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ARTICLE INFO ABSTRACT

Keywords: This work seeks to understand the predominant drivers affecting energy demand for a recirculating aquaculture
Recirculating aquaculture system system (RAS) by developing a numerical model in Matlab coupled with Aspen HYSYS and validating against
Simulation

Aspen HYSYS

measurement data for a case-study site. 15 weeks of RAS operation were simulated to replicate the grow-out of

Atlantic salmon (Salmo salar) from 42.5 to 322 g body weight (BW). Data on water quality parameters and the
energy demand of the RAS and its equipment were generated. The water treatment loop was automated from
Matlab, along with simulation of the fish tanks. Parameters were continuously updated during the quasi-steady
dynamic simulation of the RAS and data was stored. Concentrations of oxygen, carbon dioxide, total ammonia
nitrogen, total suspended solids and nitrate nitrogen in the fish tanks were recorded for the full 15 week grow-
out. The specific energy demand of the RAS was calculated at 9.59 kWh/kg for the full grow-out. In total, 664
MWh were needed for the complete RAS operation. Coupling Matlab and Aspen HYSYS is a viable method for
modelling and simulating a RAS. The presented tool can also simulate abrupt changes in the system (such as a

Energy demand
Atlantic salmon (Salmo salar)

power outage) and resume normal operation once power is restored.

1. Introduction

Atlantic salmon production in Norway has been steadily increasing
over the past decade. In 2019, 350 million salmon smolts were produced
compared to the 239 million ten years prior (Fiskeridirektoratet, 2020a,
2020b). In live weight, this is an increase of 58.08 % from 2009 to 2019
(FAO, 2022). At the same time, Recirculating Aquaculture Systems
(RAS) have been getting more attention as the favoured land-based
aquaculture model. RAS offer operational and environmental advan-
tages compared to Flow Through Systems (FTS) or net pens. Re-
quirements of a freshwater source are much lower in a RAS since most of
the water is recirculated and treated, thus limiting emissions in effluent
water. The tight control that RAS offer on water quality requires a range
of equipment to be installed. The resulting high capital expenditure is
one of the challenges for RAS sustainability, but this can be mitigated by
large-scale and intensive production (Dalsgaard et al., 2013).

The necessity of such a range of equipment for controlling water
quality makes RAS an energy intensive aquaculture practice. Compared
to other aquaculture systems, RAS is the most energy intensive method,
per mass of fish produced. In a Life Cycle Assessment (LCA), RAS energy
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demand was 1.4-1.8 times higher than FTS (d’Orbcastel et al., 2009).
Another comparative LCA showed the specific energy demand for mass
unit of produced fish of FTS to be 2.55 kWh/kg while RAS was several
times higher at 19.6 kWh/kg (Samuel-Fitwi et al., 2013). Even though
RAS are clearly the most energy intensive, both measured and estimated
energy demand show a wide range of values. Reported and estimated
energy demand of a RAS in the literature is 3-81.48 kWh/kg (Badiola
et al., 2018, 2017; Bergheim and Nilsen, 2015; d’Orbcastel et al., 2009;
Hilmarsen et al., 2018; Yogev et al., 2017; Yogev and Gross, 2019).

The disparity in the reported specific energy demand of a RAS might
be caused by different RAS topologies and combinations of water
treatment components. Investigating how energy demanding these
components are can give a better picture of the impact they have on the
total RAS energy demand. Since RAS are seldom operated with a con-
stant and controlled biomass, the variability in energy demand of all
RAS components also needs to be studied for the duration of the fish
grow-out.

RAS modelling and simulation also has been at the center of other
studies. Ernst et al. (2000) developed a software for aquaculture process
design, management, and simulation. In Wik et al. (2009), a RAS was
dynamically simulated with special detail on moving bed biofilm
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Nomenclature

Acronyms and variables

RAS Recirculating Aquaculture System(s)

FTS Flow Through System(s)

LCA Life Cycle Assessment

SGR Specific Growth Rate (%/day)

FCR Feed Conversion Ratio (kgfeed/Kgfish weight gain)
BW Body Weight (g or kg)

DO Dissolved oxygen (mg/L or %saturation)

CO, Dissolved carbon dioxide (mg/L)

TSS Total suspended solids (mg/L)

TAN Total ammonia nitrogen (mg/L)

NO3-N  Nitrate nitrogen (mg/L)

C Concentration (mg/L)

Q Recirculating water flow (L/h)

m Mass flow (mg/h or kg/h)

m Mass (kg)

Ver Fish tank volume (m®)

t Time (h)

%TSS Percentage of TSS removed in drum filter (%)

%TAN Percentage of TAN conversion in the biofilter (%)
%Feed Daily feed ratio (%/day)

r Metabolite production rate (mg/(kg min))

MW Molecular weight (g/mol)

RQ Respiratory quotient (molco, /molo,)

arss Fraction of TSS in feed (kgrss/kgfeed)

Subindexes

FT In the fish tanks

FT in Fish tanks inlet

FT out  Fish tanks outlet

gen Metabolite generation
Filtered TSS Drum filter filtrate outlet

DF in Drum filter inlet

BF in Biofilter inlet

BF out  Biofilter outlet

Pure O, Oxygen injected in the oxygen cones
OC Oxygen cones

PS Pump sump

BM Biomass in the fish tanks

reactors to predict water quality after treatment. Karimanzira et al.
(2016) modelled an aquaponic system to simulate RAS effluent water
use for crop growth using VBA Excel. Varga et al. (2020) used RAS
experimental data to develop a RAS simulator with multiple growth
stages. In Tanveer et al. (2020), component material balances for several
metabolites were implemented in a dynamic simulation to calculate fish
growth and water quality. Kamali et al. (2022) built a RAS model to
predict wastewater conditions and fish welfare under different RAS
management strategies.

In this study a RAS was modelled, validated, and simulated against
an existing RAS whose operators (ERKO Settefisk) and manufacturers
(Nofitech) have collaborated by sharing essential data. The focus is not
only the correct prediction of water quality parameters, but to estimate
the energy demand of the RAS and its main components. The same RAS
operation was followed over one production cycle and part of the data
on water quality was used for the modelling. The efficiency of the me-
chanical filter, biofilter, aerator and the metabolite generation models
used in the simulated fish tanks in this study were all fitted to experi-
mental data. Since the presented model is semi-empirical, some of the
presented equations are only valid under the specific conditions of this
case study. Data on measured water quality and analyses is in prepa-
ration for a separate peer-reviewed publication.

The proposed hybrid model in Matlab and Aspen HYSYS simulates
the grow-out stage of Atlantic salmon post-smolts for a period of 15
weeks, until they are ready to be sent to net pens. Energy demand of all
equipment and water quality parameters in the fish tanks are calculated
for the grow-out stage. To the authors knowledge, Aspen HYSYS was
used for the first time to model and validate the RAS water treatment
loop.

Adjusting the recirculating water flow of the main water treatment
loop is proposed as an alternative operation schedule to reduce energy
demand. All water quality parameters are allowed to remain within
certain limits to ensure fish welfare. Water quality in the fish tanks is
leveraged within these limits to allow for lower water recirculating
flows. Water recirculating flow is increased accordingly with fish growth
to prevent water quality parameters to surpass the set limits.

