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The recirculating aquaculture system (RAS) is a crucial avenue for the sustainable
development of the turbot aquaculture sector, with its economic viability being a primary
concern for the business. This study, based on a fixed price of 6.91USD per kilogram,
intends to systematically elucidate the economic principles governing turbot farming
within an RAS, utilizing farm survey data, literature, and financial analysis models. The
primary research findings comprise: initially, in selecting the culture strategy, the
variable cost of the sequential-batch culture strategy is 68.57%, indicating a more
favorable cost structure. The break-even point is considerably lower than that of the
single-batch culture strategy, demonstrating enhanced profitability and resilience against
risks. Secondly, regarding feeding management, the selected strain of turbot, when
provided with a standard diet, can yield optimal economic benefits, with a cost-profit
ratio reaching 57.34%. Thirdly, the examination of cultured size and cycle indicates that
enlarging the aquaculture scale and designating 20 years as the project’s entire life cycle
can yield substantial long-term advantages. Sensitivity analysis ultimately indicates that
fish price and feed price are the two variables exerting the most significant influence on
the profitability of aquaculture ventures. This study demonstrates through cost-benefit
analysis that the sequential-batch culture strategy offers greater economic advantages,
thereby providing a basis for farmers in selecting culture and feed strategies, and serves
as a guide for promoting the sustainable development of turbot RAS culture.

markedly reduced dependence on natural environmental
conditions, establishing China as the leading authority in
turbot aquaculture.12:14

Despite certain achievements, recent volatility in turbot
prices and critical components of the turbot supply chain
have posed challenges to the profitability of several op-
erators, prompting their exit from the market.!5 Simulta-
neously, there are two production strategies in the turbot
market: single-batch and sequential-batch culture. Identi-
fying the strategy that improves culture efficiency has now
become a pressing issue, with direct consequences for op-
erational success. %16

Given these challenges, a scientific examination of di-

INTRODUCTION

China’s marine fish aquaculture industry has advanced
markedly in recent years, with a total production of 2.16
million tons in 2024.1 The turbot (Scophthalmus maximus)
is a significant species in China’s marine aquaculture, clas-
sified under the phylum Chordata, class Osteichthyes, and
order Pleuronectiformes. The turbot is recognized for its
swift growth,2-5 significant commercial worth,%7 and re-
markable adaptability to controlled settings.®° Wild turbot
populations are primarily found in the northern Atlantic
Ocean, residing in benthic habitats as a cold-water com-
mercial species. Turbot aquaculture originated in Scotland

during the 1970s.6 In 1992, turbot was introduced to China,
commencing systematic domestication trials and establish-
ing an industrialized aquaculture system that combines
greenhouse facilities with deep-well seawater extraction
equipment.19-13 The progress of industrialized systems has

verse aquaculture practices worldwide, along with an in-
tegration of the current state of China’s turbot industry,
is necessary to offer an economic feasibility assessment.
The economic analysis of the European Union’s turbot in-
dustry reveals that the geographical positioning of produc-
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tion facilities within the natural distribution range of tur-
bot, a conducive institutional framework, and the financial
and technological capabilities of the enterprises are criti-
cal determinants.!7 This serves as a significant reference for
strategy development among aquaculture growers in China.
The application of cost-benefit analysis techniques has ad-
vanced the scientific progress of aquaculture. Shang et al.
asserted that the analysis of cost structure and economic
efficiency indicators is essential in aquaculture economic
research.!8 The economic viability of various aquaculture
systems is influenced by factors like operational scale, tech-
nological proficiency, and management approach. For in-
stance, small-scale aquaculture in Ghana, while marginally
successful (cost-benefit ratio = 1.14), necessitates a payback
period of 7 to 9 years.!? Conversely, capital-intensive sys-
tems must be expanded to attain economic feasibility: Sub-
merged cage aquaculture in Taiwan is financially viable
only with a minimum of 8 units established, yielding opti-
mal returns at 24 units (internal rate of return = 20.84%).20
The RAS offers varied culture scenarios for distinct species:
goldfish culture necessitates over 20 cubic meters of water
capacity for profitability,2! whereas zebra (Hypancistrus ze-
bra) is economically viable solely in small-scale, high-qual-
ity models, yielding an internal rate of return of up to
74.71%.%2

Utilizing the scientific framework of cost-benefit analy-
sis, numerous researchers employ instruments such as net
present value (NPV) and cost-profit ratio to examine the
viability of various aquaculture modes. Nyberg et al. em-
ployed NPV to evaluate the economic advantages of releas-
ing juvenile Atlantic salmon.23 Shi et al. assessed the eco-
nomic performance of monoculture (kelp or scallop) and
diversified culture (kelp-scallop) systems by NPV and cost-
profit ratio methodologies, and analyzed the profitability of
various production models.24 Kaiser et al. performed a cost-
benefit analysis of platform-based open mariculture and
concluded that repurposing previously demolished struc-
tures for aquaculture could be advantageous.2® Liao et al.
conducted a comparative analysis of three aquaculture
methods for Chinese sea bass (Lateolabrax macula-
tus)—pond culture, normal cage culture, and deep-water
cage culture—and determined that the overall culture cost
per kilogram of Chinese sea bass cultivated in ponds was
the lowest at 2.33 USD/kg.26 Yang et al. examination of Par-
alichthys olivaceus culture in China indicates that cage cul-
ture incurs the highest expense (5.01 USD/kg) and yields
the lowest profitability, whereas industrial culture has a
moderate cost (4.52 USD/kg) and achieves the maximum re-
turn. Pond culture has the lowest cost (3.75 USD/kg) and
modest profitability.27

In summary, the literature on turbot mostly encom-
passes pathology and immunity,28-31 reproduction and
breeding,3? nutrition,33 aquaculture technology,3435 mol-
ecular biology,36:37 and initial economic assessments.38
From an economic feasibility standpoint, there are limited
comparative analyses regarding the economic advantages
of recirculating aquaculture turbot projects across varying
diets, strains, sizes, and cycles. This paper tackles this
shortcoming.

The contributions of this study are as follows: Firstly,
the cost dynamics of the turbot recirculating aquaculture
process are examined, encompassing fixed costs, variable
costs, cost structure, monthly cost distribution, breakeven
yields, and prices. Secondly, a cost-benefit analysis of var-
ious compound feeds for the recirculating aquaculture of
different turbot strains was conducted, providing a refer-
ence for identifying the optimal strain-feed combination.
Thirdly, the economic analysis of various culture scales and
life cycles of aquaculture projects provide a decision-mak-
ing basis for determining the optimal scale and duration of
the project.

The structure of this paper is as follows. The second sec-
tion presents the turbot RAS, devises and contrasts two
aquaculture strategies through data collection, and enu-
merates the primary cost-benefit analysis methodologies
employed in this study. The third section presents the re-
sults. The cost structure and monthly distribution of cul-
tured turbot were thoroughly assessed, leading to the de-
termination of break-even yield, price, optimal genetic
strain and feed combination, suitable culture scale, and
project life cycle. The fourth section examines and inter-
prets the principal findings of this study in conjunction
with pertinent literature and proposes appropriate recom-
mendations. Finally, the fifth section outlines this study’s
principal findings.

MATERIALS AND METHODS

INTRODUCTION TO THE RAS FOR TURBOT

The primary process of the RAS includes water treatment
components such as microfiltration, fluidized sand-bed
biofiltration, degasification towers, Low-Head Oxygenators
(LHO), foam separators, and ozone reaction towers. It is
outfitted with an automatic monitoring and control system
for water temperature, salinity, pH, dissolved oxygen, and
ORP, as well as a seawater source heat pump temperature
control system. The system is distinguished by extensive
equipment, elevated efficiency, compact footprint, and a
significant level of automation.3 Due to the modular de-
sign, each connection can be improved and upgraded sepa-
rately and changed simply, which is advantageous for stan-
dardized operation and standardized management. This
study assumes the utilization of identical recirculating
aquaculture facilities as referenced by Wang & Ma.%40 To
mitigate the model’s complexity, this study incorporates
additional preset conditions: there is no heterogeneity
among turbot individuals.

DATA COLLECTION

This study, conducted by China’s national marine fish in-
dustry technology system industrial economy research
team, involved collecting data from 19 comprehensive test
stations and over 90 coastal counties in major aquaculture
regions. The research focused on coastal aquaculture areas,
gathering quarterly data on marine fish farming species,
stocks, sales, prices, areas, aquaculture producers, and in-
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put factors (such as seedlings, feed, and fish medicine) rel-
evant to China’s marine fish farming industry. This study
also acquired aquaculture data from existing literature
sources.*1:42

DESIGN AND METHODOLOGY OF TWO CULTURE
STRATEGIES FOR TURBOT

This study developed and evaluated two culture manage-
ment strategies: single-batch culture strategy and sequen-
tial-batch culture strategy. The two strategies operate on
the same culture period within the same RAS system, but
differ in how the fish batches are stocked and harvested.

