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ABSTRACT

This dissertation presents the thermal impact of underground high voltage
power cables installed in a cylindrical duct bank and a square tunnel under different
environmental conditions. It also proposed methods to enhance the efficiency of
underground cables using heat conduction and convection cooling with different
mediums.

The heat and ampacity of underground high voltage power cables installed in
the cylindrical duct bank were compared with those of underground high voltage power
cables installed in the square tunnel using the finite element method, including the
comparison of the construction cost of each model. Moreover, the heat and ampacity
of medium voltage cables installed in the air-cooled duct bank were also compared with
those of medium voltage cables installed in the water-cooled duck bank.

The simulation results showed that in case of no flooding, the underground
high voltage power cables installed in the cylindrical duct bank were able to withstand
the load better than those installed in the square tunnel. However, in case of flooding,
the underground high voltage power cables installed in the square tunnel were able to
withstand the load better. It was also found that in the trefoil arrangement, a total of 6
circuits of underground high voltage power cables were able to be installed in the square
tunnel, whereas a total of 4 circuits were able to be installed in the cylindrical duct
bank, which resulted in the construction cost per circuit of the underground high voltage
power cable installation in the square tunnel being cheaper than that of the

underground high voltage cable installation in the cylindrical duct bank.

Keywords: underground high voltage power cables, underground duct bank, ampacity,

capital cost, cable arrangement
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annsauenasnsieadsly 4 3ans FallssezBunsnn fsoluil

2.2.1 msneasviefevagluiilafu AreiByade (Open Cut) WUAEN1sRoE3s
wuukady lideddinadinteasnefims Adununeainsazsinisdu dusdeatadousove
Sl 91nUeinlunien Riser d1nsuaneds wsaiugs 69/115 kv WsedmuUS AU
Afidosriaildanunsaneadnedaeizsuldlugasresmedun 1§ Wy dradeusonedes
anellflseninsUeinuuy Open Cut Auvewnuuy Pipe Jacking Ssauanudaviedosanssng

seaunu Wudu Teevialdanuanaininasiasaandwiesesangludy Ussunad 1.50 - 3.00 .

wandlanagun 2.1

Ul 2.1 msneasavie¥esanglyli sedByailn (Open Cut) [qvdte]



2.2.2 msneasiwessvarelnilnldfdy aie3dnaveasn (Horizontal Directional
Drilling : HDD) winnzdmsunisideusaviadasaslnirlédau seninsvawnlumuan Riser
dmsumedeu useiulunans 24 kv uagdwiiuaeds usaiugs 69/115 kV lamguinnaen
A9finva19 WU aonrasddn Adaduinvindddainsaneadisviedeansluiisedsauld
Tnehluaudnanseiuinasastamdwiedesaslnilanu Uszana 3.00 - 25.00 1. Jsqsd

funuAnneasefiawn wandlanagui 2.2

5UN 2.2 msneasviesevangluiildniu feTsRaviaaen (HDD) [an5de]

v

2.2.3 nnsneasiaviesssanslwinlafu fae3s

[y |

urioaen (Pipe Jacking) LUuU3Tn1s
AeadrenlUlufiuiusnisueansiniluasmais %qa}w‘hmidaa%ﬁaa%isléfﬂa%'m Feazyhns
fuvieldeudmiuseninsUenn anuelaelszana 150 - 300 3. WAZAINUENINAIITIDS
fasvsundaiofesanslnih Usvanm 4.00 - 12.00 1. sesfusisaratiou 24 KV wavaness

69/115 kV siunumneasvaradinaifigaiuisnisneasneiie HDD wanalanagui 2.3

5UN 2.3 misneasviesesangliihlasiu sagTBauvioasn (Pipe Jacking) [gate]
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2.2.4 msneaseglushaelniildau deiSnsneasneglasd (Tunneling) 1UuWisn1s
ABATI9N595UNIAeTaU 24 KV Lara 8ds AakmATEAULIIAU 69 — 230 kV NN5L88035015
naas19m835n151 dJ93enaneUsens Usenaunie angds auiawseny 230 kV iuaneds

¥ipauIuLnTY Fedasiiszuuszuteausausstniu vinldldaiunsafnsanuriesesae

NoA319MIIINITOU 10 30 NunneassaLdunsiaeniteantaInnAIUIELNILaTAIL
antiu msneasemeiddannsaneainalassezmlnauniusdiuiunnaansaneadisusin