This manuscript is organized in five sections: Section 1 offers a
perspective of the current situation of RAS energy demand and the aim
with this work. The details on how the modelling and validation of the
RAS was performed, and which tools were used are laid out in Section 2.
Section 3 contains specific energy demand figures for all RAS

components and water quality parameters in the fish tanks for the
complete grow out. The results are evaluated and compared to literature
in Section 4. Final remarks and key points are summarized in Section 5.

2. Methods

Weekly access to a RAS facility (ERKO Settefisk) was offered to the
project partners in this work. Water samples were taken from different
sampling points along the water treatment loop. Operational parameters
such as fish weight, feed fed, or water temperature were noted, and the
recirculated water flow was measured. Afterwards, water samples were
analysed for a series of different parameters. Water measurements of
interest for this article were dissolved oxygen (DO), dissolved carbon
dioxide (COy), total suspended solids (TSS) and total ammonia nitrogen
(TAN).

2.1. RAS modelling

Two different software programs were used for the simulation of the
complete RAS model; Aspen HYSYS V10, and Matlab R2021a. The
choice of splitting the RAS model between two programs, instead of
building the entire RAS model in one, is the following: Aspen HYSYS has
a limited dynamic simulation interface with little flexibility for modifi-
cations. The dynamic simulation tool is more focused on process control
and operational stability. HYSYS requires a full modelling of a control
system for numerous process variables and the tuning of all controllers
before dynamic simulation can be performed. Additionally, there is no
built-in function for accessing and exporting transient data from a dy-
namic simulation in the user interface, which makes the data acquisition
for obtaining results inconvenient. This discouraged the option of a
complete dynamic model in Aspen HYSYS. However, Aspen HYSYS has
proven to be very capable when dealing with phase equilibria and mass
transfer processes. This makes it an excellent choice for a steady state
simulation of the water treatment loop due to its accuracy. To complete
the RAS, the fish tanks were simulated dynamically in Matlab. The water
treatment loop could also be modelled in Matlab alongside the fish
tanks, but at a great time cost and added complexity to match the pre-
cision of Aspen HYSYS. The proposed hybrid solution combines both the
flexibility of Matlab with the simplicity of using Aspen HYSYS for
solving material and energy balances, and multiphase chemical
component interaction.
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In order to calculate the water conditions of the fish tank inlet flows
from a given fish tank outlet conditions, Aspen HYSYS was used to solve
the water treatment loop. The loop started with the fish tank outlet (see
Fig. 1) and the recirculated water was treated to generate the clean
water flow into the fish tanks (see Fig. 2). After this is done for each
iteration, all component material flows are imported to Matlab. In the
Matlab script, an algorithm (see Fig. 3) solves the component material
balances and recalculates the water conditions in the fish tanks. When
both fish tank outlet and inlet component mass flows are known, the
accumulation (dCrr/dt); (mg/(L h)) of each component is calculated for
that iteration using Eq. (1).

(dCgr/dt), = (Q(Ci,FTin = Cipr oul) + Fitgen )/VFT (@)

Where, Q (L/h) is the recirculating water flow, Cigrin (ng/L) is the
metabolite concentration at the fish tank inlet, C;pr oy (mg/L) is the
metabolite concentration at the fish tank outlet, mg, (mg/h) is the
metabolite generation in the fish tanks, and Vgr (L) is the fish tank
volume.

The fish tank outlet component concentrations Ci1 rr our (mg/L) are
then calculated for the next iteration, integrating numerically using Eq.

(2).
Civ1rrow = Cipr ou + (dCrr/dt) At )

Where, At (h) is the time interval between iterations.
Since the recirculating water flow is known and constant (Q =
1.44-10° L/h), component mass flows are also calculated. A
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comparatively small water exchange is present in the RAS; an overflow
of 80 L/min for each fish tank is specified. The necessary additional
(fresh)water flow to compensate for all system water losses is calculated
on each iteration. All new component mass flows are exported to HYSYS
and updated on their corresponding so-called material stream at the
start of the water treatment cycle. HYSYS calculates the fish tank inlet
flows, which are assessed before they are imported into Matlab. This
assessment is performed to prevent the use of inaccurate data from an
incorrectly solved water treatment loop (i.e., unsolved material streams
or negative flows). Under such scenario, the simulation would stop, and
a warning message would be issued. The cycle is repeated for a simu-
lated time of 8 h to ensure convergence is reached. This equates to 48
iterations using a time interval of 10 min between iterations. Every new
simulated week, the increase in biomass was accounted for and all
dependant parameters were adjusted accordingly (e.g., daily feed mass
and metabolite generation rates) as depicted in Fig. 3. Then a new set of
8 h were simulated for that new week with its new set of conditions. In
the end, all weeks during the grow-out stage were simulated for 8 h
each. For every week, all operational conditions, water quality param-
eters and energy demand were obtained after convergence. These were
used as the representative estimate of the whole week’s performance.

The reason 8 h was selected is partly arbitrary and mainly to ensure
convergence is reached for each simulated week. Diurnal variations in
time-depending parameters were not studied due to the continuously
even RAS operation throughout the day. All fish were exposed to a
photoperiod of 24 h light and lamps in the fish tanks were always on.
Also, fish were continuously fed for 24 h a day.
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Fig. 1. Flowsheet diagram of the RAS model as seen in the Aspen HYSYS user interface. (Part 1).
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Fig. 2. Flowsheet diagram of the RAS model as seen in the Aspen HYSYS user interface. (Part 2).

Since a set of important parameters changed every simulated week
(e.g., biomass and metabolite generation rates) a correction was needed
between simulated weeks. At the start of a new simulated week, an
initial estimation was performed to update the Aspen HYSYS model
which still contained the prior week conditions and results. The new
week’s fish tank outlet conditions were brought closer to their steady
state values. For this, Eq. (1) was used under a steady state assumption as
shown in Eq. (3) to calculate a first estimate of the new mass flows ritgr oy
(mg/h) for each component at the fish tank outlet. This is done once per
new simulated week as a new ., is introduced.

l’h]r[‘ out — QCFI' in 1+ mgen (3)

Matlab was also used to automate the water treatment loop in Aspen
HYSYS. Certain parameters were calculated and regulated throughout
the simulation (e.g., make-up water flow, recirculated water flow
redirected to the oxygen cones and necessary oxygen to be injected in
the oxygen cones). All data of interest (e.g., energy demand of various
equipment and component concentrations in the fish tanks) was
continuously imported and stored from HYSYS.

2.1.1. Water treatment loop

A total of six different chemical species plus a hypothetical solid
component (i.e., total suspended solids, TSS) were included in the Aspen
HYSYS model. These are nitric acid (HNO3), water (H20), carbon di-
oxide (CO3), oxygen (O3), ammonia (NH3) and nitrogen (N3). Each one
of these components are given a material stream at the start of the water

treatment loop in Fig. 1. They contain the mass flows of all simulated
components in the fish tank outlet. These streams are continuously
updated by Matlab on each iteration of the simulation. They are
assembled in one fish tank outlet flow that goes on through a water
treatment cycle. The main water treatment units consist of two drum
filters, a biofilter, an aerator (Fig. 1) and two oxygenators (Fig. 2).

