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Abstract — Offshore wind farms are increasingly being built along the coast to generate renewable energy from the
wind resources of the sea. To feed the electricity generated from offshore wind power to land, a considerable length
of submarine power cables are buried on the seabed. As electric current flows through the cables, electromagnetic
fields (EMFs) are emitted and spread into the marine environment. It is predicted that artificially emitted EMFs can
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disrupt the geomagnetic field (GMF), and affect the ecological behavior of cartilaginous fish such as sharks, which
utilize the GMF for navigation, migration, and foraging. We measured the strength of EMFs emitted from submarine
power cables of offshore wind farms in the sea near Hankyeong-myeon, Jeju Island and Southwestern Sea of Gochang-
gun, Jeollabuk-do. The EMFs was measured in the frequency range of 15 to 100 Hz, with a peak value at 60 Hz in
both locations. The peak values of EMFs were 0.0378 + 0.0039 uT at the Hankyeong-myeon, Jeju Island, and 2.4168 +
0.0478 uT at the Southwest Sea near Gochang-gun, Jeollabuk-do, respectively. The difference in the strength of EMFs
between the two locations was about 63.6 times, which is presumed to be due to differences in the way of laying
the power cables on the seabed and the current intensity flowing in the cables at the time of measurement. Com-
pared to the sensitivity of marine organisms that can detect electromagnetic fields, this is considered to be a signifi-
cant level of strength. It is predicted that cartilaginous fish such as the cloudy catshark (Scyliorhinidae) and conger
eel (Congridae) in the Sea of Jeju Island and the skates (Rajidae) in the Southwestern Sea of Gochang-gun, Jeolla-
buk-do might be affected. In this study, we presented a technique and measurement results for measuring the
strength of EMFs emitted from submarine power cables buried on the seabed in the underwater environment, and
discuss the significant biological and ecological effects on marine organisms exposed to EMFs. In order to prop-
erly assess the potential effects of anthropogenic EMFs, accurate measurements of EMFs emitted into the marine
environment and the physiological characteristics of the organisms inhabiting there should be considered. The
results of this study are expected to be utilized as a basis for establishing environmental quality standards and
assessing the impact on marine life using the results of monitoring EMFs emitted from submarine power cables

into the marine environment.
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S5 vReksk oluR| s Egshs 1 Aljlo] YIS FRsA L
QlTH(Taveira-Pinto et al.[2020]). 53] iAEE 2 A2 4}
Hlste] 2]} 9go] AiF o= golaiths AR o® Qlal o

5w 2] Eiks] FX1E L glon, deke] et FEHo0 R
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U] 3020 oA F ol whef s 3 e = 20300 7H4] 12
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[2021]). S23llA] Eabdy} Aukd gEAQ) SATEA= EfH &
glo]=elA ”“30% Ak A, AANE] vl W], A s 5
o] qirt. &gt ofe] 18] FHERIe] AA = QIg le‘é F<=, AH]