The single-batch culture strategy employs the conven-
tional all-in and all-out method, utilizing the system’s
maximum biological carrying capacity to produce turbot to
the largest feasible size during the culture cycle. The se-
quential-batch culture strategy separates the production
cycle into two successive identical phases. Despite the re-
duced output per cycle in sequential-batch culture strategy,
the total production is higher after two consecutive oper-
ational cycles. The sequential-batch culture strategy opti-
mizes the utilization of the RAS system, while the increased
listings of turbot enhance operational efficiency.

The prediction of growth trajectories was conducted by
fitting the body weight progression of turbot within the
specified system using the Gompertz growth model, as de-
rived from experimental data provided by Wang & Ma.440
The 3-parametric Gompertz function is most suitable in de-
scribing the growth curve of turbot and creates the most
realistic predictions of future growth.> Analyses of turbot
growth conducted in Germany and China have both vali-
dated the Gompertz model as the most appropriate for de-
scribing its growth pattern.®>

The hatching time of turbot is typically stated as t = 0,
and the fish growth model describes the entire process from
hatching to adult fish. In actuality, turbot adult fish farming
businesses in China often begin operations three months
after hatching. This study modified the time variable t to t
+ 3, which is comparable to shifting the growth curve to the
left for three months, in order to align the model’s starting
point with the actual culture starting point. The model for-
mulation is expressed as follows:

W (t) = 2788.11 % exp{—8.6 * exp[—0.12 x (t + 3)]}, (1)
The growth of turbot is shown by its body weight, which
is given in grams and written as W,. Based on past op-
erations (survival rate of 98.8 percent in 320 days),? the
daily mortality rate is approximately 0.00375%. The single-
batch culture strategy is expected to achieve an overall
survival rate of 97.26% (1-0.00375%x365x%2), while the se-
quential-batch culture strategy is expected to achieve an
overall survival rate of 98.63% (1-0.00375%x365). The sur-
vival rates utilized in this study are derived from actual
farming data collected from advanced recirculating aqua-
culture systems and leading aquaculture enterprises within
the Chinese turbot industry. Given that this study aims to
evaluate the farming potential under optimized manage-
ment conditions, survival rate that reflect the current tech-
nological advancements were employed.
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Based on the original release quantity, these survival
rates are used to figure out the final harvest quantity. The
starting quantity of seedlings was established according to
the maximum biological carrying capacity of the RAS. The
carrying capacity is influenced not only by engineering pa-
rameters like the supply of dissolved oxygen and the am-
monia removal efficiency of biofilters, but also by the bi-
ological traits of turbot. Previous studies have shown that
excessively high stocking densities can compromise fish
welfare, impede fish growth, and increase the incidence
of diseases.4344 Conversely, insufficient stocking densities
can lead to reduced utilization of rearing space and may be
associated with elevated juvenile mortality rates.4546 This
study, drawing on the findings of Person-Le Ruyet,*’ Ru-
rangwa et al.,48 Jia,? and Han et al.,%° along with insights
from aquaculture professionals, posits that in RAS, the
maximum instantaneous biomass density for 1-year-old
turbot is 52.30 kg/m2, while for 2-year-old turbot, it is 75
kg/m?. The maximum instantaneous biomass density var-
ied significantly with turbot size.

The RAS utilized by the aquaculture company support-
ing this research has a total culture area of 360 m2. Ac-
cording to the growth curve (Equation 1), the average body
weight of one-year-old turbot is 672.87 g, while that of two-
year-old turbot is 1,990.84 g. Consequently, the maximum
stocking capacity of this system is 27,981 one-year-old tur-
bot or 13,562 two-year-old turbot.

Based on the observed survival rates, the initial stocking
density for the sequential-batch strategy was calculated to
be 28,370 individuals. In contrast, the single-batch culture
strategy required an initial stocking of 13,944 individuals.
For the single-batch culture strategy, 13,944 juvenile fish
were stocked at t = 0 and cultured for 24 months, reach-
ing an average body weight of 1.99 kg at harvest. The sin-
gle harvest event yielded an estimated 13,562 individuals,
resulting in a total production of 27,000 kg. The sequen-
tial-batch culture strategy began with an initial stocking
of 28,370 juveniles at t = 0. After 12 months, the first co-
hort was harvested, and a second cohort was immediately
restocked to be harvested at t = 24 months. Each harvest
event yielded an estimated 27,981 individuals, resulting in
a total production of 37,656 kg (Table 1).

METHODOLOGY FOR COST-BENEFIT ANALYSIS OF
RECIRCULATING AQUACULTURE OF TURBOT

Sales prices are determined based on average historical
market prices, while the total cost of aquaculture encom-
passes both fixed and variable costs.50 Let S denote sales
revenue, P the unit price of the product, Q the quantity pro-
duced, C the total cost, F the fixed costs, and v the variable
cost per unit. Thus, the relationships are as follows:
S=PxQ (2)
C=F+vxQ (3)
Break-even occurs when sales revenue equals total cost,
ie.,

PXxQF+vxQ (4)
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Table 1. Comparative analysis of two turbot culture strategies in RAS

Culture . .
Strategy Single-batch culture strategy Sequential-batch culture strategy
. All-in, all-out, aiming for maximum size and yield Enhance annual productivity and facility utilization
Rationale . . -
per batch through consecutive, standardized production cycles.

Stocking At time t=0, 13,944 juveniles were stocked. At t|me§ t=0and t=12, 28,370 juveniles were stocked
Strategy respectively.
Harvest At time t=24, a harvest of 13,562 2-year-old fish At times t=12 and t=24, a harvest of 27,981 1-year-old
Strategy was conducted. fish, was conducted respectively.
Total
Harvest 27,000 37,656
Weight (kg)
Key Design Projected weight (2-year-old turbot): 1.99 kg ; Projected weight (1-year-old turbot): 0.67 kg ; Maximum
Parameters Maximum density (2-year-old turbot): 75 kg/m* density (1-year-old turbot): 52.30 kg/m?

When P is set to the average historical price of turbot, de-
noted as Po (6.91 USD/kg), the corresponding break-even
yield is given by:

Breakeven yield = — (5)
Py

At maximal production capacity, referred to as Qo, the
break-even price can be articulated as:

F
Breakeven price = Q_ +wv

(6)
0

The cost-profit ratio is utilized to assess the efficiency of
cost management:
profit

(7
Profitability is evaluated using the sales profit margin,
which denotes the ratio of profit to sales revenue.

profit >><100% (8)

salesrevenue

Cost-Profit Ratio = ( > x 100%

Sales Profit Margin = (

The marginal contribution rate, defined as the ratio of
(sales revenue less variable costs) to sales revenue, is uti-
lized to evaluate a product’s capacity to contribute to the
firm.

Contribution Margin Ratio = (s“les revenue — variable costs > x100% (9)

sales revenue

Net Present Value (NPV) is a crucial financial metric for as-
sessing the economic feasibility and investment possibili-
ties of a project. The calculation involves the disparity be-
tween the present value of expected future net cash flows
and the initial investment.51:52 The formula for calculating
NPV is presented in Equation (10):

T P,
NPV =) ——— -
= (1+1)
where NPV = net present value; P, = net cash flow in year,
n; I = discount rate; and c = initial cost of investment.>2
The Internal Rate of Return (IRR) is the actual rate of re-
turn on the investment with proper accounting for the time
value of money.°1,52 A greater internal rate of return sug-
gests that the project’s earnings prospects are higher.
The payback period denotes the duration required to
fully recoup the initial capital investment of a project.51:52

It can be quantified using Equation (11) as follows:

I
P=_—
E

(10)

(11)
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where P = payback period in years; I = amount of invest-
ment; and E = expected annual net revenue.

In conducting the cost-benefit analysis, all financial data
initially reported in Chinese Yuan (CNY) were converted to
US Dollars (USD). The conversion utilized the average USD/
CNY exchange rate for July 2023, recorded at 1 USD = 7.1619
CNY.

All data collection, statistical analysis, and figure and
table construction in this study were conducted using Mi-
crosoft Excel Professional Plus 2021.

RESULTS

FIXED COST ANALYSIS
AQUACULTURE FACILITY BUILDINGS

The facility encompasses a 600 m? factory building, with a
construction cost of 139.63 USD per m?, resulting in a total
investment of 83,776.65 USD. This comprises ten contain-
ers, each with an area of 36 m?; a circulating water system
covering 120 m?; a service alley of 60 m?; and an additional
60 m? of auxiliary space allocated for pump houses, power
substations, and warehouses. The asset is projected to be
depreciated over a period of 20 years, incurring a monthly
fixed cost (Cg,) of 331.62 USD, with a residual value of
4,188.83 USD at the end of the term.

RAS

The cost of the RAS was 69,813.88 USD. The 10-year linear
depreciation plan stipulates a monthly fixed cost (C,,o) of
552.69 USD, with a residual value post-depreciation of
3,490.69 USD.

FIBERGLASS TANKS

The unit price for 10 fiberglass tanks is 3,071.81 USD, re-
sulting in a total capital investment of 30,718.11 USD. The
depreciation term is ten years, the monthly fixed cost (Cg)
is 243.19 USD, and the residual value is 1,535.91 USD.
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BACKUP GENERATOR

The cost of acquiring a backup generator is 27,925.55 USD,
which is discounted linearly over a decade. The monthly
fixed cost (Cg) is 221.08 USD, while the residual value is
1,396.28 USD.

