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SUMMARY

In this study, the fish mortality rate, feeding status, swimming status, etc.
were analyzed by applying ozone to seawater to sterilize influent water and
improve water quality. In addition, the correlation between Total residual
oxidant (TRO) and Oxidation reduction potential (ORP) was confirmed
according to the amount of ozone injected for sterilization, the degree of
neutralization of TRO was analyzed according to the amount of neutralizer

injected, and the mortality of fish was analyzed.

In general, ozone is widely applied to the sterilization and removal of
pollutants in industrial water treatment industries such as water and sewage.
Unlike ozone applied to freshwater, its application in seawater is very
different. Ozone has a very short half-life of 5.3 seconds because it reacts
rapidly with bromine ions widely distributed in seawater. However, the
half-life of TRO produced by reaction with bromide is relatively long, so
TRO can accumulate rapidly with residence time. Therefore, when applied to
saltwater fish farming, it is important to automatically adjust the TRO value
to maintain an acceptable TRO value for the fish, and if it exceeds the

allowable value, it will die.

Ozone can be applied in a variety of ways to saltwater fish farming. In
order to completely inactivate viruses or parasites contained in the influent,
the highest CT wvalue among the influent pathogens is selected and the
corresponding ozone Injection rate i1s applied to maintain the TRO
concentration for inactivation of the pathogens. In this study, the experiment
was conducted focusing on the olive flounder, which has the highest

production among domestic farmed fish species.

In the case of influent sterilization treatment, in order to secure sufficient

residence time to consider the CT wvalue for parasite death, it stays for about



3 minutes or more in the ozone reaction tank (Skimmer) and PE tank
(reservoir), and sodium thiosulfate is added to neutralize the high TRO. was
used. In order to check and control the neutralization of TRO, the ORP value

was allowed to flow into the aquaculture tank in the range of 250 to 280mV.

In addition, when configured with a closed-loop water treatment such as
seawater RAS, a protein skimmer is typically used to remove fish metabolites
and dissolved organic matter and particulate matter. When controlling by
injecting plasma (ozone) into Protein Skimer, the aggregation effect is
excellent and water quality can be effectively improved by removing the
organic matter dissolved in the water. However, if the TRO concentration
exceeds the allowable range for farmed fish, it puts a great stress on the

fish and eventually leads to death.

Therefore, the appropriate TRO concentration range of farmed fish was
identified, and the fish status and mortality according to exposure to TRO
concentration were analyzed. In addition, in order to effectively control the
amount of ozone in the low TRO concentration range, it was compared with
the ORP value according to the TRO concentration. The ORP value can be
maintained proportionally and linearly according to the TRO concentration, so
it was analyzed that the method of automatically controlling the ozone

injection amount would be sufficient.

However, when high-concentration ozone for influent sterilization was
injected, the ORP value did not remain proportionally linear at the high TRO
concentration, so it was confirmed that a separate ozone injection rate

algorithm was needed.

As a result of analyzing the TRO tolerance of Oliver flounder in the
flow-through method, it was possible to confirm the stability of the fish at

30 ppb or less.
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Table 1. World fisheries and aquaculture production, utilization and trade' (FAO,

2020)

1986~ 1996 ~ 2006 ~

Average per year (million tonnes, live weight)

Production Capture
Inland 6.4 8.3 10.6 114 11.9 12.0
Marine 80.5 83.0 79.3 78.3 81.2 84.4
Total capture 86.9 914 89.8 89.6 93.1 96.4
Aquaculture
Inland 8.6 19.8 36.8 48.0 49.6 51.3
Marine 6.3 14.4 22.8 285 30.0 30.8
Total aquaculture 14.9 34.2 59.7 76.5 79.5 82.1
Total world fisheries | 1, g 1256 1495 | 1661 | 1727 | 1785
and aquaculture
Utilization®
Human consumption 71.8 98.5 129.2 148.2 152.9 156.4
Non-food uses 29.9 27.1 20.3 179 19.7 22.2
Population (bilions)? 54 6.2 7.0 75 75 7.6
Per copita opparent 134 159 184 199 20.3 205
consumption (kg)
Trade
Fish exports - in 349 46.7 56.7 595 64.9 67.1
quantity
Share of exports in | sy300, | 3729 | 379% | 358% | 37.6% | 376%
total production
Fish exports - in
value(USD billions) 37.0 59.6 117.1 142.6 156.0 164.1

"Excludes aquatic mammals, crocodiles, alligator and coimons, seaweeds and

other aquatic plants. Total may not match due to rounding.

2Utilization data for 2014~2018 are provisional estimates.

*Source of population figures: UN DESA, 2019.
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Fig. 1. World capture fisheries and aquaculture production (FAO, 2020)
Note: Excludes aquatic mammals, crocodiles, alligators and colmans,

seaweeds and other aquatic plants.
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7}
T8 OPO+% stolxot B FAHHOBr) ¥ &ho] Lol B FA4F4 o] &(0Br o] th.

Jm
ol
o)
3
=2
2
et
ot
=,

o

|22 & o3 TR E2 4FslE o (Hoigne et

al, 1985). 22 =3lEq s 714 =& SRR dA FAHol Eu
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NH.Br « NH, Hopr—LPOM___ Brominated
. s A organic comp.
A0
T AT
p O 3 ;f:; H D H.
hOES \
! v 5\ 0, OH-
Br OBr —'-—FBFDE —— Br0
” | _ 3
OH- __ [} ;: %’, A
~_0, “ L NG | | OB
OH" AN Vi
. ~ BrO.
Br- Th Brs ‘H—;\_KT,. Bro.
4
Br

Fig. 2. Reaction of ozone and bromide ions

QFo o3 BE o] 2(Br)¢ A3t Table 20 71&® wkS2(1, 2)o] o]l
OBr ¢ HOBr& AA 3t} (Haag and Hoigne, 1983). °o]5¢] WS ZH 2+ Fig.
29 2t

Table 2. Production hypobromite (OBr ) and hypobromitic acid (HOBr)

No. Reaction k or pKa Reference

1 O3 + Brr — O, + OBr 160 M's! | Haag and Hoigne, 1983

2 HOBr <« OBr + H' 8.8 (20°C) | Haag and Hoigne, 1983

HOBrs} OBr ¢ @< '§elng oletn shvf fenge 1 Adz 443

— T pul

(2

stA ol 22 A& AR 283t (Johnson and Overby, 1971). dFo] ZolH F4

L

rlo

FAAAA EE Fryoret wh2A WHgste]l the HER(NH:Br, NHBr,
NBr3;) < @A 3t}H(Wajon and Morris, 1979). 3}o] Lol B &4k} oF R ijole] uh

=g

£ % Table 37 o] H&Zulvl(Bromamines)S &4 3lt},

_12_



Table 3. Bromamine formation

No. Reaction k Reference

3 | NH; + HOBr — NH:Br + H,O | 8.0x10° M 's' | Haag and Hoigne, 1983

4 | NH:Br+HOBr — NHBr, + H,O | 4.7x10° M 's' | Haag and Hoigne, 1983

5 | NHBry+HOBr — NBr; + H,O 53 x 10° M 's!

Haag and Hoigne, 1983

5} Aol Bfo] Eo} B EAHHypobromous acid)¥} +AFgH

A UEdn. mebd BEepie Ak dojAd f8 B ERbE(Free

bromine) & ¥} 7% o] t}(Fisher et al, 1999; Johnson and Overby, 1971).

NH; . Bromamines;
NH,Br, NHBr,, NBr;
Br Free Bromine Brominated
Os HOBr «— H* + OBr Crganics
Og + DBr- - Brog-

Fig. 3. Dominant reaction pathways and products in aquaculture ozonation

Table 49} o] sfo]LofH Zufo]E o] 2(OBr )< &0l oa sty o] B

=g

2 ol (BrOy)e 2% 2kstE 4= 9lti(Haag and Hoigne, 1983).