19 waganunsaiuaudnienaudaiariale wansiduyunsneaseazawInnInIcNITaug
Mut19RU lnenaluaiudnainiiesasimatalusd 11nndt 18.00 1. vuangluvesgluad

2.60 — 3.60 4. LLamﬂﬁﬁqgﬂﬁ' 2.4

JUN 2.4 n1sneasglusdaeliihlifuy fedsnisneasieglusd (Tunneling) [gdde]

a o

2.3 msnedieviaiesaelnilinu Aeisdurieasn (Pipe Jacking)

nseadraiedosangliiiildnu fae35iurieasn (Pipe Jacking) azildumaunis
foadwing q Usznousedieluil

2.3.1 uUneasuenn (Manhole Sinking) d@ususiuneaswiesesaglnilamu
#e Ffuvionan vosnislifiuasmansivians Type Sstuagiudnumznislden éur Ae/),
A7/J,T/3, L/J waz O/) Wudu vewnaruluaiidu Type A6/) auianisluning 3.30 wns 1
6.00 A5 way A7/J punnagluning 3.30 Was 81 7.00 WA deisEes Type asdutennd
Tlunanss dmsute Type T/, L) uag 0/ agldlunsidsufiensvesvieSosanalndinls
fu Faanudnvesvenagldsedundwiesesaeliilddududidivun nsduiunis

feasieUenn aunsauanslansgun 2.5
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a

5U# 2.5 n1sneasisvenn dmsuneasisiesevanyliln deds

[y |

UnNoaan (Pipe Jacking)
[aW5Te]

2.3.2 9usuvioasn (Pipe Jacking) 9¢171AT 99AUNDA LA NYUZVOIVIONADINT
1neMalulAI0IRUaaIN50INNTN0as 19 lATIIvIoNTINIZUDN LasVindnauu F9ATDIRUTIONS

dosgunuuanTananilasun 2.6

;nlﬁ 2.6 \p3esiurieasn (Pipe Jacking Machine) [n5Te]

[y

nuneaiwiofosanslnilinu de3asurieasn ( Pipe Jacking dmsuitufisne
Tniihwesnisluiiuaswans asdunsauvensunInasundnnsenssuen dwisnsundnasy
witin Ivanevwin laun vereuninasumanvuiaduriugudnarsnigly 1.20 wes dwsu
Ansiavio RTRC d1uau 18 vie viesundniaduwdnvunadurugudnataniely 1.50 wns
dmsufndavio RTRC $1u7u 24 vio wagviensunImasumanTwInduruguinaanigly 1.80

Wes dusufindarie RTRC 97191 30 Yo Mseuviansunsatasuvanianslasaning 2.7
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ad v I

31Jﬁ 2.7 n1sneaseeIsauvieasn (Pipe Jacking) [qvade)

2.3.3 ufinds Reinforce Thermosetting Resin Conduit (RTRC) JrAunsinds
19 RTRC $18991n7NN15AUYBAaunsalasumanuaasa seninslenniuuenn lngayinnisg
Aaraviman (Steel Spacer) dmsudniSuae RTRC ldszoznuiidasnis waminiudeazsh
MsAndavio RTRC Wfuwivan wasdndnuesinsewinsesineweia RTRC wiouussmeimng

neludeiin daanslasegun 2.8

5U# 2.8 Msfnasavie RTRC uazdndnuaimseninavie RTRC wiauusaviineing [qmade]

[ a

2.3.5 nuAndsunsaingluvenn sganliunisvarinudemrinaenslulanned?

[ '
v o a v -~

@39 FegunsalngluveiinfidesinidunsfasaiiosessunisasufiRaudadsaneliilaau
FeazUsznaume
2.3.5.1 gunsaldmsugnneanuasaintunisidiujuinunigluvein lawn

Tulawuans ¥1uin wasduleds amnsenisagaeslesiualiumienisyudainegd aienisy

$ou (Hot-Dip Galvanized) uansléifaguil 2.9

19



UM 2.9 gunsalmeluverindmiudnneaiuazainlunisidnuifiau [qnsde]

2.3.5.2 gunsaldmsusessunisiindsangluiilanu laun Stainless expansion
bolt, Cable pulling, Cable hook, Cable rack, Cable support &g Ground rod Fellsuaziden
Aagu 2.10

