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1. Introduction

Global fish consumption has shown a steady increase because 
fish is considered a protein food. However, this causes some 
environmental problems, because only about 40% of the fish 
product is consumed by humans and the remainder is waste 
[1]. Another problem is the generation of a large quantity of 
wastewater during fish processing. For this reason, the efficient 
disposal of fish waste and/or wastewater attracts our attention 
to help avoid environmental impacts.

Until recent years, fish waste and wastewater have been either 
used as low market-value products, or customarily dumped into 
the sea, causing a serious environmental impact. Therefore, envi-
ronmentally acceptable biodegradation of fish waste and waste-
water using microbes has been diversely applied to enhance 
the reutilization value of these waste products [2]. As one of 
these applications, biodegraded fish-processing wastewater may 
be reused as liquid fertilizer [2, 3], because it can provide nu-
trients, mostly associated with hormones, organics or amino 
acids, for plant growth, and can also improve soil health [4]. 

Similarly, natural organic fertilizer made from foliage has been 
reported to be effective for feeding plants in soil that is deficient 
in or contains unavailable forms of nutrients, because plants 
absorb nutrients through their roots and foliage [5]. Amino acids 
function as precursors for essential biomolecules such as vita-
mins, cofactors, antioxidants and many defense compounds. 
In addition, amino-acid biosynthesis in young plants is known 
to be regulated by the metabolite network that links nitrogen 
assimilation with carbon metabolism [6, 7]. As a result, bio-
degraded fish-processing wastewater can be used as a substitute 
fertilizer that overcomes the weaknesses of chemical fertilizers 
such as deterioration in soil quality and the environment [8].

Biofertilizers are composed of beneficial microbes that colo-
nize the rhizosphere or the inside of the plant. They can convert 
insoluble forms of plant nutrients into soluble forms [9]. Microbes 
reasonably used as biofertilizers include nitrogen fixers, potas-
sium solubilizers, and phosphorus solubilizers [10]. In recent 
years, there has been increased interest in the use of beneficial 
microbes to improve soil fertility. Plant-growth-promoting bac-
teria reduce susceptibility to diseases caused by plant pathogens, 
and improve tolerance of stress conditions such as drought, 
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salinity and nutrient deficiency [11-13]. Bacillus species can 
survive as spores, alter the microbial composition of soil, trans-
form soil nutrients into useful forms, and function in the soil 
carbon, nitrogen and sulfur cycles [14, 15]. They also act as 
biocontrol agents because they can produce diverse antiviral, 
antibacterial, and antifungal compounds, impacting on other 
soil microbes [16]. Biofertilizer produced from the degradation 
of mackerel wastewater by Bacillus species showed antioxidant, 
antibacterial, and antifungal activities, and was potentially useful 
when applied to lab-scale hydroponics [2].

Another attempt at the biodegradation of fishmeal wastewater 
using aerobic microbes to turn it into a useful biofertilizer has 
been reported and was successful at the lab-scale [17]. The com-
plete reuse of fishmeal wastewater as biofertilizer following bio-
degradation may be economically worthwhile because no addi-
tional wastewater remains after the biodegradation process. A 
scaled-up biodegradation for commercialization of fishmeal 
wastewater was executed in a 1-m3 reactor, based on the lab-scale 
results [18]. Such efforts toward resource recycling with 
zero-waste emission are important to follow governmental waste 
policies that urge ecologically acceptable waste management 
[19]. Nevertheless, there have not yet been field tests of the 
fertilizing ability of biodegraded fishmeal wastewater (BFW), 
although such tests are essential for practical use. Lab-scale 
results of biofertilizer tests have limited appeal to fertilizer con-
sumers, while field experiments have several benefits [20]. 
Through field experiments, farmers can verify whether lab-scale 
research applies to field scales in their farm environment and 
management practices. They are also able to test the recom-
mendations of agricultural extension services in most kinds of 
production conditions. Tests of equipment, systems or technol-
ogy packages are other benefits. Moreover, the expense of field 
experiment trials is lower than that of experiments at research 
institutes. In this study, therefore, a field test of BFW was per-
formed to assess its fertilizing ability. For practical use, the 
biodegradation of fishmeal wastewater using mixed microbes 
was carried out in a pilot-scale reactor. The experimental plants 
for the field test were Chinese cabbage and lettuce, which are 
consumed in Korea in large quantities. Furthermore, the commer-
cial value of fishmeal wastewater as a biofertilizer was analyzed.

2. Materials and Methods

2.1. Microbes

The microbes used in this study were eleven organic-matter-de-
grading bacteria reported in previous studies [21, 22]. Without 
any antagonism among them, the eleven microbes comprised 
a microbial consortium containing: Bacillus subtilis (DQ219358), 
Bacillus coagulans (AF466695), Bacillus circulans (Y13064), 
Bacillus anthracis (AY138279), Brevibacillus agri (AY319301), 
Bacillus licheniformis (AY468373), Bacillus fusiformis 
(AY548950), Bacillus cereus (DQ923487), Brevibacillus agri 
(AJ586388), Bacillus licheniformis (EF113324) and Brevibacillus 
paravrevis (AB215101). Each pure strain was maintained on 
nutrient agar plates at 4°C and transferred to a fresh agar plate 

every 2 weeks for the maintenance of cell viability. The degrada-
tion ability of each strain was periodically checked on 1% (w/v) 
skim milk agar (for proteolysis) and 3.215% (w/v) spirit blue 
agar (for lipolysis), respectively. All agar plates used in the degra-
dation ability tests were incubated at 45°C. For the preparation 
of inoculum used for the biodegradation of fishmeal wastewater, 
each strain was separately cultivated until the late log-phase 
and then equal amounts of cells of each strain were combined 
to construct the microbial consortium.

