volatile solid) [56]. Lanari and Franci [57] found for sludge from rainbow trout RAS, by using a fixed bed up-flow reactor, CH4 concentrations of >80% and very high specific methane yields from 400 to 460 mL CH4 g−1 VS.



In commercial biogas plants, the methane concentration of the produced biogas ranges between 45 and 70%, the specific methane yield of liquid manure between 210 and 250 mL CH4 g−1 VS and of silage maize about 340 mL CH4 g−1 VS [49]. Data for AD of sludge from fresh water RAS for fish species with high temperature demand are not available.



The applied methodology of fiber analyses was introduced for vegetable origin feed. The results of the fiber analysis investigations of fish feed and RAS sludge gave an indication on the principle digestibility. As a result, it could be found that the characteristics of the RAS sludge are in some parameters similar with typical biogas substrates as maize or grass silage. The as not digestible regarded ADF content of the dry sludge was with 21 to 23% comparable with the ADF of maize silage (18–25% [58]). The NDF content, which includes ADF and hemicellulose of the dry sludge, was with 34 to 38% in the range of with maize silage (35–40% [58]). The as digestible regarded hemicellulose content of the dry sludge was with 12 to 16% lower than reported for maize or maize silage (21–23% [59]), respectively (17–18% [58]) but in the range of grass silage (15–18% [58]). In maize silage, the aimed content of easy digestible (ED) content is 55 to 60%. Since the ED of the dry RAS sludge reached 44 to 43%, a medium specific biogas and methane yield related to the dry mass or volatile solids could be expected. The high water content of the fresh sludge reduced this dramatically. The found dm content of 0.06 to 0.24% is much lower than in other agricultural residues as liquid manure with average 6% [53]. Assuming a 3% dm and 40% TOC content and a methane yield of 300 mL CH4 g−1 VS of RAS sludge, the specific methane yield related to the fresh mass would only be 3.6 mL CH4 g−1 FM (fresh mass). Based on this, with the investigated RAS sludge, a specific methane yield between 0.08 and 0.29 mL CH4 g−1 FM could be expected. The average specific methane yield of maize silage with 106 mL CH4 g−1 FM and even of pig slurry with 17 mL CH4 g−1 FM is considerable higher (average dm content: maize silage 33%, pig slurry 6% [53]). New RAS sludge separation technologies are promising regarding the dm content, up to 18% could be reached [60]. It could be assumed that with increasing dm content also the methane yield related to the fresh matter will increase considerable. This is important for economic considerations (investments versus energy yield), but also for the usability of the produced biogas.



The element concentration of the fresh RAS sludge is mostly lower than recommended optimum for the anaerobic digestion process [53]. Only Ni at intensive RAS (IAS) and feeding regime 80% already reached the optimum. Minimal concentrations are reached or closely reached for Ni, Se, Mn and Fe (Table 9). With increasing dm content of fresh sludge, higher concentrations of the investigated elements could be expected what may result in excess concentrations of some elements or imbalances, which may affect the digestive process.



Vermifiltration: The treatment of organic wastes by Vermifiltration has gained much attention in recent years [61]. Evidence suggests high capacity to mineralize nutrients [62] and the remediation of pollutant elements [63]. The experimental use of worms to treat distillery waste water demonstrated removal of about 91% BOD, 89% COD, 90–92% TDS and 92% TSS [64]. Earthworm digestion activity and accompanied microbial decomposition though, are severely affected by temperature, pH and C/N-ratio and moisture content of the substrate. Optima for those parameters depend on the species used. The commonly used red wiggler (Eisenia fetida) thrives best between 20 and 29 °C in horse manure substrate [65]. Hughes et al. [66] reported tolerance levels towards pH between pH 4–9, while Jicong et al. [67] found pH range to be much smaller (6.5–8.6). Minimum pH value during this experiment was 4.17 (EAS) while maximum was 6.22 (SIAS). Given these values in catfish production would require pH adjustment of sludge prior to vermifiltration. Raising process water pH to levels of about 6.8 to 7.5 may also benefit efficiency of the nitrifying biofilter [68] and plant nutrient uptake in hydroponics [69]. Decomposition by microbes and worm feeding activity is most effective at C/N-ratio of 25 [70]. Considering that the average C/N-ratio of African catfish solid wastes detected here range from 7.4 (EAS) to 9.2 (IAS), sludge treatment by vermifiltration would require addition of organic carbon, such as cardboard, cotton wastes, wood chips, etc. If integrated systems such as aquaponics are used, the supply of organic C may be supplied by plant by products, such as the stems of tomato plants. The optimum moisture content for vermifiltration was reported to range from 75 to l90% [71]. As the moisture content of the effluent sludge was ≥99.76%, alternative solids separation would be required in order to achieve adequate dm content. Modern mechanical filters, such as ‘disc filters’, achieve moisture content of 82% [60], suggesting ideal conditions for vermifiltration.