ELECTRICAL SUBSTATION

The electrical substation is worth 13,962.78 USD. The resid-
ual value is 698.14 USD and the monthly fixed cost (C,) is
110.54 USD following ten years of linear depreciation.

WELL DRILLING, PIPELINE, AND ELECTRICAL
DISTRIBUTION

The overall investment of 4,635.64 USD for the seawater in-
take infrastructure comprises drilling to a depth of 25 me-
ters (628.32 USD), installation of a 1,000 meters 110 mm
PE pipeline (2,513.30 USD), and deployment of a 1,000-me-
ter distribution system utilizing 35 mm? aluminum cable
(1,494.02 USD). The asset depreciation time is ten years,
the monthly fixed cost (C,,.) is 36.70 USD, and the residual
value is 231.78 USD.

wpe

WATER PUMPS

Water pumps, with a unit cost of 279.26 USD and a service
life of one year, were procured under different strategies
for each culture model. For the single-batch culture strat-
egy (2-year cycle), two units were purchased at t=0 Cup
= 558.51 USD). For the sequential-batch culture strategy
(1-year cycle), one unit was purchased at t=0 (Cyp =279.26
USD).

LAND RENT

The land rental rate (C), adopted from the National Sea-
water Fish Industry Technology System’s Industrial Eco-
nomics Team, is set at a fixed monthly rate of 83.78 USD.

FIXED STAFF SALARY

The fixed monthly personnel cost (Cps) was set at 698.14
USD, corresponding to the salary of one full-time employee
responsible for management, operational and technical
tasks.

WAREHOUSE COSTS

In accordance with prevailing industry practice, feed stor-
age is accommodated within the existing facility infrastruc-
ture. No dedicated storage cost was therefore allocated,
yielding a warehouse cost (C,,;,) of zero.

VARIABLE COST ANALYSIS
SEEDLING COSTS

Seedling acquisition constitutes a one-time capital outlay
at the onset of the production cycle. Based on data from the

National Seawater Fish Industry Technology System’s In-
dustrial Economics Team, the total seedling cost (Cy) is de-
fined as C;y=0.21 x N, where 0.21 USD represents the price
per tail and N is the total number of seedlings stocked.

FEED COSTS

This section quantifies the costs associated with turbot cul-
tured in RAS according to two distinct strategies: a single-
batch culture strategy with a 2-year full production cycle
(Table 2, Figure 1a) and a sequential-batch culture strat-
egy implemented during the first year of operation (Table
3, Figure 1b). The weight increment data utilized in the
calculations were obtained from the growth curve of tur-
bot.4840,53 Key zootechnical parameters, including stock-
ing density and survival rate, were sourced directly from
the experimental work of Jia Rui.?

The feed coefficient (FCR) exhibited variation according
to fish size. The examination of FCR in scientific literature
indicates that for 10g juvenile fish, the ratio was 0.8:1,
which increased to 1.1:1 during the 10g to 2kg stage, and
ultimately reached 1.3-1.8 for market-sized fish (> 1.5kg).%
47-49 This study was designed using scientific literature and
feed conversion ratio data sourced from aquaculture farm.
The feed history was obtained from the industrial economic
database of Chinese national marine fish industry tech-
nology system, indicating an average price of 2.23 USD/
kg. This study predicted feed demand and calculated costs
based on the specified FCR parameters and feed price data.

The relationship between feed cost (C¢ g;, ) and time
t (month) in a single-batch culture strategy can be further
derived using the aforementioned methods and data, re-
sulting in equation 12. Equation 13 represents the relation-
ship between feed cost (C, Seq-B) and time t (month) in the
sequential-batch culture strategy.

Cfsin-B = 105.70t> + 362.54t

Cf seqp = 362.86t% — 871.47¢

ELECTRICITY COSTS

The aquaculture site for this study is assumed to be located
in Qingdao, Shandong Province, where turbot culture com-
monly relies on deep well seawater. According to Lei Jilin,12
the depth of seawater wells in the intertidal zone ranges
between 13 and 20 meters, with the water temperature re-
maining consistently between 13°C and 18°C throughout
the year. This stable temperature profile of deep well sea-
water effectively mitigates the risks associated with tem-
perature fluctuations, thus supporting the continuous,
year-round growth of turbot.54 In this study, it is assumed
that both the deep well seawater and the RAS water main-
tain a constant temperature range of 13°C to 18°C.

During winter in Qingdao, when the average outdoor
temperature falls below 13°C, it is necessary to heat the cir-
culating water to sustain the appropriate culture tempera-
ture for turbot. Conversely, during summer, when the aver-
age ambient temperature surpasses 18°C, the flowing water
must be chilled to sustain the temperature range necessary
for aquaculture. Empirical data indicate that in Qingdao,
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Table 2. Feed Cost Analysis for Turbot in RAS under a Single-Batch Culture Strategy

Weight Number Total Fish Monthly ’;(ki; Feed Monthly Cumulative

Month per Fish of Weight Weight feed/ Weight Feed Cost Feed Cost

(g Fish(n) (kg) Gain (kg) kg (kg) (USD) (USD)

fish)

0 691 13944 96.37 - - - - -
1 13.62 13928 189.71 93.34 0.8 74.67 166.82 166.82
2 24.86 13912 345.88 156.17 0.8 124.94 279.12 445.94
3 424 13896 589.13 243.25 0.8 194.6 434.74 880.68
4 68.06 13880 944.69 355.56 0.8 284.45 635.47 1,516.16
5 103.57 13864 1,435.88 491.19 0.8 392.95 877.87 2,394.02
6 150.29 13848 2,081.28 645.4 0.8 516.32 1,153.48 3,547.51
7 209.11 13832 2,892.38 811.1 0.87 705.65 1,576.45 5,123.96
8 280.27 13816 3,872.22 979.84 1 979.84 2,189.01 7,312.96
9 363.41 13800 5,015.10 1,142.88 1 1,142.88 2,553.24 9,866.21
10 457.58 13784 6,307.27 1,292.16 1 1,292.16 2,886.74 12,752.95
11 561.33 13768 7,728.35 1,421.08 1 1,421.08 3,174.76 15,927.71
12 672.87 13752 9,253.28 1,524.93 1 1,524.93 3,406.76 19,334.47
13 790.21 13736 10,854.33 1,601.05 11 1,761.16 3,934.51 23,268.98
14 911.3 13720 12,503.04 1,648.71 11 1,813.58 4,051.62 27,320.59
15 1034.14 13704 14,171.82 1,668.78 11 1,835.66 4,100.95 31,421.54
16 1156.87 13688 15,835.26 1,663.44 11 1,829.78 4,087.81 35,509.35
17 1277.86 13672 17,470.95 1,635.69 11 1,799.26 4,019.63 39,528.97
18 1395.72 13656 19,059.97 1,589.02 11 1,747.92 3,904.93 43,433.90
19 1509.32 13640 20,587.08 1,527.11 1.2 1,832.53 4,093.95 47,527.86
20 1617.78 13624 22,040.63 1,453.55 1.2 1,744.26 3,896.75 51,424.61
21 1720.48 13608 23,412.33 1,371.70 1.2 1,646.04 3,677.33 55,101.94
22 1817.02 13592 24,696.87 1,284.54 1.2 1,541.45 3,443.67 58,545.60
23 1907.15 13577 25,893.44 1,196.56 1.2 1,435.88 3,207.82 61,753.42
24 1990.84 13562 26,999.71 1,106.28 1.2 1,327.53 2,965.76 64,719.18
Total 28,969.54 64,719.18

* FCR, Feed Conversion Ratio

when the average minimum temperature attains 0°C, the
temperature of the aquaculture water in the circulatory sys-
tem declines by around 2°C daily. The heat wasted by the
fiberglass tank is presumed to be equivalent to the heat ab-
sorbed.

This study assumes a specific heat capacity of seawater
of 4200 J/(kg-°C) and a density of 1.025 x 10® kg/m>. The
electricity cost for aquaculture was 0.0768 USD/kWh, and
the volume of aquaculture water in the circulating system
was 180 m3. The operational experience data of the circu-
lating water system suggests that the temperature decrease
within the system over a single day is proportional to the
difference between the external temperature and the mini-
mum culture temperature of 13 °C during winter. As exter-
nal temperatures decline, there is a corresponding increase
in the decrease of aquaculture water temperatures. Table 4
and Table 5 indicate that the mean outdoor temperature in
January is 0 °C. Consequently, for a particular date in Janu-
ary:

The heating power consumption is calculated as: 4200
J/(kg-°C) x 1.025 x 103 kg/m3 x 180 m3 x 2°C = 1.5498 x 109
J.

The electricity cost for temperature regulation is given
by: 0.0768 USD/kWh x (3.6 x 106) -1 kWh/J x 1.5498 x 10° |
=33.06 USD.