2.2. Biodegradation of Fishmeal Wastewater

The fishmeal wastewater used in this study was obtained from 
a local fishmeal processing plant. Initial values of chemical oxy-
gen demand (CODCr), total nitrogen (TN), NH4

+-N, and NO3
−-N 

of the fishmeal wastewater were 116,800, 11,980, 366.8, and 
107.5 mg/L, respectively. For the biodegradation, a 1-m3 reactor 
was washed with tap water containing 0.5% (w/v) sodium hydrox-
ide, and then sterilized by hot steam at 3 kg/cm2 for 30 min. 
After the reactor was prepared, 600 L of fishmeal wastewater, 
which was boiled at 80°C for 3 h, was pumped into the reactor 
at 600 L/h. After the reactor temperature cooled to 45°C, 110 
g (wet weight) of the microbial consortium were inoculated into 
the reactor. The seeded cells were previously acclimated for 
1 d in sterile fishmeal wastewater under an aerobic condition. 
During the biodegradation, the reactor temperature was main-
tained at 45 ± 2°C and oxygen was continuously supplied using 
an oxygen generator (25 L/min and 90 ± 3% purity) and booster 
(120 L/min). Ten-fold diluted antifoam agent (Antifoam 204; 
Sigma-Aldrich, USA) was used whenever severe foaming 
occurred. The discharge gas passed through two consecutive 
flasks (10 L each) containing 10 M sodium hydroxide to prevent 
contamination from the outside. The two flasks were put in 
ice to collect evaporated water from the discharging air. The 
deficit water was replenished just after sampling. Samples were 
periodically taken from the reactor to measure major reaction 
parameters. All measurements were carried out in triplicate. 
After the absence of pathogenic bacteria was confirmed, the 
entire 80-h BFW including cells was used in later field 
experiments.

2.3. Field Experiments on BFW

The fertilizing ability of the 80-h BFW was tested in fields. 
The field experiments were performed from March to May at 
a farm attached to the College of Nature Resource and Life 
Science, Pusan National University, Korea. Twenty-four lots 
(20 m × 12 m) were provided for this field experiment, and 
a Chinese cabbage (Brassica rapa L. ssp. pekinensis) and a lettuce 
(Lactuca sativa L.) were used as the test plants. The lots, on 
sandy-loam soil (15 cm depth), were divided into four (60 m2 
each): three zones for fertilization (by BFW and two organic 
fertilizers (OF) widely sold in Korea, respectively) and one zone 
as a control without fertilization. Each zone was further divided 
into three (20 m2 each) to make three replication experiments 
possible for each treatment. Seeding was conducted in a hotbed, 
and transplanting to the field was carried out after 15 d. Each 
young plant was planted with separation at a regular distance 
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(15 cm × 20 cm), and thus 650 plants occupied each 20 m2 
area. When roots were put down after 10 d, fertilization by 
means of injection was practiced twice at an interval of 7 d. 
All fertilizers used for field experiments were diluted 1,000-fold. 
When 2 weeks elapsed from the last fertilization, ten samples 
were taken individually from each of the four zones for the 
measurement of growth characteristics of each vegetable 
(number, length, area and width of leaves; fresh body weight; 
and yield of crop). The measurement was performed in triplicate. 
The external damage to leaves after fertilization was also exam-
ined six times in total, at intervals of 3 d.

2.4. Analytical Methods

The concentrations of Na+, NH4
+, NO3

−, PO4
3− and SO4

2− during 
the biodegradation were examined by ion chromatography 
(Metrohm 792 Basic IC, Switzerland). For measurements of anion 
and cation concentrations, Metrosep C2-150 (150 × 4.0 mm) 
and Metrosepsupp 5-150 (150 × 4.0 mm) columns were used, 
respectively. The CODCr and TN were determined using a water 
quality analyzer (Humas Co., Ltd., Korea). For the determination 
of dry-sludge weight (DSW), a 5-mL sample in an aluminum 
dish was weighed after being dried in an oven at 105°C for 
12 h. Change in cell density during the biodegradation was 
examined by counting colonies formed on agar plates, and are 
expressed in terms of colony forming unit (CFU) per mL of 
sample. To measure protease activity, 5 μL of sample was periodi-
cally taken and dropped at the center of skim-milk agar plate. 
After incubation at 45°C for 1 day, the degree of protease activity 
was determined according to the size of a clear zone formed 
on the agar plate. Analyses of amino acid composition and the 
N, P and K contents were performed by the Korea Basic Science 
Institute (Daejeon, Korea). Concentrations of heavy metals were 
determined by the Foundation of Agri. Tech. Commercialization 
and Transfer (Suwon, Korea). Absence or presence of any patho-
genic bacteria in biofertilizer was analyzed by the Korea Testing 
and Research Institute (Gwacheon, Korea).