Aquaponics farming: A most recent nomenclature of aquaponics allows aquaponic production systems under use of soil and substrates [16]. Considering the challenges and constraints associated with biogas production and vermifiltration, the reuse of the aquaculture sludge as fertilizer on arable land may be a practical solution [25]. This holds especially true when considering the reuse of P, because when compared with mineral fertilizers, the fish sludge contains higher P/U-ratio. First investigations of this reuse option were carried out by Brod et al. [25] in Norway. In direct comparison of fish solid wastes from smolt aquaculture with conventional fertilizers on the productivity of wheat and barley, an agronomic efficiency of 50–80% was achieved.



Table 10 shows the deviation of the clarifier effluents from our experiment from the recommended fertilizer composition by [32]. It is evident, that when the nutrient concentrations contained in the process water are combined with those concentrations contained inside the solid wastes, the overall nutrient concentrations can be increased, and specific deficiencies can be balanced. This holds especially true for the macro-nutrients N, P, Ca, and the micro-nutrients Fe, Cu, Mn, and at lower extend, Mo. Specific nutrient deficiencies of the mixture are given for K, Mg, S and Mo. When compared with the concentrations of fish sludge by [25] only minor differences are given for N, P and Ca, suggesting similar agronomic efficiency for African catfish sludge in aquaponics farming [16].




4.4. Unaccounted Elements


Considering all the input of nutritive and pollutant elements by feed and water, our mass balance calculations revealed deficit and excess quantities in the total nutrient outputs. In our experiment, the fraction of the suspended solids and the biofilms were not assessed and therefore the nutritive and pollutant element loads contained in them are unaccounted for. This potential elemental sink has been discussed previously [18]. Indeed, there is much evidence for a high capacity of suspended solids, especially the microbiota to concentrate nutritive [72,73] and pollutant [74,75,76] elements. Different mechanisms causing this phenomenon are understood, i.e., microbial absorption [72,75,76] or adhesion [74]. For instance, our mass balance revealed much unaccounted K. In general, K-salts are highly soluble in water [77], so it should be expected that most K can be detected inside the process water. As all water input was exactly monitored, unintended water loss cannot account for loss of K from the RAS. Pilwat and Zimmermann [72] demonstrated that E-coli bacteria can concentrate K in the cytoplasm by a factor 50 when compared with the external medium. Although Pantanella et al. [78] did not find any E. coli bacteria in aquaponic process water, microorganisms are highly abundant in RAS [79]. Consequently, the abundance of microorganisms could be a sink for some undetected elements. This theory is supported by Monsees et al. [49], who demonstrated that aerobic and anaerobic sludge digestion liberates significant amounts of K. In our RAS, the highest surface area for microbiota is the biofilter. The microbial biofilm that abrades off its surface gets caught in the biofilter collecting tank, where we observed regular accumulation of solids. In this respect, we strongly recommend assessing the role of the microbiota in the accumulation of nutritive and pollutant elements in African catfish RAS.



Aside from sorption (in) to fine solid particles, loss of N and possibly S is also affected by anoxic microbial activity. Considering N, the total output relative to the total input reduced with the increase of production intensity and F, resulting in unaccounted N in the EAS, SIAS and IAS of 39.9, 37.4, and 44.1% during 80% F. Bovendeur et al. [7] recorded that in African catfish pilot reactors, denitrification in lamella inserts of sedimentation tanks can result in nitrate loss of 40–80%. Considering, that in our experiment the concentrations of NO3 relative to the amount of feed input decreased with increase of production intensity and F, we suggest that microbial denitrification in the anoxic zones in the RAS act as the predominant sink for NO3-N. Under consideration of lower oxygen values under 80% F, an increase in production intensity stimulates anoxic processes inside the clarifiers, causing denitrification by using TOC as electron donor, reducing the nutrient efficiency as well as availability of plant available N in an aquaponic system as a hole. Palm et al. [8] suggested an oxygen threshold of <6 mg L−1 in commercial catfish RAS. We therefore recommend identifying adequate technical solutions that either increase the oxygen value inside the system or remove solid wastes instantly in African catfish RAS with minimum use of water and labor.



We also found, that the amount of the Fe and Cu, in the sludge was larger than there was put in with the feed. These quantities may likely be from dissolution of system components [6] as they resemble elements typically used in steel.





5. Conclusions


The aim of our study was to recommend optimum reuse options of energy and nutrients from the output along the process water, fish carcass and sludge in African catfish RAS. We accounted approx. 46–51% and 55–62% of TOC and N as well as 50–55% of the original energy input, leaving about 40% of the targeted nutrients and energy unaccounted for. Best values were recorded for P, with 58–64% of the input P ending in the fish, 10–15% in the waste water and 11–22% in the solids. In order to achieve optimum reuse of nutrients from African catfish RAS, and adverse C/N ratio and low contents in the solids prevent solely use of the sediments for biogas production, alternative options must be applied. The recovery of energy from the sludge by anaerobic digestion is only practical as co-substrate in combination with substantial amounts of energy rich organic carbon substrate. Despite the high nutrient efficiency of African catfish, a portion of nutrients is still unaccounted for. Only plant essentially P was recovered by 84–89%, most of it remaining inside the carcass. This suggests new strategies to exploit this energy and nutrient rich resource, and beside animal feeds, to recover and reuse P.