The operational rules of RAS stipulate a daily water ex-
change rate of roughly 5% to sustain normal aquaculture
productivity. According to information from Qingdao Gen-
eral Aquaculture Co., Ltd., the recirculating water system
functions at a power of 8 kW, incurring a daily electricity
expense of 14.74 USD. The operational electricity cost is
calculated as follows: 0.0768 USD/kWh x 8kW x 24h = 14.74
USD.

When the culture density exceeds 55 kg/m?, the system’s
power increases to 11 kW, raising the daily electricity cost
to 20.27 USD: 0.0768 USD/kWh x 11kW x 24h = 20.27 USD.

From the physical work needed to extract deep well sea-
water to the actual power consumption, then to the elec-
tricity cost of water intake, the following formula computes
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Figure 1. Feed Cost vs. Time Function for Turbot (Figure 1a: Single-batch culture strategy, Figure 1b: Sequential-
batch culture strategy for the First Year)

Table 3. Feed Cost Analysis for Turbot in RAS under a Sequential-Batch Culture Strategy (Year 1)

Weight Number Total Fish Monthly ’;E; Feed Monthly Cumulative
Month per Fish of Weight Weight feed/ Weight Feed Cost Feed Cost
(g Fish(n) (kg) Gain (kg) kg (kg) (USD) (USD)
fish)
0 6.91 28370 196.06 - - - - -
1 13.62 28337 385.97 189.9 0.8 151.92 339.40 339.40
2 24.86 28304 703.69 317.73 0.8 254.18 567.85 907.25
3 424 28271 1,198.57 494.88 0.8 395.9 884.46 1,791.70
4 68.06 28238 1,921.91 723.34 0.8 578.67 1,292.77 3,084.48
5 103.57 28205 2,921.17 999.26 0.8 799.4 1,785.89 4,870.37
6 150.29 28173 4,234.25 1,313.08 0.8 1,050.46 2,346.77 7,217.15
7 209.11 28141 5,884.50 1,650.25 0.9 1,485.22 3,318.05 10,535.19
8 280.27 28109 7,878.13 1,993.63 11 2,192.99 4,899.24 15,434.43
9 36341 28077 10,203.55 2,325.43 1.1 2,557.97 5,714.62 21,149.05
10 457.58 28045 12,832.80 2,629.24 11 2,892.17 6,461.24 27,610.28
11 561.33 28013 15,724.44 2,891.65 11 3,180.81 7,106.07 34,716.35
12 672.87 27981 18,827.51 3,103.07 11 3,413.38 7,625.64 42,341.99
Total 18,953.09 42,341.99

* FCR, Feed Conversion Ratio

the entire process. In the first step, the mechanical work (in
joules) needed to theoretically overcome gravity is calcu-
lated using the water’s density (1025 kg/m3), volume (9 m3),
gravity acceleration (9.8 m/s2), and lifting height (25 m).
Nevertheless, energy is lost during the pump’s real opera-
tion. Since the working efficiency of the pump is assumed
to be 50% in this case, multiplying 2 indicates that the
real power consumption is double the theoretical mechani-
cal effort. Since 1 kWh is equivalent to 3600000 Joules, the
second step is to divide the computed total Joule number
by 3600000 and convert it to power consumption (kilowatt-
hour). Ultimately, the ultimate electricity cost for water ex-
traction is calculated by multiplying it by the unit price of
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USD 0.0768 per kilowatt-hour: 0.0768 USD/KWh x (3.6 x
10%) "1 kWh/J x 1.025 x 103 kg/m3 x 9 m3 x 9.8 m/sZ x 25 m
x 2 =0.10 USD.

Therefore, the total electricity cost for January is calcu-
lated as: January electricity cost = 31days x (33.06 + 14.74
+0.10) USD /day = 1484.95 USD. Similarly, electricity costs
for other months can be computed based on the tempera-
ture variations, as detailed in Table 4.

The cumulative electricity costs for both culture strate-
gies are modeled as linear functions of time t (month). For
the Single-batch culture strategy (Table 4, Figure 2a), the
relationship is described by the following linear function:

Ce,SinfB = 912.68t (14)
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Table 4. Electricity Cost for Turbot in RAS under a Single-Batch Culture Strategy

Electricity Electricity Electricity Total Totgl . Cumulative
Average Cost for Cost for Cost for - Electricity
Month Temperature Temperature System Water Electricity Cost per TOt(.]I.
(C) Regulation Operation Extraction Cost per Month Electricity
(USD) (USD) (USD) Day (USD) (USD) Cost (USD)
1 0 33.06 14.74 0.10 47.90 1,484.95 1,484.95
2 27.97 14.74 0.10 42.82 1,198.83 2,683.77
3 17.80 14.74 0.10 32.64 1,011.93 3,695.70
4 12 2.54 14.74 0.10 17.38 521.53 4,217.23
5 17 - 14.74 0.10 14.84 460.07 4,677.30
6 21 7.63 14.74 0.10 22.47 674.11 5,351.42
7 25 17.80 14.74 0.10 32.64 1,011.93 6,363.34
8 26 20.35 14.74 0.10 35.19 1,090.77 745411
9 22 10.17 14.74 0.10 25.01 750.41 8,204.51
10 17 - 14.74 0.10 14.84 460.07 8,664.59
11 10 7.63 14.74 0.10 22.47 674.11 9,338.70
12 2543 14.74 0.10 40.27 1,248.44 10,587.14
13 0 33.06 14.74 0.10 47.90 1,484.95 12,072.09
14 27.97 14.74 0.10 42.82 1,198.83 13,270.91
15 17.80 14.74 0.10 32.64 1,011.93 14,282.84
16 12 2.54 14.74 0.10 17.38 521.53 14,804.37
17 17 - 14.74 0.10 14.84 460.07 15,264.44
18 21 7.63 14.74 0.10 22.47 674.11 15,938.56
19 25 17.80 20.27 0.10 38.17 1,183.34 17,121.89
20 26 20.35 20.27 0.10 40.72 1,262.17 18,384.06
21 22 10.17 20.27 0.10 30.54 916.28 19,300.35
22 17 - 20.27 0.10 20.37 631.48 19,931.83
23 10 7.63 20.27 0.10 28.00 839.99 20,771.82
24 3 2543 20.27 0.10 45.80 1,419.84 22,191.66
Total 340.78 387.05 231 730.14 22,191.66

* The source of the monthly average temperature data is: https://zh.weatherspark.com/

Similarly, for the Sequential-batch culture strategy (Table
5, Figure 2b), the cumulative electricity cost is described by
the following linear function:

Ce. 5eq-B = 899.6t (15)
TEMPORARY EMPLOYEE WAGES

The temporary employee cost associated with RAS tank ad-
ministration encompass daily feeding, water quality assess-
ment, and system maintenance. The cost of a temporary
employee (C,,) for a 10-day period is 279.26 USD per month,
with a daily cost of 27.93 USD.

LIQUID OXYGEN COST

As defined by Niu Huaxin et al.#2 and the National Seawater
Fish Industry Technology System’s Industrial Economics
Team, the liquid oxygen cost in this model is formulated
as a function of time: C;, = 125.66 t, where ‘t’ represents
time in months, and the coefficient 125.66 carries the unit
of USD/month.

MAINTENANCE AND FUEL COST

The monthly equipment maintenance cost is 139.63 USD,
as indicated by the operating data of Qingdao General
Aquaculture Co., Ltd. It is represented by C; = 139.63t,
where ‘t’ represents the cumulative time in months. The
fuel cost is solely incurred when the generator is activated
as a result of a power outage on the farm.