2.5. Statistical Analysis

Statistical analysis was performed on triplicate measurements 
obtained from field experiments. Sample observations were not 
arranged in a frequency distribution. Therefore, standard devia-
tions were estimated according to the following procedures. 
Every deviation was squared, and the sum of the squares was 
divided by (n − 1), i.e. one less than the sample size (n). Then, 
the extraction of the square root recovered the original scale 
of measurement. The comparison of means was completed by 
the Tukey method [23] using the SAS program, with equal sample 
sizes. A difference was considered significant at p < 0.05.

2.6. Economic Analysis

Economic analysis of the production and use of BFW as a bio-
fertilizer was performed to assess the practicality of this process. 
The main process costs are capital investment and operation. 
The investment cost was calculated by multiplying the capital 
investment by an annuity factor, k, that is composed of interest 
rate and depreciation rate factors [24]:

 
 


(1)

where i is the interest rate factor and t is the economic life 
time.

According to the evaluation used for typical types of bioprocess 
and equipment studied here, the interest rate and economic 
lifetime were set to 7% and 10 y, respectively [24]. The operation 
cost was estimated from cost parameters for: raw materials, chem-
icals, and utilities, and others including labor, maintenance and 
insurance [25]. The amounts of raw fishmeal wastewater and 
chemicals used in this study were derived from the process 
mass balances. It was assumed that the fishmeal manufacture 
was accompanied by biofertilizer production by efficient treat-
ment of fishmeal wastewater. Therefore, only the cost of trans-
portation from the fishmeal manufacturing plant to the bio-
fertilizer production plant through pipes was considered for 
raw fishmeal wastewater. The cost of chemicals was obtained 
from laboratory chemical suppliers. Utility requirements in-
cluded the cost of heating and pumping for sterilization, input 
and output of wastewater, and agitation, which were based on 
rule-of-thumb values [26]. The costs of maintenance and in-
surance were calculated as 10 and 15% of the annual capital 
investment cost, respectively [27].

3. Results and Discussion

3.1. Biodegradation of Fishmeal Wastewater

Prior to field experiments on biofertilizer which contained the 
final culture broth including mixed microbes, the fertilizer was 
first produced from fishmeal wastewater. The fishmeal waste-
water was biodegraded in a pilot-scale reactor. Changes in major 
reaction parameters were examined during the biodegradation 
to be able to reproduce high-quality biofertilizer, and the results 
are shown in Fig. 1 and Fig. 2. The CODCr and TN concentration 
in fishmeal wastewater decreased as the biodegradation pro-
ceeded (Fig. 1(a)). After 80 h of biodegradation, the CODCr and 
TN were 30,000 and 3,820 mg/L, respectively. The decreases 
of CODCr and TN during biodegradation were 74.3 and 68.1%, 
respectively. The lost CODCr and TN were used mainly for cellular 
proliferation and production of metabolites including CO2 and 
N2. The results obtained from this study showed more bio-
degradation compared with the lab-scale [21]. This indicates 
that the biodegradation was significantly dependent upon avail-
able DO (>1 mg/L). In the biodegradation of organic matter, 
metabolism may be dependent upon the COD/TN ratio [28]. 
The ratio of CODCr/TN in this study decreased a little, from 
9.7 to 7.9, implying a stable metabolism of organic matter degrada-
tion [18].

Under continuous supply of pure oxygen into the reactor, 
the initial pH was 6.86; it increased to 6.99 after the first 6 
h, decreased to 5.80 after the next 24 h, and then decreased 
slowly to 5.69 after 80 h of biodegradation (Fig. 1(b)). This result 
implies that the microbial consortium used in this study adapted 
for 6 h and then started to degrade the fishmeal wastewater 
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a

b

Fig. 1. Changes in the reaction parameters during the biodegradation 
of fishmeal wastewater in a 1-m3 reactor. (a) CODcr and TN; 
and (b) DSW, cell number and pH. Error bars represent the 
standard deviations of the mean values of three replicates.

components. The main component, protein, was depolymerized 
primarily by extracellular proteinases and yielded small peptides 
and amino acids, causing a pH drop [29]. After 30 h, the un-
pleasant fishy smell disappeared. This result indicates that suffi-
cient DO was used in this biodegradation, since the objectionable 
smell is easily produced in insufficiently aerobic conditions 
[30]. The fast disappearance of odors is an important criterion 
by which to judge an appropriate treatment process, since civil 
petitions often object to odor emission. As the microbial con-
sortium degraded fishmeal wastewater components actively, the 
DSW changed from 25.10 to 11.52 g/L, representing a 54.1% 
reduction, and the cell number increased from 1.00×106 to 
7.13×106 CFU/mL. Therefore, fishmeal wastewater components, 
as both substrate and energy sources, contributed to the growth 
of the microbial consortium. As the biomass increased, the total 
amounts of proteases for the degradation of the available sub-
strates increased by secretion from the microbes, stimulating 
biodegradation. In the analysis of mixed microbes in final culture 
broth, no pathogenic bacteria was detected.