Table 4. Bromate ion (BrOs; )

No. Reaction k Reference
Haag and Hoigne
6 |203 + OBr — 20, + BrO3 | 100 M %™
(1983)
a8y A dlee A9 Br o ol 63~67 mg/LelH oFE FYUHS 5

mg/L7bHA] BrO; 7F AE%A &9kal 5 mg/L °]&

_’]3_



#Zo] BrOs; 7} 34 %7] Al#dith(Jung et al., 2014).
adeg FAFd A8 2F FUHFS URE FYs ATAAAg A
HAd 2 mg/Ls zH3HA &3 dow £33 FAFdE 01 mg/LE 24354

wormz Broy e ANe A BAbsStn @ & Ak

Bromate(pg/L)

Fig. 4. BrO3 formation in seawater ozonation (ozone injection rate =
1 mg/L-min, pH &8, 20C) (Jung et al., 2014)
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Kos gr. = 160M-'s™

//—\ Koa. ar- = 110M"'s™ Koz aroz- * 10°M7's7
OBr » BrO,

Br — BrO;
pH=8.0
Koz osr. = 330M s
' 86% | |14%
pk, = 8.8
HOBr

Fig. 5. Generation of BrOs; from Br in ozone process

W3-t HE3 f7] 33 E, 53] RERE(CHBrR)S FA4T 4 JthGlaze et
al, 1993). B4y BERELS FA FZoA F845Ac] flv Ao=E
HuE A vk (Liltved et al, 2006), Tt EFAZ 153517 (USEPA, 2004)
o2k st IS AHSHA dsfoF vk a2y e RAS BEALY
2 BES f7lES gEYoket A #8 BEd AS wkgow e wwknt
A3t Gunten and Hoigne, 1994; Pinkernell and Gunten, 2001; Sun et al.,
2009).
uepA frg BEd BEvE d4 o FEHAE Y RASOA tiyEe

OPOE YEMTE 3FollA] & =& B R g 8 BEy H=2n)
Ho] F8 A%g @@shs Ao deA Atk aduy oY d BE e
T = ol W ojs{ T FHAENE FA o] Ao E 2 (Jones et al,
2006; Meunpol et al, 2003; Richardson et al., 1983), %2l &Aoo Al&3l7] 9
M= A8 o7 Hd 58 sE ZIsHA Holop Fhrh

OPO AA : OPO= F& ol wel offFel =A4do] =7 Wil &2

TAANA ™R{F OPOE Alojste A2 FAoi{ Hud MG Fasith oF

TAdFS FHASE] OPO = HHsst= AL 5 AAAAe OPO
AARG wpgkzsiA Rt AR & ZoRHAAY AdTH )= FF OPO
TE7F AW A =F FEE 23S 7 v g#8] sgrel d4d ¥ OPO=
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(HOBr)

&

X
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=

upef A,
A AL 100%= AL},
F%7F 10 mg/L (as Cly&E A A%, o]

Removal rate(%) = 580.78



b slx] orieth #EstE 4FEEE(Total residual oxidants, TRO)©] o 7ol
S875E AA FE&TE oY Ag olE e Fo FEstojof gt
Z3AEN o] QAN E H(Sodium thiosulfate)S T2 Algdt=d 2 HEgo

s e =, 2017).

NaxS203 + 4Bre + 5HO — 2NaBr + 2H».SO4 + 6HBr ———————- (6)
NaxS:03 + 40Br + H:O — 2NaBr + 2504 + 2HBr ————-——-—- (7)
Na»S:03 + 4HOBr + H,O — 2NaHSO, + 4HBr ——————----~- ®)

&% ORP#tel wet Z=
T3 FAF] At v=3 2o

* Neutralizer requirement(g/h) = water quantity(m’/h) x TRO(g/m') x Dose

ratio of neutralizer(1.9) = 100 x 1.0 x 1.9 = 190 g/h ©)
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Table 5. Limitation of traditional farming and RAS solution (EUMOFA, 2020)

Restrictions on traditional fish
farming

Recirculation aquaculture system
solutions

Disease and disease management
options

Diseases can be better controlled and
prevented through water treatment
and a controlled environment.

Demand for sustainability, low carbon
Footprint

Traceability

Social license to operate

The RAS can control all input factors,
breeding conditions and emissions
(waste).

Controlled parenting environments use
less or no antibiotics and drugs.

RAS, along with the use of renewable
energy, can reduce its carbon footprint
by building production facilities close to
consuming areas.

Environmental protection
(Naturally dependent fish farming)

There 1s no escape opportunity and
the effluent can be controlled.

Limited available area and shared use
of the sea
(Productivity is low)

RAS facilities have unrestricted
access to the sea and no impact on
wildlife resources.

Global Warming

The water environment and
temperature can be controlled.

Consumer acceptance

Supply restrictions to developed
countries

Regional Conflicts and Trade Disputes

Production is closer to the consumer
by branding "local production”.

General problem

Access to feeding and alternative sources

New species development

"Bureaucratic form” / time and costly bureaucracy

General increase in cost(shortage of manpower & cost increase)

Financing
Logistics disturbance
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(2) =3 o3 FH Az Foe A3

S8 o3 P4 ALWRAS)S AU FAE AS AHgte] FHe Ba
& AARSE ARsn AMESE PP o F A 2ol RASIHE o
o5 ool A MEHE WAAEN WA R g el AR A4

| A3t XA (Chen et al, 1994; Couturier et al., 2009), %2lo]&F 2
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o A el E o] AAE = R Yol A A (Total ammonia nitrogen, TAN)
= A 71 AAbs ARy A7 E3HE W (Gutierrez-Wing and Malone,
2006), o1 B AbROlA AREE A HlFste] AP H = o]MtEtEAE A
AstaL, ol B Akt " goto] @ E = AAE TEE] Ag s &
A2 (Colt and Watten, 1988; Moran 2010; Summerfelt, 2003; Wagner et al.
1995)= -4 €

T3 RASE & A2%S 98] A4 ZAMSharrer et al., 2005; Summerfelt et
al, 2009), Al 1¥g= % vAE AoE ft o= % @iE 27 v FF
(Atramadal et al., 2012a, Gonealves and Gagon, 2011, Summerfelt and
Hochheimer 1997), 18] x HAM AL (NO3)E A ASH] Y3 &2 AJx~"lS A}

43 % AHRijn et al., 2006).

g 2 A 78 UM Fad BHds A6

= 3
1 A tH(Espinal and Daniel, 2019).

A4l Fo 4 FAE AfetA 2 T, W2 ALn SR FE E
< AMHE v E, &5 7t Bxs S EAE 294% & oFolH TRO
=, 283 AHAe 2e 54 53 Zd4o o LAY 4 Jh(Twarowska
et al., 1997).
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Table 67 7ol UVTol uwebr ZAFF(Dose)e] A J¢FS W AS &
Atk BEFU AMES A Al UVT kel 60% w9= =3 do] ofym, o]=
&3 o A AIZ"(RAS)S] EA wel UVIZE 84 o 23E F dss
oM S tHULTRAQUA, 2021). vtelglo} @ nlolel o] =7 % thstEE o)
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A7t drg ol W vlolHAE AAT £ Ade e oAYEH(UF)o] sk
T87F S7Fskar ok Tk UV Al ef ko] ofaubs 53 of AW oish
olZn} 'o|F Aul'o] AFHO MRS KT (ULTRAQUA, 2021).

%0
o

w290l 93t A A(Norwegian veterinary institute)®] A3 UV A&
of Az <300 ym oI olahE Agshof drka Pasta ik e o
9 0 R 40 m ©5te} BE 3 NTU o] 8t7hA] olu] o 73k 9l

Table 6. Total Loss (%) & % UVT (Megay, 2010)

% UVT Bnd I(%J/chmag Life Total Loss (%)
100 1518 0.00
% 1208 2042
90 97.4 ~35.34
85 796 4756
80 65.9 5659
75 5.1 6370
70 462 -69.37
65 396 7391
60 34 7760
55 29.3 -80.70
50 25.4 8327
15 2 8551
40 192 8735
% 16.7 -89.00
30 146 9033
% 127 9163
20 11 9275
15 9.4 9381
10 79 ~94.80
5 6.4 9578
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47159 4 AR 5Eol A
o] =¥ Wkg-3li= A o|tH(Boo, 2001). o] A 7] AL HY FEER <

A= (F= 2 D)tk A= AR, J7Fe A7 2 & A we gFd Aks)

st ¥AHo] v £x 2 APt (Pedersen et al, 2020). ZA Aratshd Al

process, EOP), A7|3}e4 A4 A7|ex 2 F4ks)t gz A S 2 Estd
= S

olggt 89 A7 T4 A= 9 tdsk goj7F AEF h(Pedersen et
al., 2020).
BS AR gt e 4 AFeAME 2] g WSy o] dojuh

7)
EOP2] 7} Akl 82 & AikAF(Reactive Oxygen Species, ROS)2] #
7] AARES 7Hto 2 = A5 otk (Pedersen et al, 2020). 3ol A& 44
AR qstAl et s 5o Br ok wkgste] A E= HOCIH OCl 7 A4 =
HOCI®+ OCl' &= pH 75014 #t8t4] H3 & fA & rh(Mendia, 1982). 315=2] pH
of uwhehA diFE Abstg o] 22 OCl7F Ao CTgkel mEbA /Al gho]