5U# 2.10 gunsalmeluveiindwiusesiunisiasangluiinlasiu [nsde]

2.3.6 MUYAENUaNNWALAUR251950175 Fgandunstudunauilndsannlefne

gunsalneluveinudnass Wesngunsalunduaziivwinlngnimmsasuein n1saliunis

I
a Y

Tned1BusuasunIalEsuan (Top slab) WIRAAIAIUUUYIDIUDNN ARAdABUDNN ARG

(% [ ¥
a U o U = =

gIusessumanrdeuazinsardnuaedmsuntu-asneluvein nawinuuiawhnisse

81 Guide collar ring beam Wa¥ANNFUAILTAANUNINTDUUATAAIUNINTFIUITUNVDS
NIUNNUNIUATUITONTUNNNANTUBY TIUNUNADATIY LazunaUaANEALLIUNITNABUNTA

Y

vseyuaailafndaouninlindudanimauneudiliunmsneains Jauanslansgun 2.11
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JUM 2.11 ulareiinuagAuinegaseis [nsde]

2.4 vinForanglWinlanu

sioosangliilifu dldmluiuiitisszuulniheesnmsiniuasaisluilagtu
wdidaedu 4 via Feusenoudesil

2.4.1 via Polyvinyl chloride (PVO) THmufuannluszuulnildfunseiusi dwsu
wserunansaziildnuanean Wy Nelddfulaenswesldlninanese

2.4.2 viowdn Taufunnluszuulninldfuuseiud dmfuusedunansagiflda
AWIZRR 1YL BT UaN Riser dmSuilufiansisn wazilelanulagnsevaadldlniianiy
378

2.4.3 High Density Polyethylene (HDPE) [sulussuulnliiussdiusii Smneviauuy
Semi-Direct Burial uagldsuiuszuulnildfuussdutiunans Ssreatraseds Horizontal
Directional Drilling (HDD)

2.4.4 i Reinforce Thermosetting Resin Conduit (RTRC) Tdeuluszuulniusesiu

'
1 ¥V ¥

g9 BaneainemeT5yailn (Open Cut) Wagnaas1993g7s Pipe Jacking

2.5 d@gluilaqu

nsdanasnuInaunslugilalenie viedmasnuainunamasnuludaunsal
Ty s1fugoddanslwihfidauasihfidiomelunsdmdanusnann Tuvaesdiaslnih
Razflaunlunistestuldlimdsnusilvaludnduiilidons Feanglnihezdidulsznau

NdAgyassioluil
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[

2.5.1 anelildAunsedusn fdusznoufidfey 3 diu ldud fih awiu uay
Waen deanelniusaiusnduane i dldlasunseulaiiiu 1,000 Tan fdanuegludssina
Tne loun
2.5.1.1 ae NYY fie anglnfivinawiu PVC Sidenlusaziudenuen wssauln-
fhiisasun 450 / 750 V auuuunuifion wuumasuny waskuuviasunuiiaieiu faiuuy
wlauarnuanmngigean iy 70 ssrnwaded
2.5.1.2 ae VCT fe anglwihwiuauiu PVC wagiwdenuon wseadluiindii-
1uA 450 / 750 V Sauuuunifien wuumansuny uazkuunansunuilaeiu fiuuuseu
wagnugaun)igega LAy 70 asmwalgea
2.5.1.3 ag 60277 IEC 10 Ao angluivivinauiu PVC fwdenlunaziddanuen
wsssulatindirimua 300 / 500 V fangiuumatownu wazuuuvansunuiianeiu lasaaing
vesanefidnwazadeiuats NvY willauwiunaziddeniiuiendt rhuuuudaagnugamall
gegn LiAiu 70 seriwaldea
2.5.1.4 &y CV fe anglwilnsiuauiu XLPE uasiiudenuen wsadulvifiniidi-
um 0.6 /1 KV fsuuuunufsiuazuuuvatouny uuuudauasnugumniasan luifu
90 pamwaldua vilvinszudldganinanediviuauausieg PVC
2.5.2 anglatilFAuussiunats Ae aevuauiuiufitn Feagil Metallic Insulation
Screen amnsniudald Aadaldsluanauasliiu Faduaefldiussfuusaiuious 1 kv