Fig. 2 shows changes in the concentrations of cations and 
anions during the biodegradation. The concentration of Na+ 
did not show any significant change, while that of NH4

+ steadily 
increased, from 366.8 to 770.7 mg/L after 80 h (Fig. 2(a)). NH4

+ 
may be produced through the biodegradation of protein-rich 
materials [31]. Increase in NH4

+ also resulted from cell autolysis. 
After 60 h, this phenomenon revealed prominently when cells 
reached a stationary phase. These results agreed with those 

a

b

Fig. 2. Changes in the concentrations of cations (a) and anions (b) 
during the biodegradation of fishmeal wastewater in a 1-m3 
reactor. Error bars represent the standard deviations of the mean 
values of three replicates.

reported in a previous study [22]. The concentrations of all 
tested anions steadily increased during the biodegradation (Fig. 
2(b)). After 80 h, the final concentrations of NO3

−, PO4
3− and 

SO4
2− were 196.9, 1,480.4 and 179.1 mg/L, respectively. Some 

of the produced amino acids were utilized by the microbes and 
converted to CO2 and NO3

−. Therefore, the concentration of NO3
− 

was steadily increased as the biodegradation proceeded. When 
oxygen availability was sufficient during the biodegradation, 
aerobic decomposition of the organics present in the fishmeal 
wastewater could produce harmless, stable products, such as 
carbon dioxide, sulfate, orthophosphate, and nitrate. Therefore, 
the increases in anion concentrations imply that the bio-
degradation was executed in aerobic conditions. Ultimately, the 
increases in cation and anion concentrations during the bio-
degradation could help enhance the quality of the resulting product 
biofertilizer. The combined use of organics and inorganics can 
promote nutrient use efficiency, and is essential for planting [32].

3.2. Fertilizing Ability of BFW

Fishmeal wastewater is known to contain valuable resources 
including carbohydrates, proteins, fats, and minerals, and rela-
tively low concentrations of toxic substances including heavy 
metals [33]. Amino acids are an active portion of the organic 
matter in a fertilizer, because they are an important nitrogen 
source in natural ecosystems [34], and the availability of a suitable 
balance of amino acids is essential for the growth of plants. 
Considering the importance of essential amino acids, their com 
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position in BFW was measured (Table 1). Through the 80-h 
biodegradation, the total content of amino acids increased from 
4.16 to 14.66 g per 100 g sample. The final content of amino 
acids was higher than those in the two commercial fertilizers, 
indicating that the biodegraded fishmeal waste is a rich source 
of amino acids. The levels of each specific amino acid present 
in BFW were diverse. The contents of aspartic acid, glutamic 
acid, glycine, threonine, alanine, methionine, isoleucine, phenyl-
alanine and tryptophan were significantly increased by the 
biodegradation. The contents of glutamic acid, threonine, alanine, 
valine, methionine, isoleucine, leucine, phenylalanine, trypto-
phan and lysine were high compared with those in the two 
commercial fertilizers. The content of the sulfur-containing amino 
acid methionine was relatively high, and this feature could en-
hance the fertilization ability of BFW, because methionine is 
both a nutritionally essential amino acid and the precursor of 
several metabolites that regulate plant growth [35]. However, 
the levels of aspartic acid and proline were lower those in the 
two commercial fertilizers. Fish waste is generated at a level 
of approximately 60% during fish processing, and the extent 
of waste generation depends on the level of processing and the 
type of fish. The amino acid content varies in diverse fish waste. 
Nevertheless, a high degree of biodegradation must be performed 

Table 1. Comparison of Amino Acid Composition in the Biodegraded 
Wastewater with Commercial Fertilizers

Amino acids
Source (g/100 g sample)

Initial FW* Final BFW† OF‡ 1 OF 2

Cysteine 0.02 0.04 n.d.§ 0.02

Aspartic acid 0.02 0.34 0.72 0.59

Glutamic acid 0.09 1.11 0.49 0.89

Glutamine 0.08 0.21 1.08 n.d.

Glycine 0.06 1.68 2.36 1.25

Threonine 0.18 0.69 0.18 0.22

Alanine 0.27 1.03 0.27 0.99

Serine 0.06 0.21 n.d. 0.3

Proline 0.33 0.40 0.96 0.61

Tyrosine 0.11 0.14 0.33 0.05

Valine 0.86 1.12 0.51 0.24

Methionine 0.08 1.55 1.26 n.d.

Isoleucine 0.22 1.02 0.38 0.14

Leucine 0.68 1.08 0.22 0.26

Phenylalanine 0.31 1.46 0.68 0.18

Tryptophan n.d. 0.97 0.31 n.d.

Lysine 0.79 1.43 0.82 0.53

Arginine n.d. 0.18 n.d. 0.15

Total 4.16 14.66 10.57 6.42
* Fishmeal wastewater just before the biodegradation.
† Biodegraded fishmeal wastewater just after the 80-h biodegradation.
‡ Organic fertilizer widely sold in Korea.
§ Not detected.

in optimal conditions to produce quality fertilizer, and, thus, 
the content of amino acids can be used as a means of assessing 
biodegradation. In this study, the total level of amino acids 
present in BFW was higher than those present in the two commer-
cial fertilizers, implying successful biodegradation by the micro-
bial consortium used in this study.