FEE Bast Qon] oFel e 54 9 A BA L WA Y4
AP F AS AT B A29d 2% 2 £3 o] aRgor 447
+ k.
(3) 9%

LEL & FH AwbAl Axad A JHAS flste] &4 AP sA
A AHEETH(King, 2001). eEAEE P EL AR FAse g7 ey

2 FAHANA F&Fel dFH v Ath(Rueter and Johnson, 1995;
Tango and Gagnon, 2003), =3 &2 Al=gle|x & <At (Reid and

&l

Arnold, 1994; Summerfelt et al., 1997), = A3} = JFEHAH F7|E2S

M
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7Fsek EZ2 3k (Paller and Lewis, 1988; Summerfelt et al, 2004;
Ummerfelt and Hochheimer, 1997)3FA4 Y A" 2] (Liltved and Landfald, 1995;
Liltved et al, 1995)°l @EA 7 &8ttt &2 HAAM LEA = o] F9
A= Asks AMdsts Z34= Rud vk AtHGood et al, 2009). °] H2
EAY7 AR A HA A FTad sAY ERE oyt AAA R 4

of Hast a3t ot AS Yustti(Jobling et al, 1993; Ritola et al.,

f
ol

4) 71eF T8 84 7]

ey

Protein skimmer 9@ : Protein skimmer: A <=3F Ao A AE EFE
£

s AAT AFE BRI G4 AsgeA gud =

g5 o] dgAe & 27 9
Aolth, AWl SAA= 2A 2y IAeA dds BF 7R SR olw 4
u

Fig. 6 The process of forming foam from protein skimmer

1) Surfactants(blue and red molecules) are the drives behind protein
skimmers foam formation. 2) the hydrophobic end (red circle) of a
surfactant pokes into an air bubble, while the hydrophilic end (blue circle)
stays in the water. 3) The hydrophilic end is generally charged (positively

or negatively) and attracts molecules with opposite charges. 4) Air bubbles
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et al., 2016).
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BAAQ AmA o)A sjFol A wkhg A= @A vk
o} g2t F2 AolHL sfFos e wmEA wsse] orgw AshAl<l
Hypobromous acid / Hypobromite(HOBr / OBr )< AAstE =& 59 Br
7t ZE o] gtk Br o &% whgEE A (kes, Br = 160 M 's HE CI
(kO3, CI' = 0.003 M's Hxtt 50,0008 wh2m 2 sfo] & A d¢E
Q&I wWEA Wgate] EF MAES v T = AsAE AAste BE
7 o] 25 AAFAI Y (Jung et al, 2015). o the 2EAH T = 1 mg/Le] L&
E£ Foj#Zo A Cl, equivalent/Le @92 061 mg/lLY £z AdHoR
HOBr / OBr & AAste Aoz, 7] §AkE J4 3 #=#ste] Br (63 mg/L)9

7 msEolx BFEa 5 mg/le SEFER T3 & BrO; 7k AR
o} ol 2 OBr o wk&d gk zfF oF9] 7o) vy] witoln Q&

a2 dleM =2 X2 Brol os 4uE7] wEolth(Jung et al,
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FAAEo] At AE AT TAE BFan FAG HEHE 8 ol
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eI sl T8 ol T 2EL BHE o
o (160 M''s™h). AR 4 O] F8 o] FEE @40l 18000 mg/L, T &
A o] 140 mg/L, BE o]2(Br) 65 mg/LZ, & o]29 Fre LS
sto] o EFo] o] A QS obg] Table. 73 2UHE 5,
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ME MSEER Qs g 2 0FE ARES eI o gt

j?_
oA & FHAhe BHE o|2Br)Y +o] ¥kgste] BERI(HOBr/ OBr) 4

Table 7. Theoretical reactivity by the reaction of ozone with major ions

contained In seawater

Anions Conc. (mg/L) | Conc. (mM) kosa— Cl({)(l)’ls,cgfx
OH 0.000001 588 x 10°® 70 412 x 10°°
cr 18380 517.75 0.003 155
Br 63 0.79 160 126
HCO3™ 137 2.25 0.001 0.002
SO, 2565 26.72 Too slow -
BE o2& &L EHujygdozg Fa st (Westerhoff et al, 1998, Gunten

&l
2003a, 2003b). solA 2= o3 A EH= 13 B3t stdES stolE B
#2F4A(0OBr )% & o]F+ stolx BEEAHHOBr)olth o]elst sh3t&
EAS 711 Y (Herwig et al., 2006; Perrins et al., 2006). &2 2% 54
7FA W ARk o2 Br, mg/lL T Cl, mg/L @92 F ZHF2s A (TRO) =

7 st ¥ v (White, 1999).

filo

ol Al 60~70 mg/Le] WAl BE o] 2(Br) TE+ 10%% drkAQl 4t
3} H oA E =2 BE AgES] A4 7hsAdel dthH(Hoigne et al., 1985). ©]
of e} FEE-LA] Lo]2(Chloro-oxy anions)e] A" 4 dA|vk o] O
=S ks 3 A9 Ao o Al gkE o (Grguric et al., 1994). Grguric et al.
(1994)3} Bonacquist (2006)= Q&3 B &E o]2(Br ), 183 3d}o|¥olH 2n}o]
E o] 2(0Br )¢ ¥h& #AS& Histal drh

O3+Br~ — Oy + OBr~ ————————— - (10)
O3+OBr~ — 20, + Br~ ——————————mmmmmmem (11)
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205+OBr~ — 20, + BrO~ ——————————————————————— (12)
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FToA F B FUIEES AESA ARE AAT F Ade 28 ke &=

A7 FEAH o7 A3SIA 71 tH(Krumins et al., 2001).

T SEAYE ofHAMAAL AAC wjg EHAS AoE BRuHn
PN
T

(Colberg and Lingg, 1978; Rosenthal and Otte, 1979). 3.7x10° M/s¢] &&= 4

2 oze oA ALd ekl AAYALD

X
lo
AN
s
X
o
fr
rE
oo
rot
i

(Hoigne et al., 1985; Lin and Wu, 1996). dE Ul EAAE A A= 2F9 &
g2 ol Aol A =eke]l o x]7} v (Colberg and Lingg, 1978; Krumins et
al,, 2001; Lin and Wu, 1996; Singer and Zilli, 1975). 2.9 ¢]3F <R 1o}9]
AbsbE gol A wlg- =gk = 5 M/s) &z wiE(pH > &)l A vt 3] 4
o2 A8 F Ae AeRE HuHJATW (Lin and Wu, 1996; Singer and Zilli,
1975), sl &2 Al=glelA & 7|9 Yol d AL AAY] &84 pH 9

4 HelM = F dHAA S

218l A]~€(Life Support System, LSS)o] H&xHE= &A=

T2 3o A ak]lo] A8 ¥t (Summerfelt & Hochheimer, 1997). Z1#]
EA = AGAR] R FAS g A7 STFFEAll Ak Fig. 7

I o]l eEAY S #HHS =2 10d F<F 159007 2 27 5 S tHGoogle

scholar, 1990 ~2021).
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Fig. 7. Numbers generated by searching for 'Ozone in aquaculture’ on a

5-year cycle using Google Scholar

71 e R A ZBokellA TS EAYe BHES JeFd 1y
AbEE o] AR E AFE o gk o (Gone.alves and Gagnon, 2011; Rice, 1997;
Summerfelt and Hochheimer, 1997), ¢l F H&HL &2 o

(1) & #F2k8kAl(Total Residual Oxidant, TRO) #< & 24

= ol F L&A el lojA TRO %= 3 o 7ol A&3 ddd A =ie] B
Ha JARE AAlE g o FA ol AeH= Atdle BA gH o AT
oA E3 BHEHOBNS 83t A2 8@ d(Jung et al, 2017). 20
v 3] BF(HOBr) © QbAoA vt vpgtEol A o vh& AFstdd91(0s = 2.07 V,

HOBr = 159 V)& 7}Zt} Table 8 Ao A ofafl{F 2 2% F7]Ao gt
AR o&Ag e 938 Fie] thd A= ot (Powell, and Scolding, 2018).
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Table 8. Report on beneficial effects of direct ozonation on fish and shellfish

and food organisms in aquaculture (Powell and Scolding, 2018)

(!, decrease or reduction; t, increase or improvement)

fish eggs, embryos
and recently hatched
larves.