The process water and the sludge were found to be rich in plant essential macro- and micro-nutrients, however, in much lower concentrations used in traditional fertilizers. Both can be used as potential resource in aquaponics in the sense of Palm et al. [16], in addition with regular fertilizer (aquaponics s.s.), or in direct use for aquaponics (s.l.) farming. The former requires tolerant plants like mint or basil as produce without complicate adjustment of the water quality. For more demanding plants, the overall nutrient concentrations as well as the relative proportions of K and Fe are insufficient and require new strategies of fertilizer supplementation. Aerobic digestion treatment of solid wastes or sludge by using microorganisms or vermifiltration would require addition of alkalinity and organic C for pH and C/N adjustment. We are aware that the chosen feed had a direct influence on the observed output values and nutrient dynamics. However, because all biotic and abiotic dynamics inside RAS are caused by the general element properties (aerobic/anaerobic processes, mineralization, adhesion) our findings are applicable also for other RAS, as they allow to estimate the general trends that occur under the conditions described in our study.
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Figure 1. Nutrient distribution in fish between fillet and carcass (%) under three different stocking densities. 
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Figure 2. Pollutant distribution in fish between fillet and carcass (%) under three different stocking densities. 
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Figure 3. Dry matter contents (dm), total organic carbon contents (TOC) and the calorific values in EAS, SIAS and IAS under 50 and 80% feeding ratio (F) after a solids collection period of 6 d. 
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Figure 4. Proportional distribution of fiber fractions in feed and solids under 50% feeding regime. 
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Figure 5. Nutrient input via water and feed at the three stocking (EAS, SIAS, IAS) densities under 80% feeding level. 
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Figure 6. Nutrient output via the process water, fish, solids and other (unexplained) at the three stocking densities (EAS, SIAS, IAS) under 80% feeding level. 
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Figure 7. Pollutant input via feed and water at the three stocking densities (EAS, IAS, SIAS) under 80% feeding level. 
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Figure 8. Pollutant output via the process water, fish, solids and other (unexplained) at the three stocking densities (EAS, SIAS, IAS) under 80% feeding level. 






Figure 8. Pollutant output via the process water, fish, solids and other (unexplained) at the three stocking densities (EAS, SIAS, IAS) under 80% feeding level.



[image: Sustainability 10 01805 g008]







[image: Sustainability 10 01805 g009 550] 





Figure 9. Energy allocation in the output of African catfish RAS (in% per feed energy input) under three production intensities. 
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Table 1. Fish performance parameters under the three different stocking densities extensive aquaculture system (EAS), semi-intensive aquaculture system (SIAS) and intensive aquaculture system (IAS).
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Stocking Density

	
Fish Cohorts

	
BWinitial (g fish−1)

	
BWfinal (g fish−1)

	
FCR

	
SGR (% d−1)

	
SR (%)




	
Mean

	
Mean

	
±CV

	
Mean

	
±CV

	
Mean

	
±CV

	
Mean

	
±CV






	
EAS

	
1

	
35

	
1172

	
±4.2

	
0.88

	
±1.4

	
1.61

	
±1.2

	
94.3

	
±3.0




	
2

	
35

	
738

	
±12.6

	
0.80

	
±3.4

	
2.10

	
±4.0

	
88.6

	
±14.1




	
3

	
40

	
246

	
±4.5

	
0.76

	
±3.1

	
3.13

	
±2.5

	
85.7

	
±8.8




	
SIAS

	
1

	
35

	
1204

	
±3.0

	
0.87

	
±0.7

	
1.61

	
±0.9

	
92.9

	
±1.5




	
2

	
35

	
721

	
±2.4

	
0.83

	
±0.9

	
2.09

	
±0.8

	
86.7

	
±1.0




	
3

	
40

	
223

	
±2.9

	
0.75

	
±0.4

	
2.96

	
±1.7

	
98.1

	
±2.2




	
IAS

	
1

	
35

	
1208

	
±1.6

	
0.87

	
±1.4

	
1.62

	
±0.4

	
90.2

	
±0.9




	
2

	
35

	
655

	
±1.5

	
0.82

	
±0.8

	
2.02

	
±0.5

	
96.2

	
±0.9




	
3

	
40

	
223

	
±4.6

	
0.77

	
±1.1

	
2.96

	
±2.7

	
94.0

	
±3.9
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Table 2. Physico-chemical water quality parameters under the three different stocking densities EAS, SIAS and IAS.






Table 2. Physico-chemical water quality parameters under the three different stocking densities EAS, SIAS and IAS.