FISH MEDICINE AND ANIMAL HEALTH COSTS

This study determined a fixed monthly cost of water treat-
ment chemicals to be 13.96 USD, based on the cost analysis
conducted by Niu Huaxin et al.#2 and the industrial eco-
nomic team of the national marine fish industry technology
system. The process involves cleaning the vacant fish tank
and aquaculture environment, utilizing hydrogen peroxide
and bleach for equipment disinfection, and augmenting
seawater alkalinity. Consequently, the expense for fish
medication and animal health costs is represented by C,,4 =
13.96 t, where ‘t’ denotes the cumulative time in months.
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Table 5. Electricity Cost for Turbot in RAS under a Sequential-Batch culture strategy
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Electricity Electricity Electricity Total Total Cumulative
Average Cost for Cost for Cost for .. Electricity
Electricity Total
Month Temperature Temperature System Water Cost per ..
o . . . Cost per Electricity
(°C) Regulation Operation Extraction Day (USD) Month Cost (USD)
(USD) (USD) (USD) Y (USD)
1 0 33.06 14.74 0.10 47.90 1484.95 1484.95
2 27.97 14.74 0.10 42.82 1198.83 2683.77
3 17.80 14.74 0.10 32.64 1011.93 3695.70
4 12 2.54 14.74 0.10 17.38 521.53 4217.23
5 17 - 14.74 0.10 14.84 460.07 4677.30
6 21 7.63 14.74 0.10 2247 674.11 5351.42
7 25 17.80 14.74 0.10 32.64 1011.93 6363.34
8 26 20.35 14.74 0.10 35.19 1090.77 7454.11
9 22 10.17 14.74 0.10 25.01 750.41 8204.51
10 17 - 14.74 0.10 14.84 460.07 8664.59
11 10 7.63 14.74 0.10 2247 674.11 9338.70
12 2543 14.74 0.10 40.27 1248.44 10587.14
13 0 33.06 14.74 0.10 47.90 1484.95 12072.09
14 27.97 14.74 0.10 42.82 1198.83 13270.91
15 17.80 14.74 0.10 32.64 1011.93 14282.84
16 12 2.54 14.74 0.10 17.38 521.53 14804.37
17 17 - 14.74 0.10 14.84 460.07 15264.44
18 21 7.63 14.74 0.10 2247 674.11 15938.56
19 25 17.80 14.74 0.10 32.64 1011.93 16950.48
20 26 20.35 14.74 0.10 35.19 1090.77 18041.25
21 22 10.17 14.74 0.10 25.01 750.41 18791.65
22 17 - 14.74 0.10 14.84 460.07 19251.73
23 10 7.63 14.74 0.10 2247 674.11 19925.84
24 3 2543 14.74 0.10 40.27 1248.44 21174.28
Total 340.78 353.87 2.31 696.96 21174.28
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Figure 2. Electricity Cost vs. Time Function for the Growing Phase of Turbot (Figure 2a: Single-batch culture
strategy, Figure 2b: Sequential-batch culture strategy for the First Year)
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Note: Figure 3a depicts the monthly cost distribution for the Single-batch culture strategy in the RAS of Turbot. Figure 3b illustrates the monthly cost distribution for the Sequential-
batch culture strategy. The data presented are derived from both actual research findings and literature, with sources including Person-Le Ruyet,%” Rurangwa et al., 48 Niu et al., 42

Jia, and Han et al.4%

WATER RESOURCE COST

Given that the extraction of deep well water—a primary
source for most RAS in northern coastal China—is an un-
priced natural resource, the water resource cost (C,) is as-
sumed to be zero in this model.

TRANSPORTATION COST

Transportation costs in RAS operations primarily encom-
passes logistics and management activities associated with
sales. Most farms primarily engage in adult fish farming.
Upon harvesting, the majority of the cultured turbot is col-
lected by the sales company. The proportion of administra-
tive expenses is minimal and exhibits a limited direct cor-
relation with aquaculture production. Consequently, this
calculation excludes transportation costs. The transporta-
tion cost is formalized as C;, = 0, a determination that is
consistent with reported data from multiple surveyed en-
terprises.

AQUACULTURE INSURANCE

Based on surveys conducted in the main producing areas,
no insurance product is available for the stock within the
turbot aquaculture sector. Consequently, the cost of aqua-
culture insurance (C,;) is assumed to be zero in this model.

MONTHLY COST PROPORTIONS

Figure 3a illustrates the monthly cost ratio of the single-
batch culture strategy, emphasizing the variations across
different months. During the intermediate and later phases
of breeding, feed expenses constitute a significant portion.
The power expense exhibits notable seasonal variation,
while the other expenses demonstrate minimal variability.

Figure 3b illustrates the monthly cost ratio of the se-
quential-batch culture strategy. Throughout the two-year
culture period, the cost ratio between the first and second
years remained constant. Feed expenses constitute the pre-
dominant component of the overall cost structure through-
out the culture cycle. The cost of electricity varies signif-
icantly each year. Aside from the initial expenditure on
seedlings and pumps, other expenses often exhibited a de-
clining tendency during the one-year culture cycle.

COST STRUCTURE

Table 6 presents the cost structure associated with the sin-
gle-batch culture strategy and the sequential-batch culture
strategy in turbot recirculating aquaculture. The table indi-
cates that feed costs, electricity costs, and employee wages
constitute the largest share of the total expenses. The feed
cost constitutes over 40% of the total expenditure in turbot
RAS. A comparative analysis of the cost structure of the
two strategies reveals significant differences in the propor-
tion of seedling costs. The seedling cost ratio for the single-
batch culture strategy was 1.84%, whereas the seedling cost
ratio for the sequential-batch culture strategy was 6.38%.

BREAK-EVEN ANALYSIS

The break-even analysis indicates that the production risk
associated with single-batch culture strategy exceeds that
of the sequential-batch culture strategy. Table 7 presents
the break-even analysis for turbot recirculating aquacul-
ture. The break-even yield is the quantity of culture re-
quired to cover the culture costs. In the single-batch culture
strategy, the break-even yield was 20,765 kg, whereas in the
sequential-batch culture strategy, it was marginally lower
at 20,740 kg.

Actual yield capacity denotes the highest output that an
aquaculturist can attain. The actual yield capacity of the
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Table 6. Cost Structure of Recirculating Aquaculture for Turbot

Single-batch culture strategy

Sequential-batch culture strategy

Proportion Proportion
Cost Category Amount wFi)thin Total C(.)St Amount wFi)thin Total CO.St
(USD) Category Pro;(;;;tlon (USD) Category Pror();;tlon
(%) 0 (%) ?
Seedling Cost 2,920.45 2.92 1.84 11,883.72 9.30 6.38
Feed Cost 64,719.23 64.79 40.84 84,684.07 66.27 4544
Electricity Cost 22,191.66 2222 14.00 21,174.28 16.57 11.36
Zi’;‘tporary Labor 6,702.13 6.71 423 6,702.13 5.24 3.60
Liquid Oxygen
Cost 3,015.96 302 1.90 3,015.96 2.36 1.62
Fish Medication
and Animal 335.11 0.34 0.21 335.11 0.26 0.18
Health Cost
Variable Costs 99,884.54 100.00 63.03 12779526  100.00 68.57
Summary
Factory 7,958.78 13.59 502 7,958.78 13.59 427
Depreciation
RAS Depreciation 13,264.63 22.65 8.37 13,264.63 22.65 7.12
Fish Pond 5,836.45 9.96 3.68 5,836.45 9.96 313
Depreciation
Generator 5,305.84 9.06 3.35 5305.84 9.06 2.85
Depreciation
Substation 2,652.94 453 1.67 2,652.94 453 1.42
Depreciation
Well Drilling,
Pipeline, and
Power 880.76 1.50 0.56 880.76 1.50 0.47
Distribution
Depreciation
Pump Cost 558.51 0.95 0.35 558.51 0.95 0.30
Maintenance and 3,351.07 572 211 3,351.07 572 1.80
Fuel Cost
Land Rent 2,010.64 343 1.27 2,010.64 343 1.08
Fixed Labor Cost 16,755.33 28.60 10.57 16,755.33 28.60 8.99
Fixed Costs 58,574.95 100.00 36.97 58,574.95 100.00 3143
Summary
Total 158,459.49 100.00 186,370.21 100.00

Table 7. Break-even Analysis for Recirculating Aquaculture of Turbot

Indicators

Single-batch culture strategy

Sequential-batch culture strategy

Breakeven Yield (kg)

Actual Production Capacity (kg)

Break-Even Point Utilization of Existing Production Capacity (%)

20,765

20,740

Breakeven Price (USD/kg)
Selling Price (USD/kg)

Difference Between Selling Price and Breakeven Price (USD/kg)

27,000 37,656
76.91 55.08
5.87 4.95
6.91 6.91
1.04 1.96

single-batch culture strategy was 27,000 kg, whereas the
real yield capacity of the sequential-batch culture strategy
was 37,656 kg. The utilization rate of current yield capac-
ity at the break-even point is defined as the ratio of break-
even yield capacity to actual yield capacity. At the break-
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even point, the utilization rate of the single-batch culture
strategy is 76.91%, whereas the utilization rate of the se-
quential-batch culture strategy is 55.08%.

The break-even price denotes the price point at which
sales revenue equals total culture costs. The break-even
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price for the single-batch culture strategy is 5.87 USD/kg,
whereas the break-even price for the sequential-batch cul-
ture strategy is 4.95 USD/kg. Assuming a sales price of
6.91 USD/kg, the single-batch culture strategy exceeds the
break-even price by 1.04 USD/kg, but the sequential-batch
culture strategy surpasses the break-even price by 1.96
USD/kg. The outcomes of break-even analysis indicate that
the sequential-batch culture strategy possesses a reduced
break-even price and an enhanced profit potential.

ECONOMIC ANALYSIS OF RECIRCULATING
AQUACULTURE BENEFITS FOR TWO STRAINS OF TURBOT
FED WITH THREE TYPES OF COMPOUND FEEDS

This section examines the economic advantages of two tur-
bot strains using three types of compound feed.*! To
achieve this objective, this study conduct a secondary
analysis of the original experimental data reported by Liu
et al.4! The two turbot strains consisted of selective breed-
ing strains from the commercial breeding program (Weihai
Shenghang Aquatic Technology Co., Ltd.) and a control
group of unselected wild-type turbot. The experiment uti-
lized market-specific fish aged 450 days, aligned with the
time point t = 12 on the conventional growth curve.