Increase hatching rate

Reduce egg mortality
from pathogens

Reduce bacterial
loading or

virus particles on egg
improved larval
survival/disinfection

Fish juvenlies and
adults improved
survival

Species

Brown trout,Sa/mon
trutta)

Atlantic hailbut,
Hippoglossus
hippoglossus; nodavirus
(viral encephalopathy
and retinopathy)

Haddock,
Melanogrammus
aglefinus, nodavirus
(viral nervous necrosis)

S. trutta; Saprolegnia

Striped trumpeter,
Latris lineearis ;
nodavirus

Iranian sturgeon,
Acipenser persicus);
fungus

Gilthead sea bream,
Sparus aurata

M. aeglefinus

Gilthead sea bream,
Sparus aurata) sea
bass, Dicentrarchus
labrax, red porgy,
Pagrus pagrus,
commondentex,
Dentex, dentex

S. aurata

Japanese Flounder,
Parailchthys olivaceus

Cutthroat trout,
Oncorhynchus clark;
steelhead trout (Sea
Trout, S. trutta)

Channel catfish,
Ictalurus punctatus

_36_

Range tested(suggested
dose)

0.01-0.3 ppm;10 min
every day or every other

day for up to 60
days(0.01-0.2 ppm)

0.3-10 mgL-% 0.5-10
min(<4 mg/L, 0.5 min

see above

0.5-5 mg/L; 0.5-5 min
(T mg/L, 1 min)

0.05-0.15 ppm; 10 min
day-%, 75 days(0.15 ppm)

0.3 mg L-%; 2-16 min
(0.3 mgL-%, 2 min)

see above

0.5 mg/L; 2-16 min (4-8
min, species specific)

see above

0.1-1.0 mg/L; 1-15
min(0.5 mg/L, 15 min)

(0.84 mgL-* min-?)

0.025-0.039 kg ozone/kg
feed (0.025 kg ozone/kg
feed)

ozonated treatment<0.03
mgL-?

References

Forneris et al.
(2003)

Grotmol &
Totland (2000)

Buchan et al.
(2006)

Forneris et al.
(2003)

Battaglene &
Cobcoft (2007)

Ghomi et al.
(2007)

Ben-Aita et al.
(2007)

Buchan et al.
(2006)

Cen et al.
(2012)

Ben-Aita et al.
(2007)

Ohta et al.
(2008]

Tipping (1988)

Bullock et al.
(1997)

Brazil &
Wolters (2002)



improved survival
after bacterial
challenge compared
to unozonated control

Improved growth/feed
conversion/condition/g

rowth gene
upregulation

Turbot,, Psetta maxima

(D.labrax)

O. clarki; S. trutta

200-360 mV, 0-34 uglL-1,
continuous 91dar aII
groups apparenty
satisfactory)

<270 mV(control)and
300-320 mV; challenge
commenced after 60
days exposure

see above

Experiment used 250
mV; 3.9 kg feed/m3 per
day, 0.26% water
exchange rate

20-25 g ozone/kg
feed(experiment varied
hydraulic retention time
and feed rate)

0.05-5 mgl-t; 3-24

Powell et al.
(2015)

Li et al. (2015)

Tipping (1988)

Good et al.
(2011)

Davidson et al.
(2011a)

Red drum, Sciaenops h Reid & Anorld
(tolerant to
ocellatus 0.1 mgL-t over 24 h (1994)
: Powell et al.
P.maxima see above (2015)
. . O. clarki; O.mykiss;
Reduced disease in Pt ' -
popuision e ot Tiping (1568
S.trutta; bacterial gill
disease (Flavobacterium | see above ?%g’ﬁk et al.
branchiophilum)
Reduced in bacteria S.trutta; bacterial gill
on fish and/or culture | disease/heterotrophic | see above ?%g’ﬁk et al.
water bacteria
as Bullock et al. (1997) glurr(w{ggr;ﬂ]t et
Good et al.
see above (2011)
Davidson et al.
see above (2011a]
; Powell et al.
P.maxima see above (2015)
ilg;fl;t;ga abrfeja;m 20-40 g ozone/kg feed Park et al.
sch/ege////j 9 per day(20 g kg-iday-%) (2013)
fish eggs, embryos
and recently hatched Species Range tested(suggested References

larves.

Improved
culture/effluent water
physico-chemical
charateristics

S. tutta; | suspended
solids, nitrite, chemical
oxglgen demand

1 filter performance

O.mykiss; | total
suspended solids,
colour, biochimical
oxygen demand, some
metals, ammonia, nitrite,
copper, iron; UV
transmittance

- 37

dose)

see above

see above

see above

Summerfelt et
al. (1997)

Davidson et
al.(2011a,b)



Crustacea and
molluscs

Reduced bacterial
loading or virus
particles on
animal/culture water

Improved survival

Increased growth/
production

Improved survival
post-setting

Improved hatching
and
growth

A. shlegelii; | ammonia
and nitrite

l. punctatus; twater
clarity and higher
oxygen concentration

S. ocellatus 1 clarity
P. maxima; | nitrite

(A. shlegelii)

pacific white shrimp,
Litopenaeus vannamei
larvae and juveniles;
total CFU; Vibrio spp.

Tiger prawn, Penaeus
monodon
postlarvae and
juveniles; Vibrio and
Bacillus challenge;
white spot syndrome
Baculovirus (WSBV)

European lobster,
Homarus gammarus
larvae; heterotrophs
and Vibrio. Spp

P. monodon (after
bacterial challenge)

Southern rock lobster,
Jasus edwardsii larvae

Eastern rock lobster,
Jasus verreauxi larvae

H. gammarus larvae

L. vannamei(hatchery)

P. monodon adult

Penaeid shrimp (farms)
to alleviate Taura
syndrome virus(TSV)

L. vannamei (hatchery)

Abalone, Hailotis
diversicolor supertexta
larvae

Bay scallop, Argopecten
irradians and

Japanese scallop,

_38_

see above
see above

see above
see above

see above

0.50 mgL-* LC50 at 96 h
(<0.06 mgL-})

Commercial treatment
used 0.07 mglL-!

up to 0.50 mglL- for 24
h (no greater than
0.050 mgL-t for 8 h)

In vitro experiment

200-500 mV, 0-40 ppb
continuous
(400mV, 14-20 ppb)

see above

300-600 mV(intermedia
dose decreasing with
larval stage)

348-612 mV, 0-55 ppb(5
ppb)

see above
see above

see above

0.05-5 mg/L; 3-24
h(tolerant to 1 mg/L
over 24 h)

Details not given for
commercial applicaiotn

see above

Experiment used 0.2
ppm, continuous

not stated

Shrader et al.
(2010]

Park et al.
(2011, 2013)

Brazil &
Wolters (2002)

Reid & Arnold
(1994)

Powell et al.
(2015)

Park et al.
(2013)

Schroeder et
al. (2010)

Blogoslawski &
Stewart (2011)

Meunpol et al.
(2003)

Chang et al.
(1998)

Scolding et al.
(2012)

Meunpol et al.
(2003)

Ritar et al.
(2006)

Jensen et al.
(2006)

Scolding et al.
(2012)

Middlemiss et
al. (2015)

Blogoslawski &
Stewart (2011)

Reid & Arnold
(1994)

Schuur (2003)

Blogoslawski &
Stewart (2011)

Chao et al.
(2010]

Yu et al. (2003)



Mizuhopecten yessoensis
larvae
'Live' feeds
Bacterial Brine shrimp, Artemia 0.75 g h-1,10-30min; 75L | Theisen et
decontamination salina, Artemia tank(<30 min al.(1998)
franciscana, Vibrio expousure satisfactory)
spp. And
total heterotrophs
0.5 mgL-%, 30 min Watanabe &
1-4 ppm; 5 min(4 ppm, | Yoshimizu
5 miny 4 PP™ | (1908)
0.2 mgL-% 1-10 min E%%T)e' et al.
. Allen Davis &
(0.2 mglL-* min-1) Arnold[1997]
165-225 mV continuous Suantika et al.
(estimated 0.02 mgL-1) (2001)
Watanabe &
see above Yoshimizu
(1998)
. L. Watanabe &
leatom, Thalassiosira see above Yoshimizu
p- (1998)
Hatching rate A. salina (0.8-0.9 mglL-!) (GZ%Bg)et al.
Efficacy of probiotic . 3-700 mV depending on | Van Hai et al.
encapsulation A. salina experiment (2010)
High It T tika et al.
bilgm:rsscu ure B. plicatilis see above (Szu(?on”l aeta
Improved culture B. plicatilis; see above Suantika et al.
water } concentration of (2001)
physico-chemical ammonia,
charateristics nitrite and nitrate