	
Feeding Regime

	
Stocking Density

	
Temperature (°C)

	
pH

	
Conductivity EC (µS cm −1)

	
Oxygen DO (mg L−1)

	
Oxygen DO (%)




	
Mean

	
±CV

	
Mean

	
±CV

	
Mean

	
±CV

	
Mean

	
±CV

	
Mean

	
±CV






	
50%

	
EAS

	
26.9 a

	
±0.4

	
4.5 a

	
±8.9

	
1012 a

	
±2.6

	
7.1 a

	
±1.3

	
88.7 a

	
±1.0




	
SIAS

	
26.9 a

	
±0.8

	
4.9 b

	
±11.1

	
1299 b

	
±2.5

	
5.3 b

	
±4.3

	
66.9 b

	
±4.2




	
IAS

	
26.6 b

	
±0.5

	
4.5 ab

	
±3.8

	
1455 c

	
±4.1

	
6.9 c

	
±0.9

	
85.7 c

	
±1.1




	
80%

	
EAS

	
27.1

	
±0.7

	
5.0 a

	
±6.9

	
1036 a

	
±3.2

	
6.2 a

	
±3.2

	
78.5 a

	
±3.6




	
SIAS

	
27.0

	
±0.2

	
5.8 b

	
±4.9

	
1367 b

	
±3.6

	
5.3 b

	
±4.3

	
66.9 b

	
±4.3




	
IAS

	
27.1

	
±0.7

	
5.6 b

	
±5.2

	
1374 b

	
±5.5

	
5.4 b

	
±3.5

	
67.7 b

	
±3.3








Superscript letters indicate significant differences between the experimental groups (p < 0.05).
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Table 3. Concentrations of dissolved nutritive and pollutant elements in the process water of African catfish recirculation aquaculture systems (RAS) under three stocking densities and 50% and 80% F.
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50% F

	
80% F




	

	

	
EAS

	
SIAS

	
IAS

	
EAS

	
SIAS

	
IAS






	
TDN, ortho-P

	
Unit

	

	

	

	

	

	




	
NH4+-N

	
mg L−1

	
5.5

	
9.4

	
42.4

	
10.1

	
21.4

	
16.9




	
NO2−-N

	
mg L−1

	
0.09

	
0.16

	
0.46

	
0.12

	
0.51

	
0.02




	
NO3−-N

	
mg L−1

	
82.2

	
98.6

	
114.1

	
79.8

	
88.4

	
73.5




	
PO43−-P

	
mg L−1

	
13.6

	
23.2

	
31.4

	
17.1

	
20.6

	
24.4




	
Nutritive elements

	

	

	

	

	

	

	




	
N

	
mg L−1

	
87.8

	
108

	
157

	
90.1

	
110

	
90.34




	
P

	
mg L−1

	
17.4

	
29.3

	
40.5

	
22.4

	
31.6

	
38.6




	
K

	
mg L−1

	
30.3

	
53.0

	
59.7

	
25.56

	
53.5

	
60.1




	
Ca

	
mg L−1

	
145

	
187

	
162.5

	
125

	
145

	
120




	
Mg

	
mg L−1

	
19.6

	
27.8

	
26.7

	
17.4

	
25.1

	
23.4




	
S

	
mg L−1

	
56.0

	
75.4

	
69.3

	
48.8

	
67.3

	
64.2




	
Na

	
mg L−1

	
49.8

	
66.2

	
70.0

	
58.5

	
69.8

	
70.0




	
Fe

	
µg L−1

	
50.7

	
58.9

	
417

	
88.3

	
75.3

	
110




	
Mn

	
µg L−1

	
217

	
444

	
452

	
211

	
241

	
195




	
Mo

	
µg L−1

	
2.5

	
3.2

	
3.4

	
2.0

	
3.8

	
4.3




	
Cu

	
µg L−1

	
27.5

	
28.2

	
42.1

	
14.6

	
24.4

	
20.6




	
Zn

	
µg L−1

	
126

	
216

	
554

	
441

	
334

	
413




	
Se

	
µg L−1

	
0.43

	
0.70

	
1.2

	
0.55

	
0.93

	
1.3




	
Co

	
µg L−1

	
2.8

	
4.3

	
2.6

	
2.3

	
2.4

	
1.8




	
Cr

	
µg L−1

	
0.36

	
0.61

	
0.74

	
0.40

	
0.57

	
0.71




	
Pollutant elements

	

	

	

	

	

	

	




	
As

	
µg L−1

	
3.7

	
7.0

	
8.8

	
3.9

	
6.2

	
8.9




	
Cd

	
µg L−1

	
0.05

	
0.08

	
0.34

	
0.13

	
0.15

	
0.25




	
Ni

	
µg L−1

	
1.3

	
2.5

	
3.2

	
1.9

	
4.0

	
3.7




	
Pb

	
µg L−1

	
0.09

	
0.16

	
0.42

	
0.10

	
0.33

	
0.27




	
U

	
µg L−1

	
0.04

	
0.05

	
0.04

	
0.02

	
0.02

	
0.11
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Table 4. Water content, total organic carbon (TOC), energy and elemental concentrations in African catfish (total, carcass, fillet; per dm), reared in the three RAS with different stocking densities (EAS, SIAS, IAS); Mean values ± Coefficient of variance (CV). Pooled: n = 6.






Table 4. Water content, total organic carbon (TOC), energy and elemental concentrations in African catfish (total, carcass, fillet; per dm), reared in the three RAS with different stocking densities (EAS, SIAS, IAS); Mean values ± Coefficient of variance (CV). Pooled: n = 6.