This study established three diets with varying nutri-
tional and protein contents to assess the relationship be-
tween strains and dietary formulations. Each strain com-
prised three treatment groups, with three parallel groups
established within each of the six treatment groups. The di-
ets were as follows: the high-fat, low-polysaccharide diet
contained 8.0% lipid and 13.0% polysaccharide; the stan-
dard diet, used as a control, comprised 70% fishmeal; and
the fishmeal-reduced, plant-protein-supplemented diet re-
duced fishmeal content to 60%, substituting the difference
with a 7.0% soybean concentrate supplementation.

The study duration was 30 days, and the turbot were sub-
jected to a 24-hour fasting period post-experiment. Subse-
quently, thirty individuals were randomly chosen for weight
assessment. The unit prices for three varieties of compound
feed are determined based on the current market prices for
feed raw materials: the high-fat, low-carbohydrate diet at
2,262.26 USD/ton, the standard diet at 2,234.10 USD/ton,
and the fishmeal-reduced, plant-protein-enhanced diet at
2,200.57 USD/ton, as detailed in Table 8. This study con-
ducted an economic analysis of the culture process utilizing
cost data from the single-batch culture strategy, comparing
and analyzing the economic benefits of two turbot strains
across three formulated feeds, as presented in Table 9.

ECONOMIC ANALYSIS OF THREE AQUACULTURE SCALES
IN RECIRCULATING AQUACULTURE OF TURBOT

The analysis indicates that larger-scale aquaculture opera-
tions generally yield higher economic benefits. The survey
data from aquaculture institutions, including Qingdao Gen-
eral Aquaculture Co., Ltd. and Shandong Institute of Re-
sources and Environment Research, presents the cost com-
position of  Single-batch  culture strategy and
Sequential-batch culture strategy (over two years) for three
production scales of turbot recirculating aquaculture, as il-
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lustrated in Table 10. The wage distribution for fixed and
temporary employees is characterized by a ratio of 1:3:9
across micro, medium, and large enterprises, respectively.
Survey data indicate that the discount rate for other costs in
medium-scale production is 98%, while for large-scale pro-
duction, it is 95%.

Assuming a sales price of turbot at 6.91 USD/kg, the as-
sociated economic analysis, based on the cost structures
in Table 10 is detailed in Table 11. The sequential-batch
culture strategy demonstrates significant economic advan-
tages compared to the single-batch culture strategy across
all aquaculture scales. Moreover, employing the same cul-
ture strategy, an expansion in aquaculture scale would re-
sult in elevated cost-profit ratio, sales profit margin, and
contribution margin ratio in comparison to small-scale op-
erations. The findings demonstrate a scale effect in turbot
recirculating aquaculture, as evidenced by financial simula-
tion analysis.

ECONOMIC ANALYSIS OF THREE PRODUCTION CYCLES
IN RECIRCULATING AQUACULTURE OF TURBOT

The examination of the culture period indicates that the
20-year culture period is more economically viable than
both the 10-year and 30-year culture periods. Table 12
presents the statistical outcomes of cash flow throughout
the forthcoming decade under the two culture strategies.
The findings indicate that the variations in stocking finger-
lings and harvesting operations during the initial and sub-
sequent years of each 2-year cycle in the single-batch cul-
ture strategy result in distinct cash flow patterns between
the two strategies over the 10-year duration. Negative cash
flow has been identified in the single-batch culture strat-
egy, as half of the culture years incur running expenditures
without yielding any revenue. Conversely, the sequential-
batch culture strategy incurred negative cash flow solely
during the investment and construction phases, while gen-
erating positive cash flow annually for the subsequent 10
years of culture. The sequential-batch culture strategy en-
sures uniform stocking fingerlings and harvesting activities
annually, leading to stable cash flow for the initial nine
years. Single-batch and sequential-batch culture strategies
boost cash flow in the 10th year due to fixed asset residual
value revenue.

Table 13 illustrates that the financial performance in-
dicators, including NPV, IRR, and payback period, consis-
tently demonstrate that the sequential-batch culture strat-
egy possesses greater economic viability than the
single-batch culture strategy over the 10-year, 20-year, and
30-year culture periods. Over the 10-year culture period,
the NPV of the sequential-batch culture strategy amounted
to 109,312.56 USD, whereas the NPV of the single-batch
culture strategy was — 55,060.89 USD. The IRR for the se-
quential-batch culture strategy was 20.06%, markedly
above that of the single-batch culture strategy at 5.39%.
The payback period for the single-batch culture strategy is
8 years, but the payback period for the sequential-batch
culture strategy is 5 years, indicating a more rapid return
on investment.
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Table 8. Composition of Feed Cost for Three Formula Feeds

Composition of

High-Fat, Low-Polysaccharide

Standard Diet

Fishmeal-Reduced, Plant-Protein-

feed Diet (USD/Ton) (USD/Ton) Supplemented Diet (USD/Ton)
Fish Meal 1,408.18 1,408.18 1,207.01
Shrimp Meal 100.58 100.58 201.17
vbean 26,82 2682 93.88
Alpha-Starch 26.82 26.82 26.82
Wheat Flour 42.92 53.64 53.64
Fish Oil 107.29 80.47 80.47
Soybean Qil 30.18 18.11 18.11
povbean 60.35 60.35 60.35
Multi-Minerals 20.12 20.12 20.12
Multi-Vitamins 20.12 20.12 20.12
Labor Costs 418.88 418.88 418.88
Total 2,262.26 2,234.10 2,200.57

Table 9. Economic Return Analysis of RAS for Two Strains of Turbot Fed with Three Formulated Diets

Categor Selected- Selected- Selected- Control- Control- Control-

sory group-HF group-ST group-FP group- HF group-ST group- FP
Revenue (USD) 13,161.51 15,432.72 11,400.69 9,773.84 12,089.71 7,030.53
Cost (USD) 9,000.83 9,808.37 8,374.76 7,796.32 8,619.74 6,820.92
Profit (USD) 4,160.68 5,624.35 3,025.93 1,977.52 3,469.96 209.61
Cost-Profit Ratio (%) 46.23 57.34 36.13 25.36 40.26 3.07
(502')65 Profit Margin 3161 36.44 26.54 20.23 28.70 2.98
ContributionMargin 45 og 52.11 47.75 44.97 48.70 37.36
Ratio (%)

*Abbreviations: HF, High-fat, low-polysaccharide diet; ST, Standard diet; FP, Fishmeal-reduced, plant-protein-supplemented diet.
Group designations: The Selected-group and Control-group correspond to the breeding-selected and control strains of turbot, respectively. The six experimental groups were estab-
lished by combining the two strains with the three dietary treatments (e.g., Selected-group-HF).

Over the 20-year breeding period, the NPV of the se-
quential-batch culture strategy rose to 184,379.46 USD,
whereas the NPV of the single-batch culture strategy was
-43,367.08 USD. The IRR for the sequential-batch culture
strategy rose to 21.46%, whilst the IRR for the single-batch
culture strategy persisted at 7.53%. Over the 30-year culture
period, the NPV of the sequential-batch culture strategy
amounted to 200,628.07 USD, whereas the NPV of the sin-
gle-batch culture strategy remained negative at -51,551.53
USD. The IRR for the sequential-batch culture strategy was
21.43%, whereas the IRR for the single-batch culture strat-
egy was 7.24%. The statistics demonstrate that the sequen-
tial-batch culture strategy yields superior financial returns
throughout all culture periods.

The comparative study of the investment period for the
aquaculture project reveals the following hierarchical
structure of financial indicators for the single-batch culture
strategy: The 20-year NPV exceeds the 30-year NPV, which
in turn surpasses the 10-year NPV; similarly, the 20-year
IRR is greater than the 30-year IRR, which is also greater
than the 10-year IRR. The ideal culture period for the sin-

gle-batch culture strategy is 20 years. The financial metrics
of the sequential-batch culture strategy and the single-
batch culture strategy are inconsistent: the 30-year NPV
surpasses both the 20-year and 10-year NPVs; conversely,
the 20-year IRR exceeds the 30-year IRR, which in turn
exceeds the 10-year IRR. Subsequent study indicates that
when the 30-year period exceeds the 20-year period by 10
years, the NPV of the 30-year period is merely 8.81% more
than that of the 20-year period, however the NPV of the
20-year period is 68.67% higher than that of the 10-year pe-
riod. The statistics indicate that the optimal culture period
for the single-batch and sequential-batch culture strategy
is 20 years.