Mg Fosith 02e Aelgel EuHow gAY Sd vdd s Wy
of itk AA WMolE WA T UFA, €Y FE7, AAH, U-FH w7,

Haelg 23, 2eg B4 % 2ol P Ausk Aok Ay AAolE
& g3 33 wE EoloE $EH 7 Al oM My we 3

ol AN, vkS GV E A ) aEsor & Fo T3 AYS U=

oEe dd A%AE Er aFe v WA APz A&doz 459
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salmonicida, Vibrio anguillarum, Vibrio salmonicida X Yersinia ruckeri®}t
2e HAAd Ades "iE AAZE 7 UdrH99.9%). W= o7& dgol
nEoA 7dA #HAH A vlo] el ~(Infectious pancreatic necrosis  virus,
IPNV)e} 22 wlolg| A Ao A% 3% H(Colberg and Lingg, 1978;
Liltved et al, 1995). Nodavirust #lolelxaA HHE 2L o (Viral
encephalopathy and retinopathy, VER) X+ ofF XYHHITo=zE &I
npol 2y <Al Al I AR(Viral nervous necrosis, VNN)¢ ¢l <lx}o]t},
Nodavirus #9992 WAMY WX, Hippoglossus hippoglossus, seven band
3],
3

R4

X

grouper, Epinephelus septemfasciatus, ‘4 *|, Paralichthys olivaceus,

Fel
b

Sciaenops ocellatus, $+3ld WA, Pseudopleuronectes americanuss
30F olAe diat o] Fol AFTFES wixE AAFA FEA|olt}l. Arimoto et al
(1996)2 =5y A A7 A} wpo] 2] 2 (Striped jack nervous necrosis virus,

SINNV)E H|ZAg}sl= e&(F FitstADe]l a3s #H7isle™, 25 min

¢ SINNVE H[&ZAdststed 0.1 ,ug/L7} o, FADLS AAEn
Hrs SEoz Ashd wlolg A A IAHVNN) LA o] Hadviam
B 518}9)

el el mpolels EEA st gk wxE dolErt 7

Liltved et al. (2006)2 <A A Al=deld T3 Hpolg 29

IS
20

o
I
fr
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B4 % @A Nodavirus (AHNV) 2 494 o] W whole: (ISAV)E.oH,
AL AUY) D F AFASA(TRONN hste] [SAVE =F wgstgdon 53
AHNV % IPNVe] A fole =2 APAdS BArh webA Liltved et al
(2006)2 IPNV 2 AHNVe] TRO A&Adel| w3 Ay ofdd wxd v
Astel BeE et How mol, dfelA o] dd wholel g B4 55}
da 71E LEAY BAL AAED AL ALYt

F2 SN A mlely 2E vhEstAY B @A Steks Ee WHE 2 AAEH
o] o]xgo] & ZHolt}(Chang et al, 1998; Schuur, 2003). o] & €lo] A A|$-
Penaeus monodonol| A Wdt 9t npAd 2 vlo] Y ~(WSBV)E E&4 33t
WSBVe] A& 022 74387 98] 25Tl 10 min ¢ & FAkshA
(TRO) 5%+ 05 mg/Lztal 3 tH(Chang et al., 1998).

e &=Ae= AE Haliotis discus discus (Dixon et al., 1991) % #zH 7+
4, vtol#l 2 W] (Chang et al, 1998) i A Y Aol & vlolz
of o] T4#<e 3= YebWth(McLoughlin et al, 1996). 29 &3E &=
g FANE Y AgEHAF XEC FBAJA AHXE AT sk
(Tipping, 1988). Aol2] AF & A8 AE Lo % oflr7fu] &4 wWE ¥
AL delolrg EWE Foryl FHadtttal 39t (Paller and Heidinger, 1980;
Richardson et al., 1983; Wedemeyer et al., 1979b).

_YE

=
L

rlo

L3 A FACA AR Al R A E A s 9l

i

fx

<] =
o] (Matsumura et al., 1998, Menasveta, 1980; Rosenthal, 1980; Sellars et al.,
2005) 2] FAARD olHdxE EFsta, Al FA oTtAE 1 AMES
ol5o]# ¢=tF(Matsumura et al., 1998), 2 A2l AL-o gJojA <tdstar

=)
T daEFe FHoR APdE vHsta, A A A A Al ot

e

5
t}ar &l th(Sellars et al., 2005).

(5) st 2 A TR

oflt

EE 738 dAgaEoA WS sk dd =21 ol FHW(Off flavor,
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BRG] FPAE ASAA HE AT Yok ol AV EF AuAst F

A FAE] hE BREo <l Aol £AL Fu, ol FF AT sbE
e Folm Azg Agoze F4e WAT + Ak AeH - RE Ae
A<

Al

ol

ds AR&ste Aababs ofHMIE 24T A FA o

Atebd wj7bA] el ®Ad Hykete] 4RI 22 Astelts #dls st
UTH(Schrader et al., 2005; Tucker et al, 2000). WAl =

trans—1, Geosmin< +% #%°l/ZHANE FEstt A3 F2 A== (RAS)
A ofFe] A Ao "FWA” F EE "Hgol” Bt R Ao TA)
® ol AW FAE Qda AL AL s dle]l Ha Aok HE 4
Tol mEW RAS %2 oFo oA A7 v= EHo]l Geosmin 2
2-MIBS] &A)7F ol &k o] Hm o dlolet= AL gl th(Guttman and Rijn,

2008; Schrader et al., 2005; Schrader and Summerfelt, 2010).

Sa 2487 9 a7 AMde 24kl 918 RAS

A
Aol eEA g Aol AFH At (Summerfelt et al, 2009). 3+ o] x o] oo
5]

A= RASO 2ES FYstd vA dA B4 F F FH=2(TSS) ¥ && &
NEd AAZS 93 v A $F(coagulation) S =31 AAMAAL v A9}
S A

FrlE il AR fREd 2 didad =4 #Aa)E w8 74
PN

et al.,, 1997, 2009; Summerfelt, 2003).

2EHEE Geosmin 2 2-MIB &5 Z°lv o 342 3oz

o o & 59 12 min AFAI 1, 2 2 4 mg/Le L& FUHEFS FFoA %
7] 2-MIB &% 100 ng/L& 77} 58%, 65% % 75% Al ATHL B skl 9l
G(Koch et al, 1992). = tf& AFA Glaze et al (1990)2> FFA|Zko]l 20
min?l 2 0.1 mg/Le AH#F= %7] Geosmin ¥ 2-MIB < 100 ng/L& Z+
Zb 35%¢F 40% HAaAZThal e, 0.2 mg/Lel 2F(20 min FF)2> 100
ng/Le Geosmin 2 2-MIBZ 717} 86-92% % 73 -83% 74 Al thal B s}
L ) tH(Schrader et al.,, 2010).
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Schrader et al. (2010)¢ Hiieo] <stH QF FYUFL oA AF3T
]

o] & °F 0.25~0.28 mg/Le L&
TUFS 248 mVel ORPE A8k H
= g oF IFE 1 g/l vrtew
=

RP7}F ¢F 350

1 pg/Le & I ske

MO

mVel =93 4 ¢S Aoz didEc 1 ug/L vvke] &

A&ttt (Bullock et al, 1997). A<x3s H =

rlj
i
=2
2
-
2
=
of
2
=2
r o

(1) H} AHE A &

drHow FEL MET Ve Walstry] wEol Al Al VS
AAA E wpo]g] 2 A AA o] tH(Bullock et al., 1997; Colberg and Lingg, 1978;
Liltved et al., 1995; Liltved, 2002; Lohr and Gratzek, 1984). Aol Eo7}
Alxze] #& vty (Lawson, 1995 Sharrer and Summerfelt, 2007)3FARF 4
Hholgl 2= & Agd gl sl =2 WS Bt (Liltved et al, 2006)iL
Husa vt o] Bdes 0F FIFH HFAIY a(Lawson, 1995) &2 A

ks

AAsh  FAe Bed BF oxyEsd Bad PHANL

nAE e Bas A 5 B IR LEFEE FAS e sHel od)
A 39 tH(Summerfelt and Hochheimer, 1997). %214 gl A 9.Fo] E3t
ol Hol = Esla, W IHF 2F FRAAME oAH E3 dAaAbrp SAEE A
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of s #d ofFe Aty T BET AR= Wol dHAA &FUn

(Bullock et al.,1997).