	

	

	
Total

	
Fillet

	
Carcass




	

	

	
EAS

	
SIAS

	
IAS

	
EAS

	
SIAS

	
IAS

	
EAS

	
SIAS

	
IAS






	

	
Unit (per dm)

	
mean

	
±CV

	
mean

	
±CV

	
mean

	
±CV

	
mean

	
±CV

	
mean

	
±CV

	
mean

	
±CV

	
mean

	
±CV

	
mean

	
±CV

	
mean

	
±CV




	
Water

	
(%)

	
71.4

	
±3.8

	
68.9

	
±6.8

	
69.4

	
±4.5

	
74.3

	
±0.7

	
74.3

	
±3.6

	
74.6

	
±3.0

	
66.7

	
±4.2

	
66.3

	
±2.0

	
66.2

	
±2.0




	
TOC

	
(g kg−1)

	
496

	
±2.5

	
522

	
±1.4

	
485

	
±4.4

	
531

	
±3.7

	
534

	
±1.7

	
517

	
±5.2

	
482

	
±2.1

	
517

	
±1.2

	
473

	
±4.1




	
Energy

	
(MJ kg−1)

	
25.5

	
±1.1

	
25.7

	
±0.3

	
24.3

	
±6.1

	
27.1

	
±3.4

	
27.2

	
±3.0

	
26.1

	
±6.7

	
24.9

	
±0.4

	
25.1

	
±0.9

	
23.6

	
±6.0




	
Nutritive elements

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
N

	
(g kg−1)

	
77.9

	
±6.7

	
88.1

	
±0.8

	
85.2

	
±4.6

	
97.0

	
±8.8

	
111

	
±4.7

	
107

	
±11.8

	
70.6

	
±5.2

	
79.8

	
±0.1

	
77.0

	
±0.7




	
P

	
(g kg−1)

	
19.4

	
±0.3

	
19.2

	
±0.3

	
21.2

	
±11.0

	
7.44

	
±14.4

	
7.67

	
±9.2

	
8.13

	
±13.3

	
24.0

	
±1.4

	
23.5

	
±2.9

	
26.0

	
±11.2




	
K

	
(g kg−1)

	
9.0

	
±12.2

	
9.1

	
±6.8

	
9.6

	
±8.8

	
14.7

	
±10.8

	
15.2

	
±10.1

	
16.0

	
±11.0

	
6.78

	
±12.2

	
6.83

	
±8.0

	
7.17

	
±5.6




	
Ca

	
(g kg−1)

	
30.5

	
±8.8

	
31.2

	
±1.9

	
34.0

	
±12.7

	
0.38

	
±4.2

	
0.31

	
±25.0

	
0.49

	
±50.3

	
42.1

	
±8.0

	
42.9

	
±5.2

	
46.4

	
±13.1




	
Mg

	
(g kg−1)

	
1.26

	
±4.8

	
1.29

	
±5.5

	
1.36

	
±8.5

	
1.06

	
±12.9

	
1.09

	
±12.4

	
1.16

	
±14.6

	
1.34

	
±2.5

	
1.37

	
±2.8

	
1.44

	
±6.8




	
S

	
(g kg−1)

	
5.3

	
±8.7

	
5.13

	
±5.4

	
5.48

	
±6.1

	
6.2

	
±9.7

	
6.14

	
±8.4

	
6.76

	
±13.2

	
4.90

	
±8.0

	
4.77

	
±4.8

	
5.00

	
±2.4




	
Na

	
(g kg−1)

	
3.1

	
±6.8

	
3.01

	
±3.6

	
3.30

	
±2.2

	
1.55

	
±7.3

	
1.53

	
±2.4

	
1.79

	
±1.7

	
3.66

	
±7.3

	
3.56

	
±2.0

	
3.85

	
±2.6




	
Fe

	
(mg kg−1)

	
77.8

	
±17.4

	
81.6

	
±18.3

	
118

	
±3.2

	
33.5

	
±17.6

	
34.9

	
±5.1

	
30.3

	
±1.2

	
95.0

	
±17.9

	
98.5

	
±19.4

	
150

	
±4.1




	
Mn

	
(mg kg−1)

	
10.8

	
±31.1

	
10.7

	
±4.0

	
13.6

	
±5.8

	
1.21

	
±7.5

	
1.14

	
±1.6

	
1.25

	
±12.9

	
14.5

	
±31.6

	
14.3

	
±1.1

	
18.2

	
±5.8




	
Mo

	
(µg kg−1)

	
81.1

	
±21.8

	
59.0

	
±2.7

	
83.5

	
±22.2

	
25.0

	
±45.6

	
32.2

	
±3.6

	
33.0

	
±20.5

	
112

	
±27.5

	
69.2

	
±4.3

	
102

	
±27.6




	
Cu

	
(mg kg−1)

	
3.4

	
±6.3

	
3.06

	
±2.5

	
3.63

	
±4.5

	
2.06

	
±13.0

	
1.66

	
±7.2

	
1.93

	
±1.9

	
3.97

	
±5.2

	
3.58

	
±2.5

	
4.25

	
±4.6




	
Zn

	
(mg kg−1)

	
46.9

	
±5.8

	
43.7

	
±0.5

	
49.4

	
±1.2

	
20.0

	
±10.3

	
19.1

	
±9.1

	
21.5

	
±5.3

	
57.3

	
±4.6

	
53.0

	
±0.3

	
59.7

	
±2.4




	
Se

	
(mg kg−1)