The first step is mechanical filtration. A drum filter holds back part of
the particulate material in the water and TSS is reduced. The efficiency
of the drum filters was found to be 41.7 % from experimental data. This
TSS removal efficiency was specified in the model in Aspen HYSYS
where the net mass flow of TSS in the filtered water flow, m; fiered Tss
(mg/h), is calculated according to Eq. (4).

11, filtered TSS = (%TSS'Yhi,DF in.TSS)/lOO 4

Where, m; pr intss (mg/h) is the net mass flow of TSS at the drum filter
inlet, and %TSS (%) is the percentage of TSS removed in the drum filter.
There is one drum filter for each fish tank in the RAS, all connected in
parallel. After the mechanical filtration, both water recirculating flows
are combined. The next step is the nitrification of TAN into a less toxic
nitrogen species in the biofilter. It was assumed that all TAN is converted
into nitrite anion as represented in the chemical reaction in Eq. (5).

NH; +20,—HNO; + H,0 5)

The overall TAN conversion of 45.3 % was calculated from experi-
mental data and implemented in the simulated biofilter. The amount of
unreacted TAN in the biofilter outlet 1 gr ouTan (mg/h) is expressed in
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Fig. 3. Schematic diagram showing the process and decision-making within the
numerical algorithm, as implemented in Matlab.

Eq. (6).
711; g ou,taN = (1 — %TAN/100)-7#; B in TAN (6)

Where, m;gr intan (mg/h) is the net mass flow of TAN at the biofilter
inlet, and %TAN (%) is the TAN reaction conversion percentage in the
biofilter.

Air is sent through the biofilter to ensure aerobic conditions for the
nitrification step are kept. High concentrations of DO are important to
allow for higher TAN removal rates (Rusten et al., 2006). The effect this
airflow has on carbon dioxide stripped is not measured and, instead, an
overall carbon dioxide stripping efficiency is calculated between the
biofilter inlet and the aerator outlet. This efficiency is implemented in
the simulated aerator while no measure on the carbon dioxide stripped
in the biofilter is made. Freshwater is added in the biofilter to make up
for water losses and water drained through the fish tank overflows.
These are the main sources of water exchange in the system with 0.3 %
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of the recirculating flow being replaced with freshwater which equates
to less than 7 % daily water exchange.

The biofilter is followed by the aerator where carbon dioxide is
stripped, and water is partly oxygenated. Overall removed carbon di-
oxide %CO; (%) was measured to be 57 %. The efficiency of the aerator
was then adjusted so that CO5 in the aerator outlet matched the exper-
imental measurements compared to the biofilter inlet.

After the biofilter, water is sent to a sump where the flow is split in
two. Most of the water is pumped through the main recirculating pumps
(Pumps 1 and 2 in Fig. 2) back to the fish tanks. A fraction is sent to the
oxygen cones for oxygenation before returning to the fish tanks. Pure
oxygen pressurized at a maximum of 4 barg is used to reach higher
saturation levels of DO and reduce water flow requirements in the ox-
ygen cones.

The water flow redirected to the oxygen cones is controlled to adjust
a desired DO level of 9.5 mg/L in the fish tanks. This value was close to
measurements done on several weeks throughout the grow-out period.

Eq. (7) is used to predict how much pure oxygen .0, (mg/h)
needs to be sent to the fish tanks in order to maintain this DO level.

mpureOg = QCFI"OZ 7mgen.02 (7)

Where, Cpr0, (mg/L) is the desired DO level in the fish tanks, and g, o,
(mg/h) is the oxygen generation in the fish tanks.

The necessary water flow Qoc (L/h) that is to be oxygenated is
calculated in Eq. (8).

Qoc = (2pure0, — 1ps.0,) / (Coco, — Crso,) (8)

Where, ri1ps o, (mg/h) is the net oxygen mass flow in the pump sump,
Coc,0, (mg/L) is the concentration of oxygen after the oxygen cones, and
Cps 0, (mg/L) is the concentration of oxygen after the pump sump.

In the case of very low oxygen consumption in the fish tanks (i.e., at
the start of grow-out, with low biomass) DO in the pump sump is enough
to keep the DO in the fish tanks at the desired level. In these instances,
Eq. (8) returns a value for Qoc (L/h) lower than zero. When this hap-
pens, the obtained negative volumetric flow is ignored, and all water is
sent to the main recirculating pumps.

2.1.2. Fish tanks

Matlab was used for the mathematical modelling of the fish tanks. All
parameters were validated from experimental measurements and anal-
ysis from the real studied RAS.

2.1.2.1. Specific growth rate (SGR). Fish growth throughout the grow-
out stage was modelled assuming a constant specific growth rate
(SGR). This was first calculated using Eq. (9) from experimental mea-
surements between the start and end of fish grow-out.

SGR = (ln(mBW end) - 111(rnBW slan) )'100/(tend - tslarl) (9)

Where, mgw cna (8) is the average fish body weight at end of the grow-
out, Mpw sure (g) is the average fish body weight at start of the grow-
out, and teng —tyn (days) is the number of days the fish grow-out lasted.

The SGR was found to be 1.93 %/day. Applying the experimentally
found SGR in the simulation, biomass my,1sm (kg) and (BW),_., ()
could be calculated each consecutive simulated week using Eqs. (10) and
an.

Myi1.8m = My, pmexp(7-SGR/100) (10)
Where, my, gy (kg) is the fish biomass in a fish tank in the current
simulated week w.

(BW),.,, = (BW),exp(7-SGR/100) an

Where, (BW),, () is the fish body weight in the current simulated week
w.
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2.1.2.2. Feed. The feed ratio was constant for the simulated grow-out
stage. In the real RAS, feed was adjusted according to satiation.
Feeding was reduced right before the end to slow down metabolite
generation in water as fish were exported to sea cages. In the simulation,
the daily feed ratio was kept at 1.54 %/day. The hourly feed mass ri, peeq
(kg/h) was calculated accordingly using Eq. (12).

1y, feea = %Feed-m,, gm / 2400 12)
Where, %Feed (%/day) is the daily feed ratio.

2.1.2.3. Metabolite generation. Metabolite excretion and consumption
was modelled using data from experimental measurements of water
samples before and after the fish tanks. The considered metabolites are
CO4, DO, TAN and TSS.

2.1.2.3.1. Carbon dioxide. Carbon dioxide production rate was
found to be 5.276 mg/(kg min). The increase in carbon dioxide excre-
tion with fish growth was accounted for. Eq. (13) was used to calculate
the net carbon dioxide mass flow i, gen co, (mg/h) produced in the fish
tanks.

mw.gcn.COg = 60r, €O, "My BM 13)

Where, rco, (mg/(kg min)) is the carbon dioxide production rate.