(2) Aol L&A EH(NaxS:03)2] 9814,
Aol AU EFS] WA oFet #Rste] ww A Ytdd iy H
(Occupational safety and health administration, OSHA), =3 =A% X271

=
(National toxicology program, NTP vlo&8-x]5 299) =4 < AG7]3

FAUEFS] S #EE WA A SEveEE 23] mlsoly f£1
A= obF FAEY A Grial BiustAdu(d 5, 2016). MSDS (Material
safety data sheets)oll WA= o] = Ao| QAU EFS =4 dAZEe]l 24,000
mg/Lo =2, F/do] vtol QA WX= ggo] A glth. RO AU EFS
28 & rHog wEFyy, &5 H(Pharmacokinetics)ol A= 1 g9 #fo] 2.3
AUGEFS AFsA w77k 025~3 hoz deAd gk Aol IANUEF ¥
Lo W& E. coli (ATCC #25922)°] 37l H7te] Aol w=w 7oA
ftol 1ol 7Whes5 E. coli®l 7ol JAlds detdl=d, MSDSe =4 9
AZEQD 24,000 mg/Loll A 0.8¢] AdAAlE Bt B ustAth(d 5, 2016).
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Table 9. Na:S:0Os3 toxicity data on phytoplankton, zooplankton, and fish
(Kang et al., 2016)

Toxicit Losste
Kinds Time nd cC>in31’: concentrati
encp on (mg/L)
5 min LOEC 95
Haptophyte
5 min NOEC 50
Phytoplankton Green algae 1.2 h - 64
Blue-green algae 1.2 h - 64
Diotom 48 h NOEC 720
24 h 1,700
EC50
48 h 1,700
Protozoa
24 h 1,710
LC50
48 h 1,700
Zooplankton
25 h 2,245
50 h LC50 1,334
Water flea
4.2 day 805
48 h LETC 520
24 h 26,400
) Western
Pisces o 48 h LC50 26,000
mosquitofish
96 h 24,000

* LCB0 : 50% lethal concentration, EC50 : 509 effective concentration,
LOEC : Lowest observed effect concentration, NOEC : No observed
effect concentration

o oS v X th(Lawson, 1995, Rakness, 2005; Summerfelt and

Hochheimer, 1997).
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Summerfelt et al., 2004,

o} (Liltved et al., 2006; Sharrer and Summerfelt,
Summerfelt, 2003;

R4

k)

shofo

Summerfelt et al., 2001,

S

A A

2007;

Vit

=
=

El

N

s

o=

o

Summerfelt and Hochheimer, 1997).
1

5] 5] of of
9]

I

el

o

AAE AdrTd The

AW AL =

S

)
i

il

N
o]

)

19

7o
olo
Gt

™

;OU
23!

H
o}
N
-
)
i

olo
Gt

N

whe} 22 o (Summerfelt, 2003; Summerfelt et al.,

(1) &FAkskA] vs.

2004).

)

ATt

PN
T

ey

=

=

%] TRO

AL

o] =
AA -

o)

(Holmes—Farley, 2006)3x 3&}% o™

Hbgsto] A E =g 0]

Ao}t of Fol o

b}

0]
pul

A¥}, 0.003~0.06 mg/L 4]

1

k9
pul

el TRO s=E A9
Fa< 0.002 mg/Lo]tHWedemeyer et al., 1979a, 1979b). oj&] A+ A= =

%l-

S

o
1=

0]
s

PN
T

=
=

s

&7

o o et

B
e

R

1

At w4

S yERdtH(Bullock et al., 1997).

N
o]

e

X

o

o

_ZTI

R4

shot i) =2l 717 &

ARFE Axz

=

r

]

)

ox
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Hol B=S 3] gafof st} (Buchan et al, 2005). o]F 2 7|g} F71A7F &3
& AYH dlgolA FAAE AsAd A =EHA AYAd 5 AAN g
& Ad 4 i (Coler and Asbury, 1980; Fisher et al., 1999; Wedemeyer et

al., 1979a, 1979b). 2+ o] Fol st vt =9 & 2F & /s =&
TS AA#MF 3 (Grotmol et al., 2003), weba 2o Foll &8 7153 3
AS 23R FEZE FFor £ AH5Hor =He = A = Q= W

Hol dastth 2y HetA 52 AbdAlCA = e o R 77t A s

Vg Tae whee BEYl ol (Br)o 4tslE, Slo|XHIZmjo]E o]
(OBr)< @4dstH, ol Br & tA SAHAY F7t2 AbstEe] BauolE
(BrO3 )< dAls 4= 94t} (Buchan et al, 2005; Grguric et al., 1994; Liltved et
al., 2006). & AFSAI(OBr, HOBr)E &< A7 Aok wrgate] o0& =
ol ALEH = Aloks Walgth o] wiiol 3ol &I F LETEE B
st AMR = Eelol Foste]of din "o &S St A2 #e EAe

et AZe] & AspAle £33 22y s
FAFSHA(TRO), & A4 ASAI(OPO) =+ 37 2F 5%

i

=
L

to
§E
o)

(03

—
-J—U R

N

G

i
o
r?i

(@)
(Residual ozone concentration, ROC) % 2F9] mg/L=Z AT F Ut}
(Buchan et al., 2005). <t a5 A85= & Ao dsto &

2
A717F U5 Zol TRO & 995 7oz 4= o] Atz ot
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o] A9 ¢l

(1) &&F5%7F TROY

" (Shechter, 1973); (2) A H =

il
o
olo
o

e

vzl

AJr
mJ

o

¥} 2t} (Buchan et al, 2005).

%0

s

=0

H

(Franson, 1989)%} o]

=
=]
TRO ZE+= OPOY mg/L=Z Hi#rh; (4) DPD (N, N

diethyl-p-phenylenediamine) H]2} ™ (Franson, 1976), ©]

7 €] (Oxidation-reduction

to] ORP

)

ROC T+ TRO9 mg/LE Hidrth (5) 4Ar3tskd

-
R

mV @92 AF

=
=

]

Z

ol Hy

DR

=
=

potential, ORP), ORP 4lA]

o] 9ltH(Tango and Gagnon, 2003).

v

-
R

—~
fite)

N

o A2 3 A w$ A3k WH ot Buchan et al. (2005) & 2

)

o

vzl
_ZTI
el

<

B

el
G
a

fvzel

_ZTI

N
o]
gy
olo

p—

0

N

N

TRO (mg/L Clh)® ®i¥t. TRO % (mg/L)%E

=
=

3t 1 A3

_ZTI
el
N
&+

¥ Atk (Jones et

Ay A
it

9 57 352 (Bry 1 mol Cl; = 044 mol Bry) &

= B

al., 2006; Lee et al., 2008; Perrins et al., 2006).

FAFSE WFH O 2 AccuVac® Ampoules™

7}

g

A

_ZTI

m

&
oy
Nro
o)
s

==
4

™

=

o|th(Hunter and Rakness, 2002). &3 <lt]

& <l

}&_

I HACH chemical company®lA] 43

ks
pul

of A4

Nro

Mo
el
ol

o}

A

al

B

ef ol A

o
4%

Hall

°] 0.25 mg/L "%

Mol PEL 0075 mg/L Aol

} H9Z 0~15 mg/L Ako]9

e

o
-

=4 0.1 mg/L9

ol
i
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A-g-# o (Rakness, 2005; Herwig et al., 2006).

2H

N

o] th(Read, 2008).