Al W o] Fo3 H94 ko 7 W aEal ck(Jeong[2022];
Hahm[2016]). 31’2l e 5243t fAFsHA| 25l thgh
TE H & (Drew1tt and Langston[2006]; Furness et al.[2013]) %!
e Aol tigt 75 23 218 (Nedwell and Howell[2004])
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] AlolES AREEt AYAlol &l HF7 EF w2 HAE=
AR 142 %1713 (Electric Fields, EFs)yt 2717 (Magnetic Fields,
MFs)2. &2 AT} 171742 Astel &3l A d=H, dsbrt 24
oJA HH 27 ge] AEt. A1) A7 e AU E (Magnetic
Flux Density, B)2 XY™, &9 AF/(DHE dgsh= AlolEl &
Sl dol 2Hg3he Fo= AJoHct AU (B Al E
B2 Afe) vl Alolg e T Boko R FAEE
217 AR = Aol RijEsit, 2 =4 el 9] 2}
SUE EE AL A7lE Al uet A7) BErt Sk
S AFakell et g, 1) A= AlelEESH <] A7t
HolHel we} hash= 548 et alA o 24 1A
AgAo] B2 A dololl AA xS et A1
AAAH O 7 Hoi= Q1A O & WS 4= glom Apd A o 7 sk
A7) A2 (Geomagnetic Field, GMF)¥} A2 Uil
Al TheFst A (5kekA, Aeleha, A1AsHa)E Fal 9T
AFA712] MLlE 25~70 uT F=2°1 (Nyqvist et al.[2020]), -
bt o] A e A AoE dHA
UTHGIm er al.[2021]). ATA7 1S o] &ato] Wk &4 o],
= 3k AEo] AAshE WMl 2 0.002~0.005 uT/km
HER e wom, meps A7 S o] 8shke AEEY AP
UATE Y H&E2HnT) B9l 2 th(Anderson et al.[2017];
Hodson[2020]). 53] olejst BEFES A7 Azl ¥h3atar #|
TR gF, 27] == 71 7] vl Tt Hlo 2 dHA
ST (Mouritsen[2018]; Nyqvist et al.[2020]).
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(Hutchison et al.[2020]). 3HA]%F
A=A ) EA DA E = AA71go] gzl vA=
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(Hermans and Schilt[2022]; Gill[2005]). 53], %17|5=& 7]1#-& 7}
7 Aol 7he e w9 v A1 A7l s zkskAl whg-at
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and Lohmann[2003]; Lohmann et al.[1995]). AAF717o]] tst A
=9 Whe-2 Kok 717 AlEle] wizkee) o8| A A ok
(Baker et al.[2013]). H3}el g3l A58 A4S 7= 224
ol AEo] Qlrhd ojxHAQl W7|e] fEEH, o] w H7)e]
A7 A& 2717t 255 Z381%ITk(Tricas and Gill[2011]; Gill
et al.[2014]). A7) BEA FHAA 2|7} 73 RE A7)

e vk Fahe)7) uhel A1 el @ AR WS
L g Fosih 45§49 BEE Ap1ge] w4
SEol G AT, Y] YT} DA ohlet 147 o]
sk 373 FA, A0 o)g) met g 2 ik 5,
ARl 18 AEF Pt s 917 2 Ahe) 5
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ok Az 1e] A7l A o E o] Azt Hojzlel| whet 7t
28] witel sixuS waste] HE A9 Aol AN 7
ol Ash= TRt siAH 2 Eol AAehs Axd=el o W
& 93kS 1A S tH(Bochert and Zettler[2006]). A4 A
oAF= 7] W 2ol vl st Ao E deiA 1o (Collin
et al[2015]), A AAlER AH A5 7FsAo] = AA
3 AZolFrol sl A== AR FAE G- 1) wiok
e = AN AR B 54 2 5719 il 2) Bl BB
glu) g} 22 A WHskE 7431 (Gill ef al[2014]; Hutchison et
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T 9] A DA B WEEE WA 57, Aol uE ) 2 A AET 19
2. K= 2 di AT AR A5 A A sl 2A3E sds A9
uj-&5- Aol ules A8 $48 dst yHE A2 59
2.1 x| MEHFHO|S0M UER= MR H2| &Y Zb= A Aol o] Ao mjAd=o] St} AHe] A 7 FH
PdEEddTA| o] AR FA AYAo] Bl WEE= Q1Y EWE Adshs UlFES 229 kv Alo]Eo] Ax|xo] glom,
ARl AR A7l AFE W FRE, ved QI o aPdHdAdAN SHR sk R gl 154 kV £952 o=
Tl SAs Ao} MeHi 1 Aetd Apge] A Y ZEAE/(XLPE) Al ] Alo]Eo] ARg-EITH(Table 1). H#
off A TAelM FF3IR oM, F 3 BF w4 o] ¥RE  Alo)Eo] djAo LA Sl WA AT A HASES Y
o] A 9 2 toltk AFTE AW QI A WA= & Ak Zlo|® FFste] EAdEtaL AP FOoE Yol o,
A|ZHFE oF 500~1,200 m o]ZH ddol] 107]9] FEEHIe] dd  HEL HAHSS A3 Zo]| 2 @Fsle] TSI o) ARAAT
2 AAEe] 9lom, /i FHENS JASHs UR gy dde HAEo] Hof glE w0 F o] ot 2o} 9l
A7E SAZ FH8P7] flgh 2do] @A) FAlo] AA|s F A AEA| BN WEEE A S AT e
HEW O ZHE §%] Z0 7 HEgAo)Eo] Aol ] Qlth. Ao M S X3 TEE I S0 R A WA
Aepas 2 QI slPdell 2A3% Al e eA= 52 o] 59 AolA, A5 FE A= a AL §o
2 A== AgAlo] 8 AR-olx 742 S50t