_ 36 kV Feillaseadravesansluihlanu mugﬂﬁ 2.12

2m

2 \3 ¢4

9 7
Ul 2.12 Tnssadrsvesans i lfAunsedunans [1]

lassasavesmelniinldfulseiunais aslldusznounan ey 7 Tu Jausias

v o

[ = ! o &
UNVTUAUIMNAN 9 AU

Ree

2.5.2.1 Conductor funtaunnszuwaluii Inenilustinasnanannynewnanse

aqilifly AnwurARLINWUULEURALT LUURINAYY LUUSALLL Lagluulgniuus
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2.5.2.2 Conductor Screen S99 vintARId U @VIA 28N URWIULS s Ul

€

=

Fossiifidnalninginnasendaduainnuesnisiin Partial Discharge Janvinunainianis

2.5.2.3 Insulation finthiduauiutestulaliiAnnssualniinlva Yandld
vitauau laun Polyvinyl Chloride (PVC) Polyethylene (PE) way Crosslinked Polyethylene
(XLPE)

= b4 dl

2.5.2.4 Insulation Screen UL AALSIAUANATDUUSLIURIFUNETENING

'
o [ = o o

Insulation iU Metallic T@nyinananTannadiu

2.5.2.5 Metallic Screen fintidunsrdvesaslniy wazdunanszualva
NAUNSELANAA99T TaRINANNBILAS

2.5.2.6 Binding Tape fiwihfivinliiu3au viantagliounutu

2.5.2.7 Sheath fiwthiidenusndmdudostuusimiana Anuduuaznisia
n3ou a9¥i11131n Polyvinyl Chloride (PVC) %138 Polyethylene (PE)

2.5.3 anglaiildAuussfugs fe aevuauiudniidn 499z Metallic Insulation

Screen a@nnsadudedld daduaefildfusysuusaiuiaus 36 kv FulU Feillaseadreves

anglndin sy mugﬂﬁ 2.13

39
1\

I\\GY _SW 2020 Al 9

Ul 2.13 TnssairsvesanslwilfAuusedugs [2)

v ' I
Y = 1 Y

lassasavasaalninlafuusaiugs seldmusenaundn oy 9 TU Teudazu
<@ =l v d' 1 [ dy
nagdininfang o sall

2.5.3.1 Conductor fntnuinnseualniin lneniluditnasnanainneawnanse
gilifly AnwarANRLINWUULEURLT LUURINAYY LUUSALUL laghuuLgnuus

2.5.3.2 Conductor Screen finu1avinliRduTavasirdnuaulIussuladl

=

Forirnfidnalnihawnnasendaduanvnveanisiiia Partial Discharge Janviunainianis

9

f710
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2.5.3.3 Insulation finthfiduauiudesiuliliiAnnszualniinlva Yandld
vinauau laun Polyvinyl Chloride (PVC) Polyethylene (PE) way Crosslinked Polyethylene
(XLPE)

2.5.3.4 Insulation Screen vt anusetunnasonuinuiduiaseniing
Insulation fu Metallic Sanyiunainianisiai

2.5.3.5 Water Blocking Tape fluninii faafurilvaidniuuuaninusves
el JagpinananntanAeint

2.5.3.6 Metallic Screen fivthildunsndvesangliin wazifunanszualva
NAUNTEUANGAI93T TARTININNDIULAS

2.5.3.7 Water Blocking Tape fimi17 Joeiuilnad1niuuuaninuena
aglylihiliAnnstheasewinananglilin Sassianainaglidusn

2.5.3.8 Radial Water Barrier fivthittiosfutinunuaunsvasaslndh Yansh
ianegiideniiadoulndies

2.5.3.9 Sheath finthildenuendmsutiostuusmiena anuduuazniaie

nsou Ja@nvi1una1n Polyvinyl Chloride (PVC) %38 Polyethylene (PE)

2.6 dun19 Energy Conservation
2.6.1 nalnnsanewmanuseulussuvanglniii
nsenemanuseudnsuangliilldRussdnnud Wounn 3] Tuvaedinisw
Sduaveniinduazanasiinansenuneinansyuadralninernia nsAwiunszlavesaelnii

s 1

TaAuI NI udouA auN 1TV INITOUNAIINS DUT I A UFUNUS TL NI 19T WAV IR U

gumgiineluasuazusinlagseu dsaunsnisaemanuiouiiugiuiidiomaudeures
aneliliuazanandon fideil