SENSITIVITY ANALYSIS

The study evaluates the financial performance of two cul-
ture strategies, concentrating on a decade of turbot recir-
culating aquaculture. Figure 4a illustrates the sensitivity
analysis of the NPV (discount rate: 10%) for the single-
batch culture strategy. In the baseline scenario, the NPV
is —=55,060.89 USD. The influence of fish price on NPV was
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Table 10. Cost Structure of Three Aquaculture scales for Recirculating Aquaculture of Turbot under Single-batch
culture strategy and Sequential-batch culture strategy (Two-Year Period)

Agquaculture Micro Medium Large
a 1 set of RAS (10 culture 12 sets of RAS (120 culture 36 sets of RAS (360 culture

scale

tanks) tanks) tanks)

Single- Sequential- Single-batch Sequential- Single-batch Sequential-

batch batch

culture batch culture culture batch culture

Culture Strategy culture culture

strategy strategy strategy strategy strategy strategy

(UeD) (UsD) (USD) (USD) (USD) (USD)
Seedling Cost 2,920.45 11,883.72 34,344.52 139,752.58 99,879.50 406,423.16
Feed Cost 64,719.28 84,684.09 761,098.03 995,884.61 2,213,397.56 2,896,195.14
Electricity Cost 22,191.60 21,174.27 260,973.90 249,009.48 758,954.89 724,160.35
Zi’:tporary Labor 6,702.13 6,702.13 20,106.40 20,106.40 60,319.19 60,319.19
(L:'g:t'd Oxygen 3,015.96 3,015.96 35,467.68 35,467.68 103,145.81 103,145.81
Fish Medication
and Animal 335.11 335.11 3,940.85 3,940.85 11,460.65 11,460.65
Health Cost
gj;ﬁ;’;ﬁf“ts 99,884.53 127,795.28 1,115,931.53 1,444,161.61 3,247,157.60 4,201,704.30
Factory 7,958.78 7,958.78 93,595.27 93,595.27 272,190.34 272,190.34
Depreciation
RAS 13,264.64 13,264.64 155,991.99 155,991.99 453,650.15 453,650.15
Depreciation
Fish Pond 5,836.44 5,836.44 68,636.67 68,636.67 199,606.67 199,606.67
Depreciation
Generator 5,305.85 5,305.85 62,396.71 62,396.71 181,459.81 181,459.81
Depreciation
Substation 2,652.93 2,652.93 31,198.56 31,198.56 90,730.53 90,730.53
Depreciation
Well Drilling,
Pipeline, and
Power 880.77 880.77 10,357.73 10,357.73 30,122.03 30,122.03
Distribution
Depreciation
Pump Cost 558.51 558.51 6,568.09 6,568.09 19,101.08 19,101.08
Maintenance and 3,351.07 3,351.07 39,408.54 39,408.54 114,606.46 114,606.46
Fuel Cost
Land Rent 2,010.64 2,010.64 23,645.12 23,645.12 68,763.88 68,763.88
Fixed Labor Cost 16,755.33 16,755.33 50,265.99 50,265.99 150,797.97 150,797.97
Fixed Costs 58,574.96 58,574.96 542,064.68 542,064.68 1,581,028.92 1,581,028.92
Summary
Total 158,459.49 186,370.24 1,657,996.20 1,986,226.28 4,828,186.51 5,782,733.21

the most pronounced. For each 10% rise in fish price, the
NPV climbed to -458.37 USD, and for each 10% decline in
fish price, the NPV declined to -109,663.41 USD. The feed
price significantly influences the NPV. The NPV increases to
-35,558.42 USD with a 10% reduction, whereas it decreases
to -74,563.36 USD with a 10% increase.

Figure 4c illustrates the sensitivity analysis of the IRR
for a single-batch culture strategy. The initial IRR was
5.39%. For 10% increase in fish price, the IRR ascends to
9.96%, but for 10% reduction, it descends to 0.21%. The
cost of feed is the second most significant element impact-
ing expenses. For 10% reduction in feed price, the IRR in-

creases to 7.07%. For 10% rise in feed price, the IRR dimin-
ished to 3.66%.

Figure 4b presents a sensitivity analysis of the NPV as-
sociated with the sequential-batch culture strategy. The
initial NPV was 109,312.56 USD. The influence of fish prices
is significant, resulting in a 10% increase in NPV to
189,272.50 USD, and a 10% decrease in NPV to 29,352.63
USD. A 10% reduction in feed price results in an NPV of
135,329.91 USD, while a 10% increase leads to an NPV of
83,295.22 USD. Variations in other parameters, like elec-
tricity, equipment, and labour costs, exert a diminished in-
fluence.
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Table 11. Economic Analysis of Three Aquaculture scales for Two-Year Recirculating Aquaculture of Turbot
under Single-batch culture strategy and Sequential-batch culture strategy

Micro Medium Large
Facility Scale 1set of RAS 12 set of RAS 36 set of RAS
(10 culture tanks) (120 culture tanks) (360 culture tanks)
Single- . . . . .
Sequential- Single-batch Sequential- Single-batch Sequential-
Culture batch
batch culture culture batch culture culture batch culture
Strategy culture strate strate strate strate strate
strategy gy gy gy gy gy
Revenue
(USD) 186,612.49 260,262.22 2,239,349.89 3,123,146.65 6,718,049.68 9,369,439.95
Cost (USD) 158,459.49 186,370.21 1,657,996.21 1,986,226.34 4,828,186.45 5,782,733.24
Profit (USD) 28,153.00 73,892.01 581,353.68 1,136,920.31 1,889,863.23 3,586,706.71
Cost-Profit 17.77 39.65 35.06 57.24 39.14 62.02
Ratio (%)
Sales Profit 15.09 28.39 25.96 36.40 28.13 38.28
Margin (%)
Contribution
Margin Ratio 46.47 50.90 50.17 53.76 51.67 55.16

(%)

Table 12. Ten-Year Cash Flow Analysis of RAS for Turbot under Two Culture Strategies.

Year Single-batch culture strategy (USD) Sequential-batch culture strategy (USD)
0 -230,832.60 -230,832.60
1 -49,485.72 54,895.71

2 113,538.13 54,895.71

3 -49,485.72 54,895.71

4 113,538.13 54,895.71

5 -49,485.72 54,895.71

6 113,538.13 54,895.71

7 -49,485.72 54,895.71

8 113,538.13 54,895.71

9 -49,485.72 54,895.71
10 120,890.93 62,248.50

Table 13. Financial Performance Comparison of Two Production Strategies in Recirculating Aquaculture for
Turbot over 10, 20, and 30-Year Periods.

Financial

. 10-Year Period 20-Year Period 30-Year Period

Metrics
Single-batch Sequential- Single-batch Sequential- Single-batch Sequential-
culture batch culture culture batch culture culture batch culture
strategy strategy strategy strategy strategy strategy

('\LIJPSVD) -55,060.89 109,312.56 -43,367.08 184,379.46 -51,551.53 200,628.07

IRR (%) 5.39 20.06 7.53 21.46 7.24 2143

Payback

Period 8 5 8 5 8 5

(Years)

* NPV: Net Present Value; IRR: Internal Rate of Return. The payback period represents the duration required to recover the initial capital investment from the net cash inflows, ex-
cluding the time value of money.

Figure 4d illustrates the IRR sensitivity of the sequen-
tial-batch culture strategy. The initial IRR was 20.06%. The
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price of fish increased by 10%, and the IRR ascended to
26.75%. Fish prices decreased by 10%, while the IRR de-
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Figure 4. Sensitivity Analysis of Economic Performance for Single-Batch and Sequential-Batch Aquaculture

Strategies Over a 10-Year Period.

Note: Figure 4a presents the sensitivity analysis of Net Present Value (NPV) for the single-batch culture strategy (values in USD), while Figure 4b shows the corresponding analysis
for the sequential-batch culture strategy. Figure 4c illustrates the sensitivity analysis of the Internal Rate of Return (IRR) for the single-batch culture strategy, and Figure 4d provides
the equivalent analysis for the sequential-batch culture strategy. Data used in the analysis were derived from original experimental studies and the relevant literature, including

works by Person-Le Ruyet,*” Rurangwa et al.,*8 Niu et al.,*2 Han et al.,*° and Jia.’

clined to 12.85%. The feed price was decreased by 10%, and
the IRR was elevated to 22.28%. Upon a 10% rise in feed
price, the IRR dropped to 17.79%.

In both strategies, the price of fish is the primary deter-
minant influencing NPV and IRR. The price of feed is a sig-
nificant cost component, whereas fluctuations in electricity
usage, equipment costs, facility expenses, and labour costs
exert a lesser influence on overall financial success.

DISCUSSION

This study employed financial analysis tools, including
cost-benefit analysis, to comprehensively assess the eco-
nomic performance of recirculating aquaculture turbot. The
findings indicate substantial disparities in the economic
performance of various culture strategies. The variable cost

of the single-batch culture strategy accounted for 63.03%,
while the fixed cost accounted for 36.97%. The variable
cost of the sequential-batch culture strategy accounted for
68.57%, while the fixed cost accounted for 31.43%. The
break-even analysis indicates that the capacity utilization
rate at the break-even point for the single-batch culture
strategy is 76.91%, markedly exceeding 55.08% of the se-
quential-batch culture strategy. The disparity between the
sales price and the break-even price of the single-batch cul-
ture strategy is 1.04 USD/kg, markedly lower than the 1.96
USD/kg of the sequential- batch culture strategy, signifying
that the single-batch culture strategy entails greater cul-
ture risks and inferior economic returns. A higher break-
even point necessitates increased output and sales for
farms to commence profit generation, hence diminishing
their capacity to adapt to market volatility.51

Israeli Journal of Aquaculture - Bamidgeh 98



Economic feasibility of RAS for turbot in China

According to Huang et al.,>> the economic viability of
offshore cage culture is significantly influenced by critical
factors such as survival rate and feed cost. Our research in
turbot RAS farming corroborates this bioeconomic concept,
demonstrating that profitability is profoundly influenced by
feed costs and market price variations. The observed simi-
larities indicate that alterations in the cost structure are es-
sential determinants of the break-even point and financial
risk across various aquaculture systems.