	
0.69

	
±3.4

	
0.62

	
±8.5

	
0.65

	
±5.1

	
0.40

	
±8.9

	
0.38

	
±17.7

	
0.41

	
±10.2

	
0.80

	
±2.8

	
0.72

	
±5.1

	
0.73

	
±8.0




	
Co

	
(µg kg−1)

	
39.5

	
±8.8

	
42.5

	
±12.7

	
44.4

	
±11.8

	
28.4

	
±10.7

	
34.6

	
±4.1

	
29.6

	
±0.9

	
43.8

	
±8.7

	
45.2

	
±16.8

	
49.8

	
±14.8




	
Cr

	
(mg kg−1)

	
1.34

	
±12.2

	
1.50

	
±3.7

	
4.04

	
±33.9

	
0.55

	
±49.1

	
1.61

	
±37.8

	
0.94

	
±41.4

	
1.64

	
±8.0

	
1.43

	
±21.7

	
5.20

	
±39.3




	
Pollutant elements

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Hg

	
(µg kg−1)

	
30.0

	
±6.4

	
31.9

	
±12.0

	
45.3

	
±1.9

	
59.9

	
±1.9

	
58.3

	
±19.0

	
75.8

	
±27.9

	
18.5

	
±10.0

	
22.3

	
±9.2

	
33.9

	
±20.2




	
Al

	
(mg kg−1)

	
129

	
±35.6

	
105

	
±21.8

	
75.5

	
2±3.6

	
6.83

	
±4.8

	
5.05

	
±45.1

	
8.20

	
±39.2

	
175

	
±35.4

	
143

	
±24.4

	
100

	
±23.6




	
As

	
(mg kg−1)

	
0.57

	
±6.7

	
0.527

	
±9.3

	
0.53

	
±2.7

	
1.04

	
±5.2

	
0.92

	
±4.9

	
0.91

	
±5.7

	
0.39

	
±6.7

	
0.37

	
±9.0

	
0.39

	
±0.9




	
Cd

	
(µg kg−1)

	
82.6

	
±13.7

	
93.8

	
±15.8

	
114

	
±11.1

	
3.55

	
±0.1

	
3.93

	
±5.1

	
5.91

	
±7.2

	
113

	
±13.0

	
127

	
±12.9

	
154

	
±10.8




	
Ni

	
(mg kg−1)

	
3.37

	
±37.4

	
5.15

	
±31.0

	
5.87

	
±10.0

	
1.35

	
±83.2

	
1.21

	
±10.5

	
0.25

	
±52.9

	
4.15

	
±32.3

	
6.70

	
±34.7

	
7.94

	
±8.9




	
Pb

	
(mg kg−1)

	
0.39

	
±2.3

	
0.39

	
±1.69

	
0.40

	
±3.7

	
0.37

	
±3.3

	
0.37

	
±1.3

	
0.38

	
±0.5

	
0.40

	
±4.2

	
0.39

	
±1.6

	
0.40

	
±4.8




	
Sn

	
(µg kg−1)

	
13.1

	
±10.1

	
11.8

	
±1.9

	
22.9

	
±10.3

	
10.9

	
±3.9

	
10.9

	
±12.7

	
17.4

	
±14.9

	
13.9

	
±14.2

	
12.1

	
±7.1

	
24.9

	
±8.9




	
U

	
(µg kg−1)

	
3.84

	
±9.6

	
3.73

	
±4.4

	
4.01

	
±12.5

	
3.20

	
±20.8

	
2.50

	
±1.2

	
3.35

	
±0.7

	
4.08

	
±6.7

	
4.19

	
±4.4

	
4.25

	
±16.5
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Table 5. Raw ash (XA), Neutral detergent fiber (NDF) and Acidic Detergent Fiber (ADF) content of feed and solids at feeding regime 50% related to the dry matter (dm) content.






Table 5. Raw ash (XA), Neutral detergent fiber (NDF) and Acidic Detergent Fiber (ADF) content of feed and solids at feeding regime 50% related to the dry matter (dm) content.





	Sample
	XA (%)
	NDF (% dm)
	ADF (% dm)





	Feed
	9.0
	29.5
	4.2



	EAS
	20.1
	34.3
	22.5



	SIAS
	18.1
	36.6
	21.5



	IAS
	18.5
	37.7
	21.6
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Table 6. Concentrations of anaerobic digestion (AD) relevant elements in the effluent from one clarifier after 6 d of solid waste collection.
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EAS

	
SIAS

	
IAS




	

	
50%

	
80%

	
50%

	
80%

	
50%

	
80%




	
Element

	
(mg L−1)






	
Co

	
0.006

	
0.006

	
0.005

	
0.010

	
0.003

	
0.006




	
Ni

	
0.007

	
0.011

	
0.008

	
0.023

	
0.009

	
0.023




	
Se

	
0.002

	
0.003

	
0.003

	
0.006

	
0.004

	
0.007




	
Mo

	
0.008

	
0.008

	
0.007

	
0.015

	
0.009

	
0.016




	
Mn

	
0.32

	
0.39

	
0.27

	
1.17

	
0.35

	
1.15




	
Fe

	
1.42

	
3.05

	
2.53

	
6.63

	
3.91

	
7.90
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Table 7. Concentrations of TOC, energy, and the nutritive and pollutant elements in the deposited solid wastes after 6 d of solid waste collection.
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50% F