The content of nutrients in fertilizers is a criterion to assess 
their fertilizing ability. The growth of plants is dependent upon 
inorganic nutrients as well as organic nutrients. For this reason, 
the concentrations of the three primary nutrients (N, P and 
K) and heavy metals present in BFW were analyzed and compared 
with those of the two commercial fertilizers (Table 2). The con-
centrations of N, P and K were 2.26, 0.87 and 0.65%, respectively, 
which were lower than those in the two commercial fertilizers. 
On the contrary, the concentrations of heavy metals were much 
lower than those in the commercial fertilizers. Cd, Ni, Pb and 
Hg were not detected in BFW, and the concentrations of other 
elements were below the standard concentration requirements 
of liquid fertilizers. The use of fertilizer is one source of heavy 
metal enrichment in soils. The contamination of agricultural soils 
by heavy metals can pose threats to human health and food safety 
because of heavy metal uptake by food crops [36]. In this respect, 
BFW was a good raw material for the production of a biofertilizer 
with low possibility of heavy metal contamination.

Table 2. Comparison of N, P and K Contents and Heavy Metals in 
the Biodegraded Wastewater with Commercial Fertilizers

Component BFW* OF† 1 OF 2

N, P, K (%)

  N 2.26 3.67 1.57

  P2O5 0.87 2.89 1.95

  K2O 0.65 1.46 2.19

Heavy metals (mg/kg)

  Cd n.d.‡ n.d. n.d.

  Cu 1.06 14.62 2.72

  Ni n.d. 0.37 2.16

  Pb n.d. n.d. 0.33

  Zn 2.89 71.30 6.97

  Hg n.d. n.d. n.d.

  Cr 0.79 17.57 3.30

  As 0.22 4.71 2.94
* Biodegraded fishmeal wastewater just after the 80-h biodegradation.
† Organic fertilizer widely sold in Korea.
‡ Not detected.

3.3. Field Experiments Using BFW

Compared with lab-scale results, field experiments are much 
more interesting to fertilizer consumers [20]. For practical use, 
the 80-h BFW including mixed microbes was applied to field 
cultivation to test its fertilization ability, and compared with 
two commercial OFs. The effects of the three fertilizers on the 
growth of two vegetable crops (lettuce and Chines cabbage) are 
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shown in Table 3 compared with the unfertilized control. The 
fertilizing effects on the leaf growth and crop yield were BFW 
> OF 1 > OF 2 for each vegetable, and this order was in accord 
with the amino acid-content in the fertilizers. This implies that 
the two vegetables used in this study are somewhat reliant on 
added amino acids for their growth. Similar results can be found 
in previous studies; it has been reported that practical use of 
sixteen essential amino acids improved lettuce crop uniformity 
[37], and that of four amino acids (glycine, alanine, lysine and 
glutamic acid) improved the quality of Chinese cabbage with 
increases in the sugar and protein content [38]. The enhance-
ments in the number, length, area, width and fresh body weight 
of lettuce leaves by BFW were 10, 14, 20, 10 and 17% compared 
with the control, respectively. Those of Chinese cabbage by 
BFW were 20, 14, 19, 13 and 17% compared with the control, 
respectively. In addition, the ratios of the crop yields of lettuce 
and Chinese cabbage per 1,000 m2 on fertilization with the three 
fertilizers were calculated, since the total fresh weight of the 
vegetables is often used as an indicator of the vegetable yields 
[39]. The relative crop yields compared with the control after 
fertilizing with BFW, OF 1 and OF 2 were approximately 1.17, 
1.15 and 1.05 for lettuce and 1.17, 1.13 and 1.04 for Chinese 
cabbage, respectively. The ratio of lettuce yield on fertilization 
with BFW was significantly different from that for OF 2 (p < 

0.05), while the ratio of Chinese cabbage yield on fertilization 
with BFW was significantly different from those for OF 1 or 
OF 2 (p < 0.05).

To observe the effects of the three fertilizers in terms of leaf 
growth, the growth ratios against the control were calculated 
(Fig. 3). Due to the differences in the content of amino acids, 
the fertilizing effects of BFW and OF 1 were significantly different 
from that of OF 2 in all cases (p < 0.05). The significant difference 
in fertilizing effect compared with the control was somewhat 
greater in Chinese cabbage than lettuce. This may result from 
the high content of four amino acids (glycine, alanine, lysine 
and glutamic acid) present in BFW (Table 1). Lettuce and Chinese 
cabbage used in this study are favorite leafy vegetables. Their 
leaf traits are good indicators of growth [40], and improving 
their growth is the primary function of fertilizer. Considering 
this fact, the fertilizing effects of BFW on both lettuce and Chinese 
cabbage were obvious, as verified through the field experiments. 
Furthermore, no external damage to leaves as a result of BFW 
fertilization was observed for either vegetable at any time after 
fertilization.