2HH 1001 km "ol 207]9] FHEIRIO] ARG o7 HA| w0
Stk o] ©jell= e FHENS ddske Ul e dHdAs
(Offshore substation)ollX] 54817142 (Onshore substation)= 14
= ogel delFlolBo] siAof ¥A% o] QItk(Fig. 13} Table 1).
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Fig. 1. Location of electromagnetic fields (EMFs) strength measurement in the offshore wind farms (a) in the sea near Hankyung-myeon, Jeju
Island (JW1 and 2, solid circle), and (b) in the southwestern sea near Gochang-gun, Jeollabuk-do (SW1 and 2, solid circle).
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Table 1. Overview of the facilities of the offshore wind farms for this study

Site Location No. of Wind Capacity Transmission type of Type of Submarine  Voltage of electric
Turbine MW) electricity power cable cable
Hankyung-myeon, Jeju Island 10 30 Alternating Current (AC) XLPE 3 core 154 kV
Southwestern sea near 20 60 Alternating Current (AC) XLPE 3 core 154 kV/22.9 kV

Gochang-gun, Jeollabuk-do
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Fig. 3. (a) Conceptual diagram for measuring the strength of EMFs
in underwater environment, and (b) points for measuring over dis-
tance from submarine power cables.
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o3t o)1= ERlIsl] $18)l SPSS(ver. 18.0, IBM, USA)S ©|&
slo] sl on, §2] 2 p < 0.05014] theE2 ¢
t-testy -3l 717g3H3Th.
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2717 715 S7838IickFig. 1). Z%XPI%H A7 15~100 Hz
T f9lelM FAgsiglom, 7 3 B 60 Hzelld #aigho] &
A=t S Hagke> Al 8 fﬂ QI Tl el A= 0.0378
+0.0039 uT oM, AE 34T QA A3l #lee] dA]olx=
2.4168 + 0.0478 uT ©|3ltk. -+ A2 3+ A= 17 A718] Apol=
oF 63.6Hl] olom, o= HEAlolT d#] A WA S Al A
Aol 5ol B2 M7 Al71€] Zpolo] 711k Z1 o2 FAJ ¥t
74 T AT A1 A71E S SlEl Al
A% 3 QI AR slledellA] S X =N E 217 450 m
700 mE o|Aste] HEAo]Eo] EAdE o] QA ok A E AT
AelX SHE Ax7172] Al71= 242 0.0006 + 0.0001 pT<}
0.0002 £ 0.0001 pT ©]3ict. 817 MEA0)E2] 2PdHolr St A
2717 A1) vk wlg- sk 0 2 SRISISITHFig. 4).
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Fig. 4. Average strength (uT) of EMFs (frequency range, 15~100 Hz)
(a) in the sea near Hankyung-myeon, Jeju Island, and (b) in the
southwestern sea near Gochang-gun, Jeollabuk-do.
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Fig. 5. Comparison of EMFs (uT) attenuation according to distance
(m) on the right and left sides of submarine power cables (a) in the
sea near Hankyung-myeon, Jeju Island, and (b) in the southwestern
sea near Gochang-gun, Jeollabuk-do.