	
80% F




	

	

	
EAS

	
SIAS

	
IAS

	
EAS

	
SIAS

	
IAS




	

	
Unit

	
Mean

	
±CV

	
Mean

	
±CV

	
Mean

	
±CV

	
Mean

	
±CV

	
Mean

	
±CV

	
Mean

	
±CV






	
TOC

	
g kg−1

	
416

	
±0.8

	
396

	
±0.5

	
396

	
±2.8

	
390

	
±0.63

	
360

	
±0.49

	
366

	
±0.18




	
Energy

	
MJ kg−1

	
19.6

	
±0.26

	
19.0

	
±0.29

	
19.2

	
±0.54

	
18.3

	
±1.3

	
17.1

	
±0.45

	
17.2

	
±0.62




	
Nutritive elements

	

	

	

	

	

	

	

	

	

	

	

	

	




	
N

	
g kg−1

	
48.9

	
±3.1

	
50.0

	
±2.8

	
42.7

	
±3.4

	
32.7

	
±3.8

	
37.6

	
±2.8

	
36.7

	
±4.3




	
P

	
g kg−1

	
13.2

	
±4.1

	
15.6

	
±3.3

	
14.2

	
±4.6

	
15.9

	
±0.1

	
27.5

	
±2.3

	
27.3

	
±0.4




	
K

	
g kg−1

	
1.3

	
±18.6

	
1.3

	
±2.9

	
1.6

	
±11.3

	
1.7

	
±7.2

	
1.4

	
±27.0

	
3.0

	
±14.3




	
Ca

	
g kg−1

	
28.5

	
±1.9

	
35.5

	
±4.6

	
30.7

	
±6.6

	
29.3

	
±2.4

	
56.8

	
±4.7

	
49.7

	
±0.8




	
Mg

	
g kg−1

	
0.9

	
±12.3

	
1.0

	
±4.3

	
1.0

	
±16.1

	
0.9

	
±7.1

	
1.6

	
±11.2

	
2.0

	
±8.3




	
S

	
g kg−1

	
6.2

	
±3.0

	
5.9

	
±3.0

	
5.7

	
±6.4

	
4.3

	
±2.1

	
4.4

	
±11.2

	
3.7

	
±15.9




	
Fe

	
g kg−1

	
2.4

	
±6.5

	
2.6

	
±4.1

	
3.0

	
±3.7

	
3.0

	
±1.3

	
3.0

	
±1.1

	
3.3

	
±1.7




	
Mn

	
mg kg−1

	
176

	
±0.8

	
285

	
±2.1

	
274

	
±2.6

	
181

	
±0.3

	
427.0

	
±2.1

	
406

	
±0.9




	
Mo

	
mg kg−1

	
9.1

	
±2.7

	
7.0

	
±0.3

	
6.9

	
±2.5

	
6.4

	
±1.8

	
5.1

	
±1.1

	
5.1

	
±3.9




	
Cu

	
mg kg−1

	
494

	
±6.3

	
220

	
±2.6

	
144

	
±1.2

	
312

	
±2.5

	
146

	
±0.8

	
121

	
±1.5




	
Zn

	
g kg−1

	
1.1

	
±2.3

	
1.4

	
±1.8

	
1.4

	
±1.4

	
1.4

	
±2.2

	
1.6

	
±1.7

	
1.6

	
±0.8




	
Se

	
mg kg−1

	
3.1

	
±0.4

	
3.3

	
±1.1

	
3.1

	
±1.9

	
2.4

	
±2.0

	
2.3

	
±6.5

	
2.3

	
±8.1




	
Co

	
mg kg−1

	
4.9

	
±1.7

	
4.8

	
±1.4

	
2.4

	
±2.2

	
3.6

	
±1.8

	
3.3

	
±1.3

	
1.8

	
±3.3




	
Cr

	
mg kg−1

	
15.0

	
±3.4

	
11.8

	
±7.6

	
11.8

	
±6.9

	
15.0

	
±12.4

	
14.8

	
±10.4

	
14.1

	
±20.9




	
Pollutant elements

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Hg *

	
µg kg−1

	
94.0

	
±2.0

	
103

	
±1.9

	
94.1

	
±2.0

	
67.8

	
±6.9

	
62.4

	
±0.8

	
58.2

	
±1.8




	
As

	
mg kg−1

	
1.9

	
±2.3

	
2.0

	
±1.9

	
1.8

	
±3.8

	
1.6

	
±1.9

	
1.9

	
±2.2

	
1.9

	
±6.7




	
Cd

	
mg kg−1

	
0.8

	
±2.0

	
1.0

	
±1.7

	
1.0

	
±1.3

	
1.1

	
±1.6

	
1.1

	
±2.0

	
1.1

	
±0.6




	
Ni

	
mg kg−1

	
10.0

	
±8.8

	
8.2

	
±9.8

	
7.2

	
±4.8

	
9.4

	
±6.6

	
8.8

	
±4.6

	
8.1

	
±14.6




	
Pb

	
mg kg−1

	
4.4

	
±1.1

	
3.5

	
±1.1

	
2.8

	
±7.5

	
4.2

	
±4.5

	
2.9

	
±1.5

	
2.8

	
±5.2




	
Sn *

	
mg kg−1

	
0.8

	
±1.4

	
0.9

	
±53.4

	
0.9

	
±2.2

	
0.6

	
±5.5

	
0.4

	
±4.9

	
0.5

	
±12.6




	
U

	
mg kg−1

	
4.0

	
±1.4

	
3.3

	
±1.4

	
2.5

	
±1.9

	
2.5

	
±1.3

	
2.0

	
±0.5

	
1.7

	
±1.6








* Nutrient concentration in the sludge (decanted).
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Table 8. Deviation of the analyzed nutrient concentrations behind the clarifier from generalized recommendations calculated as a mean from Hoagland and Aarnon (1938), Hewitt (1966), Cooper (1979) and Steiner (1984) (Table 2 in [32]).