The practical use of BFW as a biofertilizer provides another 
benefit in the reuse of fishmeal wastewater. Microbes are an 
organic mass, generally represented as C5H7O2N. This organic 
compound is oxidized by two reactions:

Table 3. The Effects of the Three Fertilizers on the Growth of Two Vegetable Crops, Lettuce and Chines Cabbage, Compared with the Unfertilized
Control*

Vegetables Characteristics
Fertilizers

Control
BFW† OF‡ 1 OF 2

Lettuce

Growth of leaf

  Number (-) 5.12 ± 0.10w 5.04 ± 0.08w 4.86 ± 0.08x 4.67 ± 0.06y

  Length (cm) 15.6 ± 0.3w 15.2 ± 0.3w 14.4 ± 0.3x 13.7 ± 0.2y

  Area (cm2) 37.2 ± 0.3w 36.4 ± 0.2x 32.4 ± 0.4y 31.1 ± 0.2z

  Width (cm) 6.38 ± 0.08w 6.19 ± 0.08x 5.92 ± 0.08y 5.89 ± 0.06y

  Body weight (g) 1.10 ± 0.04w 1.07 ± 0.03w 0.98 ± 0.03x 0.94 ± 0.03x

Yield of crop

  per 20 m2 (g) 715.0 ± 13.0w 702.7 ± 11.8w 641.6 ± 11.2x 611.0 ± 10.8y

  per 1,000 m2 (kg) 11.8 ± 0.4w 11.6 ± 0.3w 10.7 ± 0.2x 10.1 ± 0.2y

Chinese
cabbage

Growth of leaf

  Number (-) 12.2 ± 0.2w 11.4 ± 0.2x 10.8 ± 0.2y 10.2 ± 0.2z

  Length (cm) 21.1 ± 0.3w 19.8 ± 0.4x 19.1 ± 0.4xy 18.5 ± 0.3y

  Area (cm2) 132.3 ± 1.0w 124.9 ± 1.2x 116.0 ± 1.4y 111.5 ± 1.2z

  Width (cm) 12.9 ± 0.2w 12.0 ± 0.3x 11.6 ± 0.2xy 11.4 ± 0.1y

  Body weight (g) 4.72 ± 0.08w 4.52 ± 0.10x 4.20 ± 0.12y 4.04 ± 0.08y

Yield of crop

  per 20 m2 (g) 3,068.0 ± 32.5w 2,967.4 ± 40.4x 2,731.1 ± 39.0y 2,626.0 ± 26.3z

  per 1,000 m2 (kg) 50.6 ± 0.6w 48.9 ± 0.7x 45.0 ± 0.8y 43.3 ± 0.6z

* Values (mean±SD of three replicates) in the same row not sharing a common superscript are significantly different (p < 0.05).
† Biodegraded fishmeal wastewater just after the 80-h biodegradation.
‡ Organic fertilizer widely sold in Korea.
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a

b

Fig. 3. The differences in the number, length, area, width and fresh 
body weight of lettuce (a) and Chinese cabbage (b) leaves by 
fertilization with three different fertilizers, compared with the 
control. The significances of differences between mean values 
are represented with letters x, y and z (p < 0.05).

C5H7O2N + 5O2 → 5CO2 + 2H2O + NH3 (2)

NH3 + 2O2 → NO3
− + H+ + H2O (3)

Therefore, two “types” of oxygen are needed to oxidize this 
organic compound [41]: one to oxidize organic carbon to carbon 
dioxide, called the carbonaceous oxygen demand (CBOD), and 
the other to convert ammonia to nitrate, called the nitrogenous 
oxygen demand (NBOD). In this study, approximately 145 g 
of cells remained in each batch biodegradation in the 1-m3 reactor 
(with 600 L working volume), which is equivalent to 342.2 mg/L 
of CBOD and 137.0 mg/L of NBOD based on the stoichiometry 
in Eq. (2) and (3). Thus, the theoretical total biological oxygen 
demand is 479.2 mg/L, which is produced in every batch 
biodegradation. The microbes remaining after biodegradation 
must be disposed of unless they are used together with the 
culture broth supernatant in the liquid fertilizer. In general, 
the cells remaining after bioprocesses are treated by anaerobic 
digestion, which is a weakness of such bioprocesses. However, 
if the entire BFW is used as a biofertilizer, its value is enhanced 
by reduction of expenditure for treatment of the cells. Meanwhile, 
microbes in the biofertilizer have valuable functions, such as 

nitrogen fixation, potassium and phosphorus solubilization, and 
synthesis of growth-promoting substances, helping to increase 
plant growth [10]. Use of biofertilizer produced from the bio-
degradation of mackerel wastewater and including a mixture 
of microbes (mainly Bacillus species) has been verified to be 
feasible in lab-scale hydroponic cultures of red bean and barley 
[2]. In the present study, the feasibility of the use of BFW as 
biofertilizer was examined in field experiments. We conclude 
that fishmeal wastewater is a good resource to produce bio-
fertilizer and its biodegradation can turn it into a value-added 
product.