QEEo0] FA HE R A= ASkTHFig. 59} Table 2). Al
T W QA W] A, dA Aol A 4] HAt
71 AZ1E 100%E 7153S W, 0.5 m o] 4" Aol 252 A
A7 A71E 69.5%E Fo1E W, 958 35.1% TOE §-
Zo] ofF 2v] = o wo] =t Mk 0% H=5e] 7h
TSR Fglont, 2.5 m A oAt S Avpe &
Z0] 8.5%, 9=0] 8.0% FTFOE FAKSF 5 Btk Aol
2 AR A719) 7ol tist 54 Avs HE mAE)
H, 59 73] A 4=(attenuation coefficient)= —1.1
-2.01772 95°] oF 1.88] A= w27 sk 2 o= Yelgth
(Fig. 5). A% 73" QI Adal] aof 2] @+ <] A5, A5 84
Q1 @A o} vlwste] AfAow o wE SRR WA

SREEE

Table 2. Attenuation rate (%) of EMFs at 60 Hz according to the
distance (m) to the left and right sides from center of submarine
power cables

Attenuation level (%)

Distance (_m) from center TWI SWI
of submarine power cable of Jeju Island site  of Jeollabuk-do site

2.5 8.5 0.9

2.0 4.3 1.0

Left-hand 1.5 14.6 1.7

side

1 29.3 4.5

0.5 69.5 37.8

Center 0 100 100

0.5 35.1 40.3

. 1 12.9 15.1

Right-hand 15 32 23

side

2 9.5 1.4

2.5 8.0 1.2
3L A A1l 0.5 m o] Ask] A3 At TR}
Hlwate] oF 60% g5 et M52 37.8%, 52 40.3%
Folgith. HIEE WP5E olgalo] TASH, 152 2
T 22303, 52 -1.9056°. % °F 1.28] H22] 2polS W T
A% DFE A A lele] TRel Z4e 392 Azl

&

A7) A AT
3k o] AUTh(Fig. 5).
A AgAClES FHORE F-95 A1 7 =g ul
5 Z7gsto] Aol w2 folek 2ol s A, Azt 7
= H57 95 S35k 1ol AR {28t 2fol 7t A3l
, 2.5 m AlelAE 23 2fo] 7 §l31tHTable 3). =, Al
2 A1 A712) 2 Ams slA dgAlelEe #- 9A]
off whe} zje]7} Ao, A Az odo] HolHA = $1x]e]l
At /A STt wEb A1 3 S
o] Aol FFEHEI O BakEls Ao] dA dAolES
A== AR 7|9k 24 s 9] HA 8 Ajolo] uhE
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Table 3. Statistical results of EMFs attenuation level between left- and right-hand sides of submarine power cables

Distance (m) No. of measurement on each sides (n) df t p
0.5 10 18 13.934 <0.001
1 10 18 8.357 <0.001
1.5 10 18 9.395 <0.001
2.0 10 18 -12.740 <0.001
2.5 10 18 0.648 0.525
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Table 4. Results of EMFs (uT) attenuation modeling according to burial characteristics of submarine power cable in the sea near Hankyung-

myeon, Jeju Island

Distance (m) Case_1 of EMFs (uT)

Attenuation level (%)

Case 2 of EMFs (uT) Attenuation level (%)

0 2.75 - 2.61 -

1 2.39 13.1 2.29 123

2 1.73 37.1 1.67 36.0

3 1.18 57.1 1.16 55.6

4 0.82 70.2 0.81 69.0

5 0.59 78.5 0.59 77.4

6 0.44 84.0 0.44 83.1

7 0.34 87.6 0.34 87.0

8 0.27 90.2 0.27 89.7

9 0.22 92.0 0.21 92.0

10 0.18 93.5 0.18 93.1

11 0.15 94.5 0.15 943

12 0.13 95.3 0.13 95.0

13 0.11 96.0 0.11 95.8

14 0.09 96.7 0.09 96.6

15 0.08 97.1 0.08 96.9
of et 7 Beslt} g PR AF AW A2 gy 97% FE7N REE Zow ASEu EHE AR A
WA dPdo® Fsigion, dast Yrrl IRIER] ok A9 7|5 HWE o] g3te] A3 A}, Case 19} Case 22] 7347
o= mdlo] 27|13 o83l ek mdlde] 9 HVAC Al S+ ZH2F —0.29113F —0.2835% AR =031t} A1 QI 3
olEe] AA 7] W S pEst A ARl ES VFeR £ Aoflx] e Ayl vlwshd oF 7l AR =¥ £ 2 s
A Zo] "Wl 48 1St T oS Bd AAE Atk A Ao E A5EH I th(Fig. 6)