The sensitivity analysis identified fish prices and feed
costs as the primary factors influencing net profit. This dis-
covery aligns with the fundamental bio-economic concept
of aquaculture, wherein, within a stable production system,
fish prices directly influence income.56:57 As the principal
input driving growth, feed cost volatility is a critical factor
affecting cost-effectiveness, a finding consistent with nu-
merous studies,>7 even though sensitivity to feed price can
vary among aquaculture projects.5¢ Consequently, improv-
ing feed cost efficiency is crucial to enhancing economic ef-
ficiency while maintaining nutritional quality.

Ibarra-Castro et al.>® conducted a focused case study on
break-even analysis of seed output in spotted rose snap-
per (Lutjanus guttatus). Nevertheless, while the study iden-
tified the break-even threshold, it did not thoroughly ex-
amine the critical factors that influence it. Our research
enhances understanding of aquaculture economics by elu-
cidating the critical influence of the cost structure, specifi-
cally the fixed-cost ratio, on financial results and risk expo-
sure.

The combined impact of feed nutrients and genetic
strains is another factor contributing to variation in finan-
cial performance, alongside the culture strategy chosen.
Out of all the combinations, Selected-group-ST produced
the highest profit (5,624.35 USD) and cost-profit margin
(57.34%). This is primarily attributed to the enhanced abil-
ity of the selected strain to tolerate and utilize carbohy-
drates, enabling more efficient conversion of polysaccha-
rides in the ST diet into energy for growth.

This finding corroborates the conclusions drawn from
extensive research on rainbow trout (Oncorhynchus mykiss):
studies have demonstrated that the absence of carbohy-
drate feed severely impedes fish growth and elucidated its
potential molecular mechanism, characterized by a sub-
stantial increase in muscle protein degradation rate (KD),
leading to muscle atrophy and inadequate protein accumu-
lation.>8 This demonstrates the significant function of car-
bohydrates in inhibiting protein breakdown and promoting
net protein deposition. Consequently, this study posits that
the inherent advantage of the selected strains in efficiently
utilizing polysaccharides within the ST diet may optimise
protein turnover metabolism; specifically, by minimising
unnecessary protein degradation and directing more energy
derived from carbohydrates towards protein deposition and
growth, ultimately resulting in enhanced economic bene-
fits.

In contrast, the fishmeal-reduced diet (FP), while having
the lowest total cost, generally yielded lower economic re-
turns, indicating that reducing feed costs alone is insuffi-
cient to guarantee economic benefits. Recent research has

clearly stated that common plant proteins, such as soybean
concentrate, fundamentally impair the protein synthesis
capacity of carnivorous fish by inhibiting the mTORC1 sig-
naling pathway and triggering a hepatic energy crisis.>?
This explains at a mechanistic level why simple substitu-
tion often fails, and is also consistent with the earlier view
that “an appropriate supply of animal protein is crucial for
maintaining the production performance of turbot”.60 The
application of enzymes to hydrolyze soy protein, together
with other processing methods, is anticipated to enhance
feed efficacy by rejuvenating the anabolism of turbot liver
and stimulating ribosomal activity.>® Consequently, the es-
sential factor in enhancing economic performance is the
accurate alignment of genetic strains and nutritional tech-
niques.

The disparities in economic performance across strate-
gies can be attributed to the cost structure of RAS. Unlike
the conventional pond culture model examined by Liao et
al.,26 the RAS necessitates substantial initial fixed asset in-
vestment and incurs ongoing power expenses, leading to a
marked escalation in fixed costs. The sequential-batch cul-
ture strategy significantly increased yield per unit area to
52.3 kg/m?, resulting in greater profit per unit area. The
approach employs capital and technological investment to
achieve enhanced space utilization efficiency and economic
advantages. This study aligns with the scholarly agreement
that the green aquaculture model can attain both economic
and environmental benefits simultaneously.24 This affirms
that, despite varying technical methodologies, such as the
RAS employed in this study and the integrated multi-
trophic aquaculture (IMTA) system referenced in the lit-
erature, achieving environmental sustainability objectives
through technological innovation can yield substantial fi-
nancial returns. The elevated ratio of fixed expenses ren-
ders the unit cost especially responsive to aquaculture
scale, hence offering theoretical justification for the scale
effect identified in this study.

The study revealed that the 20-year operation period
yielded the most favourable economic results. This period
aligns with the economic depreciation cycle of the farm
building, which is twice as long as the equipment depre-
ciation cycle.51,61 This period maximises the project’s NPV
while mitigating the uncertainty associated with exces-
sively long cycles. In long-term simulations, the absolute
advantage of current aquaculture technology may diminish
due to future disruptive innovations. However, the primary
objective of this study is to develop an evaluation frame-
work to analyze the impact of different management strate-
gies on economic performance under specific technological
conditions. The results indicate that optimized manage-
ment strategies can significantly enhance economic ben-
efits within the established technological parameters, and
this conclusion is applicable across technological genera-
tions.

Despite achieving the maximum stocking density of 75
kg/m? at 24 months, the single-batch culture strategy inad-
equately utilized the culture space during the initial phase,
resulting in a negative NPV and low IRR over the 10-year
culture period, thereby demonstrating the financial infea-
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sibility of the strategy. Although the multi-batch culture
strategy is economically viable, there are two drawbacks:
the possibility of disease transmission and rising labor ex-
penses. In reality, two factors will directly increase the risk
of pathogen transmission: (1) the accumulation of
pathogens in the water; and (2) an increase in the fre-
quency of cross-operation. Inadequate biosafety manage-
ment could completely undermine the strategy’s benefits
due to disease outbreaks. In this study, it is assumed that
the RAS system operates efficiently. The safety of the cul-
ture process can also be ensured by routine equipment dis-
infection. Using new, disease-resistant cultivars also re-
duces the risk of illness. Thus, under optimal biosafety
conditions, the study’s findings represent the maximum at-
tainable economic potential. To develop robust solutions
that balance efficiency and biosafety, future research must
integrate economic and epidemiological models. The farms
analyzed for this study exhibit high levels of management
flexibility, prompt labor allocation, and flexibility in adjust-
ing operating pace without hiring more staff. Therefore, the
conclusion that the multi-batch culture strategy doesn’t
raise labor costs applies only to production systems with
effective labor scheduling and flexible management; other-
wise, the farm will have to pay the temporary labor costs
required for multiple batches of operations.

This study has specific limitations. The financial analysis
adopted is essentially static and does not fully account
for the dynamic fluctuations of market prices for turbot,
as well as cost components such as feed expenses. This
static simplification may affect the estimation accuracy of
key economic decisions, such as the optimal culture period
and optimal aquaculture scale. Moreover, the model con-
centrated on internal production efficiency and failed to
consider the intricate interactions between the production
system and the wider environmental framework. The con-
clusions of this case study are limited by specific climatic
conditions, fish species, and market environments, making
them unsuitable for direct extrapolation to other regions
that differ significantly. However, the core value of this
research lies in the proposed analytical methods and de-
cision-making framework. This framework integrates bio-
logical growth models, cost data, and market price informa-
tion, utilizing system simulation to evaluate and optimize
management strategies, demonstrating broad applicability.
Aquaculturists or researchers in other regions can adopt
this methodology by inputting local parameters to generate
optimal decision-making solutions tailored to their specific
contexts. Future study ought to use dynamic modelling
methodologies alongside real-time data to more accurately
depict these interactions.

The economic performance of turbot in RAS can be en-
hanced by optimising culture strategies, leveraging
economies of scale, and establishing a feasible business
cycle. Farmers are advised to adopt a small-scale, multi-
batch, high-density culture strategy, select the ideal ge-
netic strain and its suitable diet, and monitor market
swings in fish prices and feed costs to mitigate risks and
achieve sustainable development.
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CONCLUSIONS

This paper presents a thorough economic assessment of
turbot recirculating aquaculture, encompassing financial
analysis, experimental economic analysis, and simulation
modelling. The examination of the two culture strategies
demonstrates that the sequential-batch culture strategy
outperforms others regarding profitability and risk man-
agement, while the break-even analysis highlights its ca-
pacity to maintain profit margins amid market volatility.
The selection of feed has emerged as a crucial element
in enhancing economic viability. Standard diets markedly
improve key financial metrics, including the cost-profit ra-
tio, sales profit margin, and contribution margin ratio. This
indicates that feed selection significantly reduces culture
costs and enhances profitability. Sensitivity analysis shows
that farm income is highly sensitive to market pricing and
feed costs. The results show that farmers can obtain better
financial returns by selecting a sequential-batch culture
strategy, selecting excellent strains, standard diets, and
large-scale operations, and a 20-year culture period.
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