3.4. Economic Analysis

After confirmation of the feasibility of the use of BFW as a 
biofertilizer, economic analysis was performed to estimate the 
expected profitability from such practical reuse of raw fishmeal 
wastewater. Uncertainty always remains in economic analysis 
of a project in the early stages of development, because the 
level of process detail does not usually allow for an accurate, 
complete and reliable calculation of these expenses; never-
theless, it is worthwhile, in order to assess process feasibility 
and identify bottlenecks [27]. The evaluation of the cost of the 
biofertilizer production was based on the results from this study, 
and credits for the treatment of both fishmeal wastewater and 
cells remaining after biodegradation were also considered. Table 
4 shows a summary of the economic evaluation. The fixed capital 
represents the capital necessary for the installation of process 
equipment, including all the accessories needed to start and 
operate biodegradation. The cost of equipment for biodegradation 
(a 1-m3 stainless steel bioreactor with stirrer, heating and cooling 
systems, sampling and drain ports, and sensors) was evaluated 
to be US$38,461.50. When this cost was multiplied by an annuity 
factor (k = 0.142), the equivalent annual cost became 
US$5,461.50. A single biodegradation could be run per week, 
and, thus, the biodegradation equipment cost was calculated 
to be US$105.03 per biodegradation. For the biodegradation, 
auxiliary equipment is necessary, including pumps, oxygen and 
steam generators, fishmeal wastewater reservoirs, and packing 
machinery. This equipment cost was evaluated to be US 
$19,230.80, so the equivalent annual cost became US$2,730.80 
with k = 0.142. Accordingly, the auxiliary equipment cost was 
calculated to be US$52.52 per biodegradation.

For the biofertilizer production, 110 g of mixed microbes 
were first prepared to degrade 600 L of fishmeal wastewater. 
To harvest 110 g of seed culture, eleven strains were individually 
cultivated on nutrient broth (total 972.4 g) in 1-L flasks for 
1 d. Eleven 1-L flasks were incubated at the same time, and 
ten times cultivation (total 110 L) was necessary because approx-
imately 1 g of cells was harvested from each 1-L flask culture. 
During one-time cell culture and harvest, the total handling 
time (for medium preparation and autoclaving, cell transfer, 
incubation, and centrifugation) was approximately 6 h, and elec-
tricity was required for the balance, autoclave, clean bench, 
incubator and centrifuge. Considering all these parameters, the 
cost required for seed culture preparation was US$473.76. Once 
the seed culture was inoculated, however, three biodegradations 
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were possible with repeated batch operation without any sig-
nificant difference in the quality of the product biofertilizer. 
In this repeated batch operation, 10% (v/v) final culture broth 
including mixed microbes was used as the inoculum for the 
next batch biodegradation. Therefore, the harvested volume of 
the final culture broth including mixed microbes became 540 
L in the first and second batches, and the entire 600 L was 
harvested in the third batch, which averaged 560 L. The numer-
ical values recorded in Table 4 represent one-third of those 
required to produce a seed culture. The average cost required 
for seed-culture preparation was US$157.92. Before bio-
degradation, raw fishmeal wastewater was preheated for 3 h 
and then pumped into the reactor, requiring a total of 5-h handling 
time. Therefore, the cost required for raw material preparation 
was calculated to be US$23.82. For the biodegradation, the re-
actor had to be washed and sterilized in advance, and the total 
handling time for these steps was approximately 1.5 h. The 
cost required for reactor preparation was calculated to be 

US$17.02.
When seed culture, raw fishmeal wastewater and the reactor 

were completely prepared, biodegradation started. In the bio-
degradation, the dominant energy-consuming operation for 80 
h was stirring, and heating/cooling for maintenance of the reactor 
temperature was next. It was assumed that the operation 
(including supervision) of the entire biodegradation required 
a team of two full-time workers in shifts. The total amount 
of chemicals (antifoaming agent for foam clearance and NaOH 
for contamination prevention) used in a single biodegradation 
was approximately 32 g, and 60-L sterile tap water (approximately 
10% of the total volume) was replenished for deficit water. The 
handling time for biodegradation (including inoculation, drain-
ing the final culture broth, and arrangement) was approximately 
83 h. Considering these parameters, the operating cost required 
per biodegradation was calculated to be US$414.88.

After harvest of the final culture broth including mixed mi-
crobes, processing work is required, which includes injection 

Table 4. Cost Evaluation for a Single Biodegradation of Fishmeal Wastewater to Produce Biofertilizer in a 1 m3 Reactor

Category Parameters Cost ($) per unit Cost ($)

Capital investment
cost

Biodegradation equipment
Auxiliary equipment

5,461.5/y
2,730.8/y

105.03
52.52

Operating cost Seed culture (110 g)
  Culture chemicals (324.1 g)
  Electricity (69.4 h)
  Water (36.7 L)
  Labor (20 h)
Raw fishmeal wastewater (600 L)
  Preheating (3 h)
  Pumping into reactor (1 h)
  Labor (5 h)
Reactor preparation
  Washing (50 L)
  Sterilization (0.5 h)
  Labor (1.5 h)
Biodegradation (600-L working volume)
  Electricity (80 h)
  Chemicals (32 g)
  Water (60 L)
  Draining (1 h)
  Labor (83 h)
Final product (560 L)
  Injection of preservative (1% lactate)
  Bottling and packing
  Labor (2 h)
  Maintenance
  Fixed operating