H7o]E8-& XLPE Alo15-2] 154 kV, 3-core, A HollA 2] A&7
(Case 1)#} A HollA 0.5 m Zo|E Z A (Case 2)H0] Sl+=
271 8] A5-5 7Pdste] Aol mE AR ) ARE B
skoitt 2o] A, dEAlolE2RE A7} Hoiel whah izt
71780 2= AEE 3 m oPHRE] 50% o Ul Z10E
LERTHTable 4). AA713 A1717F 50% A% 7HEE Agls
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Fig. 6. Modeling results for EMFs (uT) attenuation with distance (m)
in submarine power cables.

Taveira-Pinto et al[2020]). 3VFE LS F3)] Arkel 8-S &
A& FH87] 218l sk Aol TR AYAlol oA WEs]
Q1A MR W7 BEi= Aol vIzst BT 23| 1
214 4= 9lon, o]gjgt EFol= AHF R = FAF o=
=3 A Eo] EshE o] It (Walker et al.[2003]; Meyer et
al[2005]). QIS1A o= BAE Ax7)g2 W] e Aol vk
§F AEo] d8shs AT A 1S wdete] 850) % (behavioral
abnormality) 57} 22 AH ¥F-& 293 = SlSo] gt
(Gill and Kimber[2005]). A5~} 5 a1 <] s 5= Aol =)
A aiA AeFlo)BelM S A1 A7 )= Harglol 0.0378
~2.4168 uT T+ 2% A2 S FAsh= Awe] vIRkes) vl
o A 0] A7) 2 ke chFig. 4). AT o] B,
A EH3R= T4l (Scyliorhinidae), 578015 (Congridae)
, Al sl ol A= FolF(Rajidae) 53 2 AFol 77}
S g S A0 E ASETHKim ef al[2024]).
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O g 7} AIAELE o] gt Ao R U A $ITh(Nordmann et
al[2017]). AzolF<] -9 ZAAY ¥E2](Ampullae of Lorenzini)
= 27 He] w8 SN SRR AlEeks vhEAE Al
wo] o) & o] g3l i kst 7)o MeAkE AT 5 Utk
(Gim et al.[2021]). dolielles W] Fatol], Sole} 7t g e

g} 7REA = u]of] o9} FARsE 777 3o] A E o] Sl Hlo®
&ed#] lrh(Kalmijn [1966]). ZFX]] 1E2] (Ampullae of Lorenzini)
2h= 27| Axp1EE BAAT I Al ikt 3
Q1 IR A = Sl 2 BrEst A=) &gk Zlo|th(Adair
et al.[1998]; Collin and Whitehead[2004]). 217173l w173l Q&2
A9, 0.5 pw/m L2 W2 H71E A E 5 glon, Hol B
gl o] 55 93l olge e ol gshs ZoE A vk
(Adair ef al[1998]). oI5 T 7Fe e Fe) 2o dZoli £ o
F= ol RS TF i Aol Yol ARSElE 5 A
of| A vhe= e okst 7178 7S = JITKGill and Kimber
[2005]). 7138 A = 9l AES vl nlekst HIlE X
sto] Holo} xRS AV A2 R1 X138 wEke] 4], A
Al ¥ M-S Fe He] B 5 TRk Helt}
(Tricas and Sinseros[2004]). 7]l th3l] 117t &2 A9,
717 Wk o} 217 Bgk wizkebA| S 4= olom, 71t