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Deviation from Recommended Concentrations (%)




	
Nutritive Element

	
50% F

	
80% F




	
EAS

	
SIAS

	
IAS

	
EAS

	
SIAS

	
IAS






	
N

	
−54

	
−43

	
−18

	
−52

	
−42

	
−53




	
P

	
−57

	
−28

	
−1

	
−45

	
−22

	
−5




	
K

	
−87

	
−78

	
−75

	
−89

	
−78

	
−75




	
Ca

	
−14

	
10

	
−4

	
−26

	
−14

	
−29




	
Mg

	
−53

	
−34

	
−37

	
−59

	
−40

	
−44




	
S

	
−57

	
−42

	
−46

	
−62

	
−48

	
−50




	
Fe

	
−99

	
−99

	
−92

	
−98

	
−99

	
−98




	
Cu

	
−46

	
−45

	
−17

	
−71

	
−52

	
−60




	
Zn

	
55

	
165

	
582

	
443

	
311

	
408




	
Mn

	
−76

	
−51

	
−51

	
−77

	
−74

	
−79




	
Mo

	
−97

	
−96

	
−96

	
−97

	
−95

	
−95
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Table 9. For anaerobic digestion recommended element concentrations and element ratios (C:N:P:S) and comparison with RAS sludge characteristics (related to fresh sludge) [53].
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Element

	
Optimal (mg L−1)

	
Minimal (mg L−1)

	
Measured (Range)

	
Deviation from Recommended Optimum






	
Co

	
0.120

	
0.060

	
0.003–0.005

	
Lower than minimum




	
Ni

	
0.015

	
0.006

	
0.006–0.020

	
Minimum or optimum reached




	
Se

	
0.018

	
0.008

	
0.002–0.006

	
Close to minimum




	
Mo

	
0.150

	
0.050

	
0.005–0.013

	
Lower than minimum




	
Mn

	
*

	
0.005–50

	
0.107–0.995

	
Higher than the minimum




	
Fe

	
*

	
1–10

	
1.37–7.81

	
Minimum concentration reached




	
Ratios

	
Recommendation (FNR, 2016)

	
Measured(Average)

	
Deviation from Recommendation




	
C:N:P:S ratio

	
600:15:5:3

	
112:13:8:3

	
Carbon much to low related to N, P, S concentration




	
C:N ratio

	
10–30:1

	
8–9:1

	
carbon 100% to low related to the nitrogen concentration








* No recommendations given.
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Table 10. Deviation of the analyzed and calculated nutrient concentrations in the deposited solids from generalized recommendations calculated as a mean from Hoagland and Aarnon (1938), Hewitt (1966), Cooper (1979) and Steiner (1984) (Table 2 [32]).






Table 10. Deviation of the analyzed and calculated nutrient concentrations in the deposited solids from generalized recommendations calculated as a mean from Hoagland and Aarnon (1938), Hewitt (1966), Cooper (1979) and Steiner (1984) (Table 2 [32]).





	

	
Deviation from Recommended Concentrations (%)




	
Nutritive Element

	
50% F

	
80% F




	
EAS

	
SIAS

	
IAS

	
EAS

	
SIAS

	
IAS






	
N

	
−39

	
−18

	
11

	
−36

	
1

	
−7




	
P

	
−38

	
8

	
44

	
−6

	
124

	
152




	
K

	
−87

	
−77

	
−74

	
−89

	
−76

	
−72




	
Ca

	
−5

	
30

	
19

	
−9

	
59

	
40




	
Mg

	
−52

	
−32

	
−34

	
−56

	
−32

	
−33




	
S

	
−54

	
−37

	
−41

	
−59

	
−40

	
−44




	
Fe

	
−72

	
−49

	
−15

	
−40

	
31

	
56




	
Cu

	
515

	
368

	
348

	
538

	
568

	
500




	
Zn

	
857

	
1834

	
2791

	
2200

	
4629

	
5088




	
Mn

	
−65

	
−22

	
−12

	
−57

	
28

	
26




	
Mo

	
−91

	
−88

	
−85

	
−90

	
−82

	
−81
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