2.1.2.3.2. Oxygen. Consumption of oxygen was not modelled based
on measurements but derived from the carbon dioxide production rate.
The relationship between oxygen and carbon dioxide in fish respiration
can be established with the respiratory quotient (RQ). It is a commonly
used method for calculating carbon dioxide production from measured
oxygen consumption and vice-versa. RQ can be calculated using the
model presented in Sanni and Forsberg (1996). The necessary inputs in
the model are the proportion of fat, protein, and carbohydrates in fish
feed. For simplicity, RQ can also be assumed constant. A RQ value of
0.8 molco, /molp, was measured for satiated Atlantic salmon in Forsberg
(1997). When fish were underfed, the quotient decreased. It reached a
lowest value of 0.7 molco,/molo, when fish were starved (Forsberg,
1997). In this study, a RQ of 0.8 mol¢o, /molp, was assumed, following
the recommendation by Thorarensen and Farrell (2011) for Atlantic
salmon feed composition, and the oxygen consumption rate ro,
(mg/(kg min)) was calculated using Eq. (14).

r()2 = rcoz 'IVI\VOZ /(MWCOZ RQ) (14)

Where, MW, (g/mol) is the molar weight of oxygen, MWco, (g/mol) is
the molar weight of carbon dioxide, and RQ (molco, /molo,) is the res-
piratory quotient. The rate of oxygen respirated was 4.790 mg/(kg min).

Eq. (15) was then used to model the net oxygen consumption flow
My, gen0, (Mg/h) in the fish tanks. Since all metabolite models are defined
as a mass generation in the fish tanks, a minus sign in Eq. (15) must be
present.

mw.gen.O; = - 60r03mw,BM (15)

2.1.2.3.3. Total ammonia nitrogen (TAN). To calculate the TAN
production rate, the same procedure was followed as for carbon dioxide.
The calculated value used in the modelling was 0.289 mg/(kg min). Eq.
(16) was used for calculating the TAN generation i, gen ran (mg/h) in
the fish tanks.

Ty gen TAN = 607TAN, BM (16)

Where, rran (mg/(kg min)) is the TAN production rate.

2.1.2.3.4. Total suspended solids (TSS). In contrast to other metab-
olites, TSS production was calculated in relationship to feed fed. All TSS
was assumed to originate from feed and the TSS rate used in the model
was expressed as such. Timmons and Ebeling (2010) specified a rule of
thumb of 25 % of feed fed as TSS. In this study, the TSS fraction coming
from feed arss was 0.1605 kgrss/kgseed. The TSS net mass flow pro-
duction in the fish tanks 1, gen tss (mg/h) was calculated using Eq. (17).
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. o 6 .
mw,gen,TSS =10 artssMy Feed (17)

Where, 1y, peeq (kg/h) is the mass flow of feed added to the fish tanks.

2.1.3. Model parameters

A summary of all parameters used for validation of the simulated
RAS is listed in Table 1. The parameters are for both the water treatment
loop and the fish tank models.

2.2. Evaluating Matlab — Aspen HYSYS for RAS simulation

Modelling the recirculating water treatment loop in Aspen HYSYS is
a viable method for RAS simulation. The built-in unit operations and
equation packages greatly facilitate solving the processes with gas-liquid
phase interaction such as the aerator and oxygen cones. Since the
experimental efficiencies are used for model validation, calibrating the
different unit operations is straightforward. The biofilter has the po-
tential for including a more complex nitrification step and perhaps also
including a denitrification step. In this work a flat conversion rate was
found experimentally and implemented for all the simulations. How-
ever, the biofilter model can be extended in cases where enough
experimental data from the biofilter is gathered to develop a more
detailed nitrification model. Ways of performing this are: adding more
chemical reactions that include other nitrogen species; developing an
extended model for calculating the reaction conversion or, if the biofilter
is dimensioned in detail and enough data is available, implementing a
kinetic reaction set.

The simulation displays no stability nor convergence issues, but the
simulated RAS operation has limited fluctuations, with no diurnal var-
iations. Fish feeding and fish tank lighting is continuous and water
temperature is regulated upon introduction of freshwater. The result is a
RAS that operates mostly in a steady-state, except for the regulated
oxygen cones bypass and for the case with adjusted recirculating water
flow. The method and tools presented here, give satisfactory results for
this quasi-dynamic simulation, but caution should be exercised when
being implemented in dynamic systems with strong diurnal variations.
Since the model and algorithm is validated for a very steady case, the
robustness when simulating highly dynamic systems is still uncertain.

Simulations in which some variables experience steep rates of
change, step functions are implemented with large changes, or where
strong time dependencies are present, might encounter numerical
instability. A poorly chosen time-step for the numerical integration
could also be the cause of instabilities during the simulation. Diver-
gence, occurrence of negative flows in the HYSYS simulation, or an
unsolved water treatment loop could be a sign of a too large time-step.
Typically, the time-step should be smaller than the hydraulic residence
time of the fish tanks. Furthermore, adjustments to the time-step can be
made according to the simulation’s response. A small enough time-step
will reduce the gradients on those parameters with very steep transient
changes. However, too small a time-step will lead to unnecessary

Table 1
Validating parameters extracted from the experimental measurements and
analysis, implemented in the RAS model in both Matlab and Aspen HYSYS.

Parameter Symbol Value Unit
Recirculating water flow Q 24 m®/min

Fish tank overflow Qout 80 L/min

Specific growth rate SGR 1.93 %/day

Feed ratio %Feed 1.54 %/day

Drum filter efficiency %TSS 41.70 %TSS removed

TAN conversion %TAN 45.26 %TAN reacted
Overall CO, removal %CO2 57.03 %CO, stripped
O specific consumption rate To, 4.790 mg/(kg min)
CO, specific production rate rco, 5.276 mg/(kg min)
TAN specific production rate FraN 0.289 mg/(kg min)
TSS production ratio arss 0.1605 kgrss/Kgfeed
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computational expense, and so a compromise between simulation speed
and precision must be established, obtaining the maximum step-size
which enables convergence to a specified degree of precision.

2.2.1. Model limitations

Fish tanks are treated as perfectly mixed tanks.

Models used for mechanical filtration, carbon dioxide stripping,
nitrification, and fish respiration and excretion were fitted using
experimental data from the studied RAS. Their application to other
cases might be limited and they would require refitting to appro-
priate data to extend their use to other RAS operational conditions
and/or species.

It is recommended to solve the HYSYS model prior to starting the
iterative process. An unsolved HYSYS material stream could cause
negative flows to appear on the next iteration. In this study, two
built-in functions are incorporated: the first initializes and solves the
HYSYS model and the second checks for correctly solved inlet water
flows on every iteration.

The hydraulic retention time between the fish tank outlet and inlet is
assumed negligible since most of the system’s volume is retained in
the fish tanks. This means that the flow returning to the fish tanks is
calculated for the same iteration (and time instant) as when the
outlet water quality conditions are exported to Aspen HYSYS. For a
system at steady state with no convergence problems like the one
studied in this work, this does not suppose any setback. However,
implementing the hydraulic retention time of smaller units should be
considered for increasing precision in a system with sudden opera-
tional changes or with higher volumetric capacity on its water
treatment units.

3. Results

The relative change of CO, concentrations in the fish tank outlet are
displayed in Fig. 4. This figure shows a decreasing change which tends to
zero in a time span of 8 simulated hours. All COy concentrations
converge as discussed in Section 2.1, since a uniform RAS operation
throughout the day eliminates any possible daily variations in metabo-
lite concentrations.