.
A B AT S G ARG R AR R 9l A

o

[

[e}e)
o=

f
X
2

(e}
2 484 Qlth(Anderson ef al.[2017]). jFYE0] A4S 7
218 5= Sl A7) EA) o 79} Zsshs AAAIgE 713l ol

gk olalli= PRk, A& Aol glojA olefdt 77177
A2 ¢ 2% Foltf(Nordmann er al[2017]). A=/
0.5~1000 pV/m B 12] A7) YIRS 7, 17|13 S-S
EAlEh= %S Holv|E o) AnkA o7 AFolFE 1 pViem
ode] 7714 tisl &y -3 Hol(Kalmijn[1982]; Gill and
Taylor[2002]), 17178l that 2171 A% 9] 813k o1 te] wle}
z}o] 7} Qltk. el S S, Gill and Taylor(2002)2 0.5 pV/mE <
AXZ B335 9HE | Kalmijn[1982]2] Aol 0.005 pV/m=
O vizketttar Hasigit, Aol URkE o= 1/8~8 Hz 3t
T Aol AR EE AT 7 Q= A7 1HE 7EA AL gloH,

o]& &3l W galo] rhssirkar ¢ A 9lth(Kalmijn[2000]).
gk, AT A ol g8l WEk g o) 5o] Thsshihe
T QATH(Walker ef al.[2003]). &~ 37l w2, oo} fAket 5
<= WY oA 7122 F (Raja clavatay= 0.01 uV/ieme] 3} 79
of|A 5 HzO] ¥ L8t Fupgol =EE IS wl A vt E
2= AE 9SS B oM 1 pv/me] A THjelldE 55 2
o= &S wh=thal itk 22 Aol 5 Hz 78142 40
pV/m A W A vhEo]l e AE s #EE v
(Kalmijn[1982]). #4727l 7149} vittA S & A5 sl g e &
A} A FR1E: P13l AT AP S 83 Sl FloR deA]
%) © ™ (Lohmann et al.[2001]; Boles and Lohmann[2003]), =3+
%o, 7}e 8, B ol F(dogfish) 52 Hol5 2= 0 7zto g
A714E ggstrar sk

74 5 A1 RxE A Ee] A7, B 2 7187184
5o mAgt WslkE AAE = Sl AP (magnetism)el] TS A
=] 82 (Nordmann et al.[2017]), ©]&3F A5 A2IA 2]
EAE S5 W3 &4 W olg-& 7FsshAl sk AP] wRInk B
2] AES AMEE 5 9l 2107 Btk (Lohmann ef al.[2008]).
4 o] &S 23X BHHE
o EE3 AP o] T3 AekS sl A th(Boles
and Lohmann[2003]; Gill ef al.[2014]). X727 143} 228 A=)
e AT ol PER ABol(Light ef al.[1993]), 0]
F(Mann ef al[1988]), 1] F(Walker et al.[2003]; Meyer et al.
[2005]), 222l (Klinowska[1985]; Kirschvink e al.[1986]) 5-°] 31
on, o]50] AR PEE o] g38te] HolT= 5535 A Aol
ATt Hol2] 91X, 2] W £E sk AR 1S
ol gl AESS TXBHA Xahe AEEY vlwste] 194 e
2 sk AR A = e 5430 uRkE ks
=& Z0|t(Table 5). 3l 8EC] WA 1ZH(EMFsye AAH= &
g2 djo} i FAME A7)0 P HoE LA Stk
(Formicki er al.[2021]). 17"l W=, AX14-2- A9} o] 7<)
o} WS X AN = glom, T TE AFeA= Hxpr]go]
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Table 5. Summary of studies on the biological, physiological and behavioral effects of EMFs emitted from the submarine power cables

Organisms

Strength of EMFs for exposure

Effect Reference

Anguila japonica (Japanese eel) ~12.7t0 192.5 uT

- significantly slowed heartbeat Nishi et al. [2004]

Mptilus edulis (Blue mussel)
Crangon crangon (North Sea prawn)

Bochert and Zettler

Rhithropanopeus harrisii (Round crab) 3.7mT - no effect on survival rates [2004]
Saduria entomon (Glacial relict isopod)
Plathichthys flesus (Flounder)
- increasing exploratory and/or area restricted
Leucoraja erinacea (Little skate) 187 ~ 20.7 uT foraging behaviour Hutchison et al.
Homarus americanus (American lobster) ’ K - increasing distance travelled, large turns, [2020]
and time spent closer to the seabed
250 uT - minimal physiological and behavioral changes

Cancer pagurus (Edible crab) - significantly reduced in time spent i Scott et al.

500 and 1000 pT & y pent roaming [2021]

- increasing stress-related parameters
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