=
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Bt ARR3E o F WA AR (CFS-14, Ozonia, Switzerland)¥ Fig. 103}
Zo] Ad8&Ss AFESIF o QEAY] Q1Y ¢hEH 2 15 barg®Z AASa WY7h

S eE QY Fee 120 W FF £ 17C VEoR e

%J %J
AIR FILTER
(gIR1F!LTER) = ] (0.01 micron)
‘ , Imicron)  AIR DRYER (REF. TYPE)
AIR RECETIVE TANK ‘ ‘ ‘ ‘ ‘ AIR RECEIVE TANK j

COMPRESSOR i PSA OXYGEN GENERATOR

»ml
X

Fa—
HC-{WASTE BAS XX

CONTROL SYSTEM
02 Flow meter

N— " s ! T3] ﬁ%

— ,
POVER SUPPLY D <J0: Ozone generator —= Eﬂ SOL. v/v__OXYGEN

(380¥x3@x  kVA) ANALYZER €3()

Gas FILTER
g o (0.01 micron)

8 OXYGEN SURGE TANK
Jun]

CONTROL PANEL

Fig. 8. Oxygen generator system configuration diagram

therefore, 1.09 m'/h x 1,000 x A5TC x 1.2 = 6,540 kcal/h = 8,000 kcal/h
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1) Amount of ozone(g/h) = amount of oxygen(Nm'/h) X ozone concentration

(gO%/Nm® Op) —= === (14)

————————————————————————————————————————————————————————— (15)
0 ion(10%) = 10009 O, -
3 concentration 0) = 90009 02 10009 03 =
1000g O,

(9000g + 32 < 22.41) + (1000g + 48 < 22.41)

_ 1000 _ - o~

= eeTI 14778 g-Oy/Nm'O, (16)

Cg— O,

0/ o i = -
C%¢e] Osconcentration Cy0,+ (100— C) g— O,
€' 1000 1000C

O Bx 224D +[(100— O) = 32x224] 70— 02333¢ & O/Nm~0)===(1D)

2 A2 A9 X (g-0y/Nm*-0,)%5 == Fig. 99 2] C weight % %
E2 W3 F o ol Tt
70X

— 3 o\
C 1000 40.2333% (Weight %) (18)
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Fig. 9. Correction (trends) of ozone concentration (Ozonia Ltd.)
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TaEA)E 4% F3A= T3t ¥4 (PE ¥ 2000 L, &&=
A HZ(HY EE%F 50 mL/min x 15 bar)E &3 TROE F3tA717] 938+
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Table 10. Calculation of neutralizing agent supply

Treated water capacity(A) 100 m'/h
Ozone injection rate(B) 1.64 g/m’
Ozone generator capacity(C) = (A) x (B) 164 g/h
Estimated TRO proportion(D) 61% %
TROMHOB)(E) = (B) x (D) 1 g/m’

1 mg/m’
HOBr Max. 1 mg/m’

1 g/m’
Flow rate 100 m’/h
HOBr mass flow rate 100 g/h
HOBr molecular weight 96.911
HOBr mass flow rate 0.0010319 kmol/h
NayS:03 supply is 1.9 times the molar basis 2 apply

0.002063749 kmol/h

Ega/frzr%% has a molecular weight of 158.11 0.326299383 kg/h
Sodium thiosulfate distribution standard 25 kg/1 pack

5) pack
Sodium thiosulfate 125 kg / 1 time
Water 750 kg
Aqueous solution 875 kg
Concentration 14.29 %
Sodium thiosulfate 0.3263 kg/h
Monthly 235 kg/Month
Amount of water needed 1.96 kg/h
Aqueous solution 2.28 kg/h
Sodium thiosulfate specific gravity 1.85
Specific gravity of water 1.00
Specific gravity of aqueous solution (average) 1.12
Required pump capacity 38 mLPM(CC)
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Fig. 14. ORP sensor piping diagram
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oNr

ZHF 4k} Al (Total residual oxidants, TRO)E= HACH® DR3900& o] &3}
o] DPD(N,N-diethyl-p—phenylenediamine) ' & & 413}

T ATAYE AT o FHEY A HA9 Fo Awd Fol 7
4 TRO %7} 2 AFE] 7S (Scuticociliatida; ciliata)ol ™3 TRO =%
Table 117 #o] 0.8 mg/L for 30 s &7 % (Yoshimizu et al, 1995)9] wz}A Z
€ TROE 1.0 mg/L= AAstaL o5 Aitstr] #8iA &l |l &Ast= Br
65 mg/LolA & Fwwol 1 g/md w 061 g/me] TRO’F A HE=( &,
2014) TRO 1.0 mg/LE fAst7] 918kl oF 1.64 g/m'e & 594 F(Dose)=

FHom sho] 0. ANTL obeist o] WEste] B APl Agts

iy

Ozone production : 164 g/m' x 100 m’/h = 164 g/h @ 10 wt%—————- (20)

Required amount of oxygen (raw material supply gas): 164 g/h + 0.1
=1640gOh — (21)

therefore, the purity of oxygen produced by the PSA oxygen generator is
90%, and 164 kg/h + 09 = 182 kg/h ———————————— (22)

Converting this to volume,

1.82 kg/h x (22.4/32) = 128 Nm'/h ——————————————————————= (23)
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Table 11. Effect of total residual oxidizer (TROs) concentrations produced by

ozonation of seawater on infection of fish pathogen (Kasai et al, 2002)

TROs . Initial
. . Treatment | Reduction
Fish Pathogens concentration | . o number
time (sec) | Rate (%)

(mg/L) (log)
Yellow ascites virus (YAV) 0.5 60 >99 4.3
Hirame rhabdovirus 1
(HIRRV) 05 15 >99 5.6
Infectious pancreatic 1
necrosis virus (IPNV) 05 60 > 4
Infectious haematopoietic 1
virus (IHNV) 05 15 >9 41
Onchorhynchus masou virus 1
(OMV) 05 15 >99 3.1
Chum salmon virus(CSV) 05 60 >99 4.1
Vibrio anguillarum NCMB6 0.5 15 >999 5.6°
Lactococcus garvieae 538 0.5 15 >999 5.8°
Aeromonas salmonicida 9
ATTC14174 0.5 15 >99.9 5.1
Aeromonas hydrophila 9
TAMI1018 05 15 >99.9 4.6
Scuticociliatida BR9001 0.8 30 >99.9 55°

Tnitial virus infectivity (TCIDsy/mé).

’Initial viable bacterial number (CFU/ml). *Initial viable number.

(1) 9% F9 @0l e TROSH ORPE] A##A ¥4

°F FUH 0672 umol/min, 147 pmol/min, 1.83 pmol/min % 2.58
pmol/min®] wetA  ORPAIAE AF&3ste] FAHSH HSE -1000 ~
+1,000mV)2 H] L3}

(2) s AAdd 0 oF FdEl wE AAE TRO el web FAdsio 2
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(2) RNA = ¥ cDNA 34

Trizol reagent (Gibco/BRL, USA)E o]&3le] gz 7to2HE total
RNAE F=3t3th 5% RNAY % % +£&E+= 2607 280 nm 349
UV spectroscopy®ll <&l 274 = St}

2.0 ugel total RNAE templateZ 3ol oligo-d(T);5 anchor primer$}t
M-MLYV reverse transcriptase (Promega, USA)Z ©]&3}le] cDNAE 43511
t}. A4 ¥ cDNATE reverse transcription-polymerase chain reaction

(RT-PCR) B4 A74A -20C WEae] ®ashe]

(3) Quantitative real-time PCR (QPCR)

2EY 2 #d f-lAE £3] W9 A2 482 Immunoglobulin M
(IgM)3} Lysozyme] mRNA<S] %3 W3S QPCRE o] &3t ZAFSHI T
QPCR® & #1% primer= ©lv ZAE HA9 A7|wMds o]&3t3 e

™, AAE primer?] ¢7]uj<dE Table 1201 e i

ﬂl

i

Table 12. Immunoglobulin M (IgM) and lysozyme primers for RT-PCR

Genes Sequence Size (bp)

Forward 5'-GAC TCT GAC TTG CTA TGT GAA-3
I[eM 101 bp
Reverse 5'-TTG TGG TAT TGA ACT TGT ATC CT-3

Forward 5'-GTC TAC GAA CGC TGT GAA TG-3'
Lysozyme 124 bp
Reverse 5-TGG CTC TGG TGT TGT AGT-3’

QPCR<S BIO-RAD iCycler iQ Multicolor Real-Time PCR Detection
System (Bio-Rad, USA)¥} iQ™ Sybr green Supermix (Bio-Rad, USA)Z
o] &3ty 95TCAA 5 min 27| @A 13], 95TCAA 20 s &+ gy,

55Tl 20 s primer 24 & 4038 2 A3
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WHE-Es FAXZE Bracting AF&3to] PCRe] & Ed ue} calculated
threshold cycle (CT) #t& Z7slo] B-actino gk DAZFS A =Fststad

4) A= d-d &4
AEEH] AHE, AIEEE 2 AR AolES o9 o2 YEhAT
Survival rate(%) = Final number of fish / Initial number of fish x 100.
Growth rate(%) = [Final mean wt (g) — Initial mean wt (g)] x 100 / Initial
mean wt (g).
Feed efficiency(%) = Weight of feed consumption (g) / Weight gain (g).
Feed intake rate(%) = 100 x [Mean feed intake (g) / Mean fish weight (g)

/ Feeding daysl].

(5) €% glucose, AST ¥ ALT #4
3% glucose, aspartate aminotransferase (AST) %  alanine
aminotransferase (ALT) %% dry multiplayer analytic slide "'HS o] &
39l o™, biochemistry auto-analyzerE  AF&3te]  =A 3 tH(Fuji

Dri-Chem 4000; Fujifilm, Tokyo, Japan).