In all simulated weeks except the first week (week 2-15), the
calculated relative change curves are clustered very tightly and no more
than one curve could be distinguished. One single representative curve
(orange) valid for weeks 2-15 is therefore plotted in Fig. 4. For week 1
(blue), the curve is farther from the cluster due to the unique initial
conditions for the starting week of the grow-out. For further calcula-
tions, the converged value from each week was used as the
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Fig. 4. Convergence of the simulation showing relative change of the con-
centration of CO,. Curves for weeks 2-15 were clustered together and thus only
one representative curve is shown.
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representative operational conditions for that week.
3.1. Numerical stability analysis

To check the robustness of the model and tolerance to abrupt
changes, stability studies were performed. In the first, a perturbation of
four hours duration was introduced in the system to an already
converged simulation on the eighth hour. The recirculating water flow,
the freshwater flow, the fish tank overflows, the water flow through the
oxygen cones and the blower air flow were all set to near-zero values. In
a practical sense, this perturbation would recreate a complete stop in the
recirculating water treatment loop, for example, due to a power outage.
On the 12th hour, after the perturbation, all the pumps and the blower
were switched on again to their normal operation and the recirculating
water treatment loop started functioning again. The response of the
water quality parameters is shown in Fig. 5a). During the second study,
more frequent power outages were simulated in the same manner as the
first case. Four cases were simulated where the duration of the pertur-
bations was set to 30, 60, 90 and 120 min intervals. Each perturbation
was followed by a normal RAS operation of equal duration. The cycle of
perturbation and normal RAS operation was repeated 5 times for each
case. The response of the water quality parameters for the case with
30 min perturbation intervals is shown in Fig. 5b) and Fig. 5¢) shows the
relative change of concentration at the end of the sequence of pertur-
bations for all four cases.

Within eight hours after the perturbation, the metabolites’ concen-
trations return to their original value, but at different rates. The DO level
is the fastest to converge relative to the other metabolites due to the
presence of the oxygen cones. After eight simulated hours, the relative
change drops from 142 % to 210 % as shown in Fig. 5a). For COy, TAN
and TSS the convergence rate is slower since there are no components
dedicated to regulating their concentrations. Instead, equilibrium is
slowly approached as the water flows through the filter, biofilter and
aerator on each water treatment loop pass. The relative change of CO,,
TAN and TSS are reduced from — 10 % to — 0.06 %, — 8 % to — 0.13 %
and — 7 % to — 0.17 %, respectively.

TAN accumulates and is retained in the fish tanks during the system
stop for four hours. Once the water starts flowing again, the higher TAN
concentration reaches the biofilter and starts reacting into NO3-N. Since
NOs-N is removed only with the fish tank overflows and system water
exchange is estimated to be less than 7 % a slower convergence rate was
expected. After eight hours, the relative change has been reduced to
— 3.7010° % from a starting value of 0.11 % (Fig. 5a)).

When more frequent perturbations are introduced, no convergence is
allowed to be reached due to the shorter time between changes in the
recirculating water flow. Fig. 5b) shows how changes in the different
metabolites reach a pattern of stable oscillation with each cycle. During
each interval where recirculating water flow is shut down (e.g., between
08:00 and 08:30), DO decreases, and CO5, TAN and TSS increase. NO3-N
remains constant since it is only generated once TAN is nitrified in the
biofilter. Since water is not recirculating during this interval, TAN can
only accumulate in the fish tanks. During the interval where flow is
resumed (e.g., between 08:30 and 09:00), DO increases, and CO,, TAN
and TSS are reduced. The corresponding amount of reacted TAN in the
biofilter is converted into NO3-N, and hence NOs-N increases. The trends
during this interval follow a very similar pattern to the start of Fig. 5a).

Fig. 5¢) shows that as perturbations last longer, water quality in the
fish tanks worsen due to the recirculating treatment loop being offline.
Despite the greater offset in water quality in the fish tanks, all metab-
olites return to their operational values during normal RAS operation.
Longer intervals allow water quality to converge closer to the specified
conditions. Comparing the cases for 30 and 120 min (Fig. 5¢)), DO
converges the fastest dropping from 2.79 % to 0.52 % relative change.
The reductions in relative change go from — 5.60 % to — 3.81 % for
CO9, — 4.60 % to — 3.58 % for TAN, — 4.16 % to — 3.44 % for TSS, and
0.055 % to 0.032 % for NOs-N.
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Fig. 5. Convergence of DO, CO,, TAN, TSS (left axis) and NO3-N (right axis) concentrations in the fish tanks after a perturbation in the RAS operation. Convergence is
shown a) after a single perturbation of 4 h, b) for consecutive perturbations of 30 min, and c¢) at the end of different perturbation intervals.

3.2. Metabolite concentrations

Weekly concentration values after convergence of all investigated
metabolites in the fish tanks are shown in Fig. 6. DO keeps a very stable
trend at 9.5 mg/L except for the first two weeks where the values are
slightly higher. Carbon dioxide is kept within advisable limits for most of
the simulation time but surpasses the 10 mg/L mark by week 12. By the
end of the simulation at week 15 a peak of 16.06 mg/L is reached. The
amount of TAN in the fish tanks is kept within safe levels during the full
stocking period. The highest estimated TAN concentration and the only
one crossing the 1 mg/L threshold is 1.05 mg/L on the last week. The
highest TSS concentration value found in the simulation is 6.79 mg/L by
the end of the grow-out when daily feed masses are greatest. In this
simulation the NOs-N concentration starts at 18.08 mg/L. By the end of
the grow-out period, it goes as high as 119.7 mg/L NOs-N.

3.3. RAS energy demand with constant recirculating water flow

The energy demand and the fraction of energy demand of all
equipment in the RAS model is gathered in Fig. 7a) and Fig. 8a),
respectively.

Fish tank lighting has the most marginal demand of all considered
equipment, even though lighting was on 24 h a day. The unchanged
lighting program throughout the grow-out is reflected on its demand,
which remains constant at 76.8 kWh/day. This represents a demand
between 1.10 % and 1.56 % of the total energy demand during the 15
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Fig. 6. Water quality parameters in the simulated fish tanks for each week of
the full grow-out period with constant recirculating water flow.

simulated weeks as seen in Fig. 8a). Similarly, the blower also shows a
flat energy demand on all weeks. At 1.466 MWh/day, its energy demand
with respect to the total is between 21.1 % and 29.7 %.

Input freshwater requires the greatest amount of thermal energy for
the majority of the grow-out. It is only surpassed by the centrifugal
pump to the oxygen cones during weeks 13-15. The thermal energy
requirement starts at 1.891 MWh/day and steadily ramps up to
1.923 MWh/day by the last week. That is 38.3 % and 27.7 % of total
energy demand for the starting and ending week, respectively. The
reason energy demand was not constant is the slight increase of required
freshwater to compensate for water exchange and system losses. As more
feed is needed to satiate growing fish, more water is lost with removed
TSS in the drum filters. These results are arguably overestimated, and
the energy demand is actually a fraction of the reported from the
simulation. In the RAS facility, fish tank overflows are sent to heat ex-
changers to pre-heat the freshwater. Then, a heat pump warms the
preheated freshwater up to the systems temperature. In contrast, results
from this simulation only show the thermal energy demand to raise the
freshwater temperature from 5 °C to 12 °C, which are the freshwater’s
and system’s temperatures respectively.