0.15/g
0.18/KWh
0.12/L
4.62/h

0.18/KWh
0.18/KWh
4.62/h

0.20/L
0.18/KWh
4.62/h

0.24/KWh
0.15/g
0.12/L
0.18/KWh
4.62/h

2.92/kg
0.14/L
4.62/h
819.23/y
1,228.85/y

48.62
12.5
4.4
92.4

0.54
0.18
23.1

10
0.09
6.93

19.2
4.8
7.2
0.18
383.5

16.35
78.4
9.24
15.75
23.63

Credits Product value as biofertilizer
Treatment
  Wastewater (560 L)
  Cells (145 g)
Government subsidy

2.22/L

46.15/m3

0.10/kg
7,133.36/y

-1,243.2

-25.84
-0.015
-137.18

Total 491.68



Environmental Engineering Research 23(3) 271-281

279

of preservative (1% lactate) into the biofertilizer to maintain 
its quality during the circulation period [22], bottling and 
packing. The total handling time for this job was approximately 
2 h. The cost of this processing was calculated to be US$103.99. 
In the evaluation of operating cost, maintenance costs and fixed 
operating costs cannot be disregarded. The fixed operating costs 
include depreciation, taxes, insurance, and so on. Those costs 
were calculated as 10 and 15% of the annual capital investment 
cost, respectively [27]. Thus, the annual maintenance cost and 
fixed operating cost were calculated to be $819.23 and 
US$1,228.85, equivalent to US$15.75 and US$23.63 per single 
biodegradation. Based on the calculations, the total manufactur-
ing cost of 560-L biofertilizer per single batch operation was 
estimated to be US$914.56, which corresponds to US$47,557.12 
per year. At 1 m3-scale production, the greatest cost contribution 
came from labor (US$515.17), which accounted for 56.3% of 
the total cost, and next was equipment (17.2%). Utility costs 
were not influential, although the impact of the individual cost 
varies greatly with scale [27].

The development of biofertilizer from raw fishmeal waste-
water brings some economic benefits, and these were considered 
as credits in the economic evaluation. Firstly, the final culture 
broth including mixed microbes (560 L) is a valuable product 
as a biofertilizer. Based on the lowest price of liquid amino 
acid fertilizer on the market (US$2.22/L), the product is worth 
US$1,243.20. Secondly, the complete reuse of both raw fishmeal 
wastewater and the remaining cells (as a byproduct) saves on 
non-negligible waste disposal costs [42]. Currently, the disposal 
costs for domestic wastewater and solid waste are approximately 
US$46.15 per m3 and US$0.10 per kg, respectively. This cost 
is increasing because ocean dumping has been prohibited and 
other treatment methods, such as landfill and incineration, have 
strict limitations. Based on the current treatment cost, the credit 
was evaluated to be US$25.86 per biodegradation, summed from 
the reuse of wastewater (US$25.84 for 560 L) and cells (US$0.02 
for 145 g). Thirdly, complete reuse of wastewater or solid waste 
earns a credit (subsidy) from the government. This credit usually 
corresponds to 15% of total working expenses in Korea, depend-
ing on the scale of equipment, operation and treatment volume 
[43]. This government policy arose from awareness of the envi-
ronmental impact of organic wastes. Accordingly, the govern-
ment encourages recycling of fish-processing waste materials, 
with enforcement of related regulations, to address such environ-
mental impacts. The government subsidy was evaluated to be 
US$137.18 per single biodegradation, and thus the total financial 
gain from the complete reuse of the fishmeal wastewater was 
US$1,406.24 per biodegradation. As a result, the expected profit-
ability from practical reuse of raw fishmeal wastewater was 
estimated to be US$491.68 per biodegradation, which corre-
sponds to US$25,567.36 per year. This indicates that the pro-
duction of liquid biofertilizer from raw fishmeal wastewater 
can make some profit. However, it is not particularly econom-
ically attractive, because this project is in the early stages of 
development.

In this evaluation, the price of biofertilizer was based on 
the lowest price of the currently selling organic fertilizers. Since 

the biofertilizer contains various bioactive compounds and some 
probiotic bacteria, this profit is expected to increase when the 
superiority of the biofertilizer becomes known to consumers. 
Furthermore, larger-scale production would be expected to gen-
erate more profit, since larger installations have advantages re-
sulting from economies of scale [44]. This economic analysis 
result is regarded not only as a useful decision-making tool, 
but also as a guideline for more detailed assessments.

4. Conclusions

Nowadays, complete reuse of fishery waste and wastewater is 
positively encouraged because the amount of such available 
waste is gradually increasing with enforcement of environmental 
regulations. Therefore, biodegradation using specific microbes 
has been strongly recommended to reuse this waste. On the 
bases of field experiments and economic analysis at a 1-m3 bio-
degradation scale, the reuse of fishmeal waster as biofertilizer 
was found to be feasible and potentially profitable. In this study, 
feasibility of complete reuse of biodegraded fishmeal wastewater 
as biofertilizer was first reported, and more profit would be 
expected from larger-scale biodegradation. This effort, following 
government policy, could establish the basis for the development 
of resources from marine waste with the creation of added value.
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