6 24 +4

g4 W cortisol? melatonin % 412 enzyme-linked immunosorbent
assay (ELISA) kit [Fish cortisol (MBS704055, Mybiosource, USA)®}t Fish
melatonin (MBS013211, Mybiosource, USA)]E A}&3lo] A ¥ At z2H7ho
SolAd  @AAZE Zm™Eol & plated €& 50 plLet 50 ulLe
HRP-conjugateZ ztzte]l wellol ¥ 3 Y F 29| plateo] &9
FA|oF 9b-g-3F & QUL F 37°ColA] 2 h &<t HE AT

PlateE washingdt %, 50 ulL®] substrate A%} substrate BE 37°Cell A4 15

= AAANZR. A

[ex]
s

i
)

[e

olo

min ¥F$AIA 2 W, stop solution 50 L= EF3he] Wk
o

2o ® 7h7be]l Fk+= 450 nm S o] &5}

ofd
ki

ll
Ol

ﬂl

S =z =
R=) —‘lxé]
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BE AR BAAE= SPSS 190 (SPSS Inc., USA) B4 Z2a9&
o] &3tuth A A A"l HAX f{io wE 2EYHE FH9 FAETAL
BEAFRE A (ANOVA)S 2 A18te] Duncan's multiple range test® H 7k 2

e 95% Aol AA e
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Table 13. Ozone production and oxygen amount according to ozone

concentration
cor?cz'e(g};a— cor?cz‘e%r};a— pr(())dzt? (13; on Agl;;gén()f Wattage Nitroégen
oy | e | tem | BNDAT | BWT ) Gn

6 88 1,070 12,480 8.7 ~2.4
7 103 952 9,520 8.7 ~24
8 118.2 888 7,768 8.7 ~24
9 133.4 831 6,450 8.7 ~24
10 148.7 753 5,270 8.7 ~24
11 164.2 671 4,258 8.7 ~24
12 179.7 610 3,950 8.7 ~24
13 195.4 522 2,807 8.7 ~24

¥ Raw gas : LOX

¥ Cooling water temp.: 12C ~ 17C
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Table 14. TRO concentration distribution during the experiment period

Meﬂﬁlgﬁ{e‘ TRO TRO TRO TRO
e 15(ug/L) 30(ug/L) 50(ng/L) 70(ug/L)
1 16.1+ 0.1 31.0+ 0.0 53.0+ 0.0 710+ 0.0
2 156+ 0.5 323+ 0.3 509+ 0.8 702+ 0.2
3 15.3+ 0.3 335t 05 524+ 0.3 68.6+ 0.5
4 14.6+ 0.4 29.2+ 0.2 55.0 0.0 750+ 0.0
5 16.2+ 0.2 30.8+ 0.6 50.6+ 0.5 725+ 0.3
6 17.2+ 0.1 28.8+ 0.7 53.2+ 0.2 72.4% 0.4
7 155+ 0.4 325t 0.4 50.6+ 0.4 73.3% 0.2
8 16.3+ 0.2 313+ 0.2 513+ 0.3 70.8+ 0.7
9 155+ 0.3 333t 0.3 55.0+ 0.0 726+ 05
10 181+ 0.1 30.1% 0.1 511+ 0.1 701+ 0.1
Average 16.0+ 0.4 31.2+ 0.8 52.3+ 0.1 716+ 05

§504 sxe] EAdom 544 Bigel WE AFAL wekd TRO
Hel7h 2@iom TRO %% 15~30 g/l FelAE AEE] 100%=
FABG o 50~T0 ng/L FrAE FAe] Aol A WF AA 57 A
Jojgo]  FAS  Zolsgem AT FA43  Hojuy
AASAee FAG F7F Ak 50 pg/l AFIAE 109 FH Aol
0 pg/l TEAAE 59 A Akl 8%el gHo
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A= 1.1 g/day, ABolE 0.7 g/day A% =& AR Aol&S EAtHTable
15). ol& AgAgA 2" AXF7F dA e Ui AR Aolg 2 AR FEE9

Z7he fmdtel 448e 342 fE9 Ao wuA

Table 15. Changes in survival rate and growth performance of pre—adult and
adult olive flounder, Paralichthys olivaceus in autumn season during 2 months

Survival Growth Feed Feeding
Experimental group urviy rate efficiency amount
rate (%)
(%) (%) (g/day)
Cont. 95.5 82.1 24.2 3.7
Pre—adult
Ozone 99.4 134.0 217.3 4.8
Cont. 84.2 34.6 7.2 6.9
Adult
Ozone 90.5 50.9 11.4 7.6

2) ez W3 GRS g B4

Uz azjd 2 ALS 7k E AEg A 98 FQ AER AlLHE &
4 W cortisol @ glucose FEE =AU T 2R 24 oA o)
ZEY A Wo] 722 A -SSR -AIZMA] 8wl AlASH A e F

Ay AA=E 22053 2 2 (Corticotropin Releasing Hormone, CRH)¢] W&=
A #rEw ) CRHe  MabkrAl dgel FAuda=s2#  (Adrenocorticotropic
Hormone, ACTH)® =H|E =3t} (Bonga, 1997). #H|¥  ACTH+=
Pro-opiomelanocortin (POMC) A @A 1A= o] Hd4l(Head kidney)

o] AlZFA 3 (Interrenal cells)oll 283 cortisole s & W& A7 oH(Flik

et al,, 2006). Cortisol Z~E 2~ Hh-g-9] X ZA, AEo EAsts G2
E]# o] = (Glucocorticoid Receptor, GR)¢}2] A & Axd FHHPHo= 4
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Fig. 26. Changes in plasma cortisol concentration in the olive
flounder, Paralichthys olivaceus. The asterisk marks indicates significant
difference compared with presence of plasma system between same culture
period (P < 0.06). All values are means = SE (n = 5).
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Fig. 27. Changes in plasma glucose concentration in the olive flounder,
Fardlichthys olivaceus. The asterisk marks indicates significant difference
compared with presence of plasma system between same culture period (P
< 0.05). All values are means * SE (n = 5).
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Fig. 28. Changes in plasma AST concentration in the olive
flounder, Paralichthys olivaceus. The asterisk marks indicates significant
difference compared with presence of plasma system between same culture
period (P < 0.06). All values are means £ SE (n = 5).

25

OCont.
20 | | mOzone
15

=
[=]
T

Plasma ALT
(U/L)

| hﬂ

0 month | 1 munthl 2 month | 0 month |1 month | 2 month

Pre-adult Adult

Fig. 29. Changes in plasma ALT concentration in the olive flounder,
Fardlichthys olivaceus. The asterisk marks indicates significant difference
compared with presence of plasma system between same culture period (P
< 0.06). All values are means = SE (n = 5).
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Fig. 30. Changes in IgM expression in the olive flounder, Paralichthys
olivaceus. The asterisk marks indicates significant difference compared with
presence of plasma system between same culture period (P < 0.05). All
values are means = SE (n = 5).
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Fig. 31. Changes in Lysozyme mRNA expression in the olive
flounder, Paralichthys olivaceus. The asterisk marks indicates significant
difference compared with presence of plasma system between same culture
period (P < 0.05). All values are means + SE (n = 5).
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Fig. 32 Changes in melatonin concentration in the olive flounder,
Pardlichthys olivaceus. (P < 005). All values are means + SE (n = 5).
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HEE A Table 16). Ak 71708 9 At A g Al =8/ Fol el {J &9 A4
w W3S vy Ay, gA 27l dEgle] e AT AtelddM = felHd
Apol7b AFEH A hheh. ol me, AstA Al age] AATE JA o] dnkdE

Table 16. Composition analysis of muscle juvenile and pre-adult olive flounder,

Paralichthys olivaceus in autumn season during 2 months

. Pre-adult Adult
Proximate
composition | 0 month 1 month 2 month 0 month 1 month 2 month
(%)

Cont. | Ozone | Cont. | Ozone | Cont. | Ozone | Cont. | Ozone | Cont. | Ozone | Cont. | Ozone

Moisture 770 | 772 | b | 761 | 741 | 736 | 756 | 754 | 769 | 763 | 737 | 755

Ash 21 23 | 23| 25 |19 | 21 | 21 17 |19 | 17 | 21 | 16

Crude lipd | 1.3 | 11 | 17 | 1.7 [ 41 | 13 | 12 | 34 | 12 | 13 | 12 | 46

Crude
protein

206 | 205 | 219 | 214 | 212 | 245 | 222 | 201 | 21.1 | 215 | 249 | 196
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