The RAS recirculating water pumps show a wider range of energy
demand. When all recirculating water is pumped through these pumps,
demand is at its highest at 1.498 MWh/day or 30.4 % of total energy
demand. However, it starts dropping once more water is drawn by the
pump to the oxygenators and less water needs to be pumped through the
main RAS pumps. By week 15, water volume pumped by RAS recircu-
lating pumps is at its lowest, demanding 1.293 MWh/day or 18.6 % of
total energy demand.

The pump to the bypass where the oxygen cones are installed, shows
the most dramatic change in energy demand throughout the simulation.
For weeks 1 and 2, the bypass is closed due to DO levels being high
enough for the low biomass of the fish tanks. This contrasts with Fig. 6
where DO in the fish tanks is above its set point of 9.5 mg/L. As fish grow
and more oxygen is needed, more water is pumped into the oxygen cones
and the energy demand of the pump rises accordingly. For weeks 13-15,
the oxygen cones pump becomes the largest consumer. By the end of the
grow-out, the energy demand is 2.196 MWh/day or 31.6 % of total
energy demand.

In absolute terms, the RAS model needs a total energy of
4.933 MWh/day in the beginning, which stays constant until the pump
to the oxygen cones is turned on. Then it follows a very similar trend as
the oxygen cones pump until total energy demand ends on a maximum
of 6.955 MWh/day. The energy necessary for operating the RAS from
start to end of the grow-out is 663.8 MWh.



G. Ayuso-Virgili et al.

9000

a)

8000

7000

6000

5000

4000

3000

2000

1000

Daily energy demand (kWh/day)

123456 7 8 9101112131415
Week

@ Lighting @Pumps RAS @ Blower

Aquacultural Engineering 101 (2023) 102330

9000

8000

7000

6000

5000

4000

3000

2000

1000

123 456 7 8 9101112131415
Week

Freshwater @ Pump oxygen cones

Fig. 7. Energy demand of all simulated RAS equipment for the full grow-out period with a) constant, and b) adjusted recirculating water flow.
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Fig. 8. Fraction of the daily energy demand of all simulated RAS equipment for the full grow-out period with a) constant, and b) adjusted recirculating water flow.

The results on specific energy demand for all simulated energy

Table 2
Energy demand of RAS equipment for the simulations with constant and
adjusted recirculating water flow.

Fraction of total Specific energy Difference
energy demand (%) demand (kWh/kg) (%)
Operation Constant  Adjusted  Constant  Adjusted
schedule
Blower 23.19 18.37 2.223 1.622 -27.06
Pump oxygen 22.90 29.50 2.196 2.604 18.56
cones
Pumps RAS 22.58 17.90 2.163 1.580 - 26.96
Freshwater 30.10 32.91 2.887 2.905 0.624
Lighting 1.21 1.32 0.117 0.117 0
Total 9.589 8.827 7.92

demanding equipment and RAS as a whole are listed in Table 2. The
specific energy demand of the simulated RAS is 9.586 kWh/kg. Almost
one third of the energy is dedicated to covering the freshwater thermal
energy requirements. In reality, the magnitude would be lower since
what is reported here is the difference of thermal energy of freshwater
between 5 °C and 12 °C.

Recirculating pumps account for 22.6 % of the total energy demand
for the whole period. Including the pump to the oxygen cones, all pumps
are responsible for 45.48 % of all energy demand. This is 4.359 kWh/kg
in specific energy terms. There is a possibility to reduce energy demand
of RAS pumps by regulating down the flow when possible. This applies
mostly to the weeks when the RAS is operating well below its design
conditions.
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3.4. RAS energy demand with adjusted recirculating water flow

An alternative operation schedule to reduce overall energy demand
is investigated. The recirculating water pumps of the main water treat-
ment loop are adjusted to pump the minimum necessary water to keep
water quality parameters in the fish tanks within acceptable levels. The
allowable upper limits are 10 mg/L for carbon dioxide, 1 mg/L for TAN
and 80 mg/L for TSS. DO in the fish tanks is regulated at 9.5 mg/L using
the oxygen cones bypass in the same manner as with constant recircu-
lating water flow. In this operation mode, all water parameters will be
within the established limits except for one (the bottleneck parameter),
which will remain at the boundary.

Air sent through the blower and into the aerator needs to be adjusted
accordingly, too. Since the total carbon dioxide stripping efficiency per
pass must match the experimental measurements, the air-to-water ratio
needs to be regulated.

Water quality parameters for the simulation with adjusted recircu-
lating water flow are as follows: Carbon dioxide in the fish tanks is very
close or equal to 10 mg/L in all weeks. It can be established that carbon
dioxide is the system’s bottleneck parameter. DO is at 9.5 mg/L in the
fish tanks except for the first 4 weeks where it hovers slightly above this
value. The highest DO is found in week 1 at 9.72 mg/L which is not
much higher than the desired value. TAN concentrations remain stable
throughout the simulation ranging between 0.529 and 0.641 mg/L.

The recirculating water flow starts at 5.50 m>/min and steadily in-
creases until it reaches a maximum flow of 39.41 m®/min by the final
week. Water flow is 26.26 m>/min by week 12, which surpasses the
value for the case with constant water flow (24 m>/min). This is justified
since the carbon dioxide concentration crosses the 10 mg/L limit on
week 12 when water flow is constant, as shown in Fig. 6. Thus, the need
for a larger flow to keep the CO5 level within its limit in the adjusted
flow case arises.

The energy demand results for the adjusted water flow case are
shown in Fig. 7b) and Fig. 8b). The blower and the recirculating RAS
pumps are responsible for a large variation in the RAS total energy de-
mand as weeks pass and the culture is intensified. The energy demand
for the blower and RAS pumps is only 325 and 313 kWh/day at the
beginning, with ending values of 2.343 and 2.283 MWh/day, respec-
tively. The oxygen cones pump also shows an increasing but flatter trend
with a starting and ending energy demand of 1.526 and 2.040 MWh/
day, respectively. The thermal energy requirements of entering fresh-
water keep a narrow and stable trend that starts at 1.885 MWh/day and
reaches 2.099 MWh/day by the final week. Lighting energy demand is
unaffected by the change in RAS operation mode and remains at
76.8 kWh/day. The RAS total energy demand shows an upward trend
during the grow-out, starting at 4.127 MWh/day and ending at
8.842 MWh/day, needing a total aggregated energy demand of
611.1 MWh for the whole operation.

The specific energy demand adjusting the recirculating water flow is
8.827 kWh/kg (see Table 2). The freshwater thermal energy re-
quirements are the largest at 2.905 kWh/kg followed closely by the
oxygen cones pump at 2.604 kWh/kg. The blower and the RAS pumps
show a very similar energy demand at 1.622 and 1.580 kWh/kg,
respectively.

In relative terms, the blower and the RAS pump demand 27.06 % and
26.96 % less energy when water flow is adjusted, respectively. In
contrast, the oxygen cones pump shows an increase of 18.56 % for the
case with adjusted flow. This larger energy demand is caused by the
main recirculating flow being reduced most weeks compared to the case
with constant flow. Since the net mass flow of oxygen sent to the fish
tanks from the aerator is smaller, more water needs to be sent to the
oxygen cones to satisfy the desired DO level in the fish tanks. The
thermal requirement of freshwater is marginally increased by 0.624 %
when water flow is adjusted, and fish tanks lighting has an identical
energy demand for both cases. Overall, the energy demand of the RAS is
7.92 % less when the recirculating water flow of the main treatment
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loop is adjusted accordingly to water quality in the fish tanks.
4. Discussion

The water quality and model validation parameters for the fish tanks
are compared to literature and scrutinized in this section. RAS energy
demand and the effect of adjusting the water recirculating water flow on
energy demand and water quality is discussed in detail.

4.1. Specific growth rate (SGR)

The similarity of literature values with the implemented growth of
1.93 % was difficult to evaluate due to a broad variability of operational
conditions. The cases with most similar conditions were chosen for
comparison and the specific growth rate was found to be 1.10-1.85 %
for Atlantic salmon with a BW of 10-700 g (Fivelstad et al., 2007;
Handeland et al., 2008; Imsland et al., 2014; Shi et al., 2016; Sun et al.,
2016). In all instances, the reported SGR values were below the SGR
measured and used in this study. This could be explained by the RAS
continuous operation mode with a 24-h constant lighting and feeding.

4.2, Carbon dioxide (CO3)

There is a notorious difference between the carbon dioxide produc-
tion rate in the literature and the rate used in this study’s RAS model,
which was taken from experimental measurements. The carbon dioxide
production rate of Atlantic salmon in the same BW range (60-150 g) was
measured at 2.1-2.2 mg/(kg min) (Kvamme et al., 2019). A similar rate
of 2.13 mg/(kg min) was obtained for adult fish of 2kg BW with
continuous feeding and a feed ratio of 0.59 % (Forsberg, 1997). This
difference can be noticed when operating or simulating the RAS in the
form of unexpectedly high CO, concentrations in the fish tank outlet. It
is possible that the assumed carbon dioxide production when the system
was designed might have been lower than the actual one. In any case,
carbon dioxide concentration in the fish tanks surpasses the 10 mg/L
limit recommended for Atlantic salmon (Lawson, 1995; Thorarensen
and Farrell, 2011) after week 12. A slightly higher limit of 10.6 mg/L
can also be considered safe (Fivelstad et al., 1998). At the end of the
simulation carbon dioxide concentration peaks at 16.06 mg/L. The
advised upper concentration limits has been established by investigating
a set of fish health indicators, SGR among them. Too high CO; levels in
the fish tanks could risk compromising fish welfare as well as under-
performance of the RAS. There are two possible explanations for this
unexpected rise in CO,. One is that the carbon dioxide stripping capacity
of the RAS might be limited. The returning water flow to the fish tanks
still has potential for further carbon dioxide removal. The other more
plausible explanation is an unexpectedly high carbon dioxide produc-
tion rate. Comparing the experimental carbon dioxide production rate in
Section 2.1.2.3.1 with literature, a suspiciously wide discrepancy ap-
pears. The experimental value is at least twice as large as expected.
Considering a carbon dioxide production rate on the same range as on
the literature, the full grow-out stage could have been completed
without CO, exceeding its recommended limit. To verify this, a sensi-
tivity analysis was performed where the carbon dioxide production rate
in the fish tanks rco, was specified as 50 % of the original rate. The
simulation with a constant recirculating water flow of 24 m®/min was
performed in the same manner, and the new carbon dioxide concen-
trations were observed in the fish tanks. At the start of the grow out, the
concentration is 1.22 mg/L, and it increases until the peak concentration
of 8.05 mg/L is reached by week 15. The water quality is always kept
within the recommended limit which indicates that an excessively large
carbon dioxide production rate could be the reason the limit was sur-
passed on the original simulation.
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4.3. Oxygen (DO)

The choice of keeping the DO level at 9.5 mg/L in the fish tanks is
both supported by operational practices from the original RAS this work
is based on, as well as literature. A high DO level that does not surpass
100 % saturation is the recommendation for Atlantic salmon according
to the Norwegian Veterinary Institute (Fiskehelserapporten, 2022).
Other findings agree with this guideline. A DO between 5 mg/L and full
saturation is recommended in Lawson (1995) and a narrower range of
80-100% saturation is suggested in Thorarensen and Farrell (2011). The
two first simulated weeks in the case with constant recirculating water
flow the DO is above 9.5 mg/L. The explanation for this is the low fish
biomass in the fish tanks. This leads to a lower oxygen respiration than
the system is designed for. As a result, oxygen cones are not used during
the first two weeks because enough oxygen is already being introduced
to the water flow in the biofilter and aerator. Thus, a resultant higher DO
level than the target value set for the fish tanks. The trend stabilizes at
week 3, where a higher oxygen consumption rate forces the use of the
oxygen cones to regulate the DO in the fish tanks at 9.5 mg/L.

Oxygen consumption rates range between 1.10 and 12.0 mg/
(kg min) with BW varying correspondingly between 1 g and 2000 g
(Bergheim et al., 1991; Fivelstad et al., 1999; Fivelstad and Smith, 1991;
Forsberg, 1997; Forsberg and Bergheim, 1996; Grgttum and Sigholt,
1998; Wiggs et al., 1989).

4.4. Total ammonia nitrogen (TAN)

The same pattern as with carbon dioxide and oxygen can be observed
when comparing the TAN production rate with the literature. The
highest reported TAN production rate is still below the implemented
experimental value. The TAN production rate in the literature varies
between 0.056 mg/(kg min) and 0.23 mg/(kg min) (Bergheim et al.,
1991; Fivelstad et al., 1990; Forsberg, 1997; Kvamme et al., 2019; Wiggs
et al., 1989).

A recommended upper TAN concentration limit for Atlantic salmon
is 1 mg/L (Lawson, 1995). In this case, week 15 is the only instance
when TAN crosses the limit. However, a study on effects of TAN in
Atlantic salmon reported a mean value of 1.26 mg/L to be safe (Fivelstad
et al., 1995). It is a subjective matter to conclude whether TAN levels
were completely within acceptable limits, depending on which source is
to be strictly followed. In any case, the exposure to a concentration
slightly higher than 1 mg/L lasted only for one week.

4.5. Total suspended solids (TSS)

With a maximum recommended TSS concentration of 80 mg/L
(Lawson, 1995) and a maximum simulated value of 6.75 mg/L, TSS is
the parameter with least concern for reaching its set limit.

4.6. Nitrate nitrogen (NO3-N)

The concentration of NO3-N increases steadily throughout the grow
out and peaks at a concentration of 119.7 mg/L by week 15. In the
literature, Lawson (1995) gives a recommendation of keeping the NO3-N
concentration lower than 3 mg/L. However, this threshold falls short
compared to recent findings. In one study, Atlantic salmon growth was
suggested to be relatively unaffected by NO3-N concentrations up to
101.8 mg/L (Freitag et al., 2015). Another study concludes that
100 mg/L NOs-N is a safe level for Atlantic salmon culture (Davidson
et al., 2017).

Since there is no removal of NO3-N in the system (e.g., presence of a
denitrification step), NOs-N can only be removed through the fish tank
overflows. The large accumulation of NOs-N could then be caused by too
low of a daily water exchange which is estimated to be less than 7 % in
the modelled RAS case. Unfortunately, there is little research on the
effect of higher NO3-N concentrations on Atlantic salmon. As Davidson
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et al. (2017) proposed, additional research beyond the 100 mg/L NO3-N
mark is needed. Regarding the live culture, growth was not impaired,
but no study assessing health indicators was performed. It would be
advisable to increase the overflows and water exchange of the system or
incorporate a denitrification filter with intent to reduce NO3-N con-
centrations to 100 mg/L when at maximum capacity. A reevaluation of
this measure can be done once there is broader knowledge on the effects
of higher NO3-N concentrations on Atlantic salmon.

4.7. Energy demand with adjusted water flow

From an energy perspective, adjusting the water flow of the RAS is a
viable option to reduce demand. RAS energy demand was reduced by
7.92 % when water flow was adjusted following simple criteria, but a
more efficient water flow control may exist. The energy demand of the
oxygen cones pump should also be considered when finding the opera-
tional conditions with minimized energy demand. A reduction in the
main recirculating water flow can cause more water to be pumped
through the oxygen cones to compensate for the diminished net oxygen
mass flow introduced in the aerator. Additionally, the pump to the ox-
ygen cones might need to be turned on when the water flow is adjusted
on weeks where it normally would not be if the water flow was a con-
stant 24 m>/min, such as the first two weeks of the simulated scenarios.
A trade-off between the main water treatment loop and the oxygen cones
secondary loop should be established. The optimum water flows to be
adjusted should be found based on the combined energy demand of the
blower, RAS pumps and oxygen cones pump.

Adjusting the water flow directly affects the water quality in the fish
tanks. When recirculating water is reduced, the water quality di-
minishes. Since water quality is being leveraged to reduce energy de-
mand, it is crucial to keep a level of water quality that does not impair
fish welfare. In this study, carbon dioxide is the bottleneck parameter for
regulating the recirculating water flow. The maximum allowable carbon
dioxide concentration in the fish tanks is set at 10 mg/L which, ac-
cording to literature, has no harmful effects after long term exposure.

When comparing the case with adjusted water flow against the case
with constant one, the relationship between recirculating water flow
and carbon dioxide concentration becomes clear. From weeks 1 to 11,
CO; in the fish tanks is below the 10 mg/L limit when water flow is
constant. The difference between CO, and the set threshold is traded off
for a lower recirculating water flow when flow adjustment is allowed.
An opposite trend happens between weeks 12 and 15. Since the con-
centration of carbon dioxide surpasses the threshold in the constant
water flow case, a water flow increase must be implemented to reduce
the concentration to the set limit. The last four simulated weeks are, in
fact, more energy demanding when water flow is adjusted because water
quality in the base case was not complying with the defined water
quality standards. Nevertheless, a reduction of 7.92 % energy demand is
still possible when water flow is adjusted during the grow-out period
while simultaneously keeping all water quality parameters within their
set limits for fish welfare.

The RAS energy demand can be further reduced if the set limits for
the water quality parameters in the fish tanks are less strict. However,
the water quality parameters should not be allowed to worsen beyond
fish comfort levels in benefit of increased energy savings. A note of
caution needs to be made to prevent possible non-fish friendly practices
to be justified from this work. At no point is fish welfare sacrificed for a
lower RAS energy demand. To be precise, water quality in the simulated
fish tanks was allowed to slightly worsen within acceptable limits as to
not cause any negative effects on fish welfare. Any further investigation
for the reduction of RAS energy demand should first comply with a
water quality standard for fish welfare.

5. Conclusion

This paper demonstrates the viability of Aspen HYSYS for
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recirculating aquaculture systems modelling and simulation automated
from Matlab. To the knowledge of the authors, this is the first time a RAS
or part of it (i.e., the recirculating water treatment loop) is modelled and
validated in Aspen HYSYS. The model also serves to replicate the
operating conditions of a case study RAS.

A numerical stability analysis was performed on the RAS model to
test its viability when simulating a stop in one or several units central to
the recirculating water treatment loop such as pumps or blowers. The
results indicate that abrupt changes do not lead to divergence and the
simulation is able to converge once the normal operation is resumed.

Concentrations of CO5, DO, TSS, TAN and NOs-N in the fish tanks
were produced based on weekly operation conditions. Energy demand of
equipment central to the RAS operation was calculated for a single full
grow-out period.

One concerning result is that the CO, concentration in the fish tanks
surpasses the recommended threshold after week 12. The most reason-
able explanation is the excessively high CO; production rate of
5.276 mg/(kg min) which more than doubles reported literature values.
In a sensitivity analysis where the RAS was simulated with a carbon
dioxide production rate of 2.638 mg/(kg min) the CO5 concentration
never exceeded the recommended limit. The unexpectedly high carbon
dioxide production rate is arguably the reason water quality was not met
by the end in terms of CO5 concentration. The cause for this high COy
production rate should therefore be investigated further. Alternatively,
improving the carbon dioxide stripping efficiency of the system would
allow the RAS to stock a larger biomass. Or, in the case of a set growth
schedule, this would facilitate keeping lower levels of COx.

The accumulated NOs-N in the system is caused by the absence of a
denitrification step in the biofilter and by low water exchange. However,
no clear answer to the effects of NO3-N concentrations above 100 mg/L
can be offered due to lacking literature.

Levels of DO, TAN and TSS are all within acceptable limits. DO is
regulated throughout the whole operation and kept at 9.5 mg/L in the
fish tanks. TAN concentration comes close to its recommended limit by
the end of the grow-out. TSS in the fish tanks is not only well controlled,
but the concentration at largest biomass is less than ten times below the
recommended upper limit.

The specific energetic cost of growing Atlantic salmon post-smolts is
9.589 kWh/kg. In total, RAS energy demand for the whole grow-out
operation is 663.8 MWh. 45.48 % of this total is needed to operate all
system pumps (i.e., both RAS pumps and the oxygen cones pump). After
pumps, freshwater thermal energy requirements account for 30.10 % of
total energy demand. The energy need for the air blower constitutes
23.19 % of the overall energy need and a marginal 1.21 % is dedicated
to fish tank lighting.

In an alternative proposed operation, recirculating water flow is
adjusted to reduce energy demand. The blower and recirculating pumps
energy demand are approximately 27 % less than with constant water
recirculating flow, whilst the energy demand of the pump to the oxygen
cones increases by 18.56 %. In overall terms, the RAS energy demand is
reduced by 7.92 % when recirculating water flow is adjusted with a
specific energy demand of 8.827 kWh/kg. This suggests alternative,
more efficient operation is possible and future work will consider opti-
mised RAS operation within a wider system of a grid-independent,
renewably sourced energy system.
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