2.6.1.1 mathanu$ou dwsunishesaaeliililitiu audouszgndrewlng
mMsthanuseusniiikazddu q SwEnsamsnsinisiianudeuldain Fourier's law

° o & a a a = vo &
dwsuiiuriazinisnsyneaamall 0(X) Fawanalanadl

e AR anIINTSEIEWAIINTEU (W/m?)
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O fe AnumunuAuseu (Km/w)
do
dx

Ao nsanemAnuseuluianig X

2.6.1.2 MsnmNseu dmsunsaensaelniienia msnianiounazns

ly a 1 v Ao w dy a £ a
unsed dunalnnisanewmausoundrfgainiuiinvesans Wi ludeeniausnalaeseu n1s
AMAINTDULUUNIAILTDUDINTILUNAILENWAULTOINITIVE TALA NITHIAUFOULUY
UIAULAZNITNIAIIUALSDULUUDATEUIDAINGTTUYR Fen15AIaNTELaIz]dn1TNIAY
FOUBATYMIONUSITNYIR ANLNITAMIENTINITANBIMAILTIULAAIN Newton’s law of cooling

Fananalanatl

q=h(6.-0_ ) (2.2)
de A nIINISEIEWAIINTEY (W/m?)
h fo  duuszansmusou (W/m?K)
0, Ao QUNYINUR?
0., 7o suwjlianieinien

o A

nsfuaduUsEansnismanufeusaddnyiign vosnmsdaniitaves
anglniiluenna adudszansazuanaisiulugag 2 - 25 W/m2K d19sun1smainuseuwuy
5I5UUR wagAana1eAulutIe 25 — 250 W/m?K dsun1snianusoukuutiay

2.6.1.3 nMsurSednnudeu Ao ndsnufivaeseenuiainiiuiiivesans i

FandndanusounuasyeaninaniuEilaunann Stefan-Boltzmann’s law

*
q=¢0gbk : (2.3)
e A dnTINsEEmANTaY (W/m?)
& o andAnisunsedvesitui Areglugn 0<e<1
Opg Ao AIAIN Stefan-Boltzmann = 5.67-10% W/m2K*
g  fe  eunalduysalvesiiuii (K)

S 9 Y Y
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2159@ANNTENUUUNURT d1unTleazgnaadyu LagdnIIN1TaATUNSeIUse

| & da a v o o o wa v X a o &
‘VTu'JEJW‘UV]N'J@'H]‘UigLll‘lﬂﬂﬂ']ﬂf’\l'mllgLﬂEJ'JﬂUﬂﬂJaiJUG]ﬂ']iLLNi\TaSU@QW‘UN'J MUY

Oyps = Vg (2.4)
Wo g, Ao dnnmegadundany (W/m?)
a fo  andAnisunsedvesiiui aeglutn 0<a <l

Oine A DRIINNTANNTENUNGIIL (W/m?)

Wesnanglwihinsassuazgadunisuiisd nsuanidsurnuiouainnis

Iy aee

w3 e@Fsaunsadaenduujduiusseninsaesiiuiald nsimvuesnsgnilunsuaniieu

[

a J & a Y] 1 v v Y ' [ o U o a v
3@353%’3’]\‘136QWUN’JI®EJV]’JIUWEJ‘H‘U’N‘UU"’UBU ’e]EJ’NI?ﬂG]']@JﬁTVﬁUﬂ'ﬁﬂWU’JﬂJWﬂﬂﬁ’WEJbLWﬂ’] 919

¥
a IS

fehiiuiavesaglihfivunadnuasiuragndusgislnauazingninunn auufdinuiaiiiy

[ '
A a a o Y

) dy a d‘ v a ! (% v -d!
RN =& ([uidnn) dnsansvaimsuanidsusadseninsanglwihivanimiindeu &9

v
A A

! 1 dy d' Y dy
wansrentefuNvesiuaalnin wanalansdl

q=c0g(6s " —61 ) (2.5)
e ( A nsINIsEEmAINTaY (W/m?)
c Ao audAnsundvesiiuiia Areglutiy 0<e<1
N ARl Stefan-Boltzmann = 5.67-10% W/m?2K?
g, fs  gamgd fuysaivesiui (K)
g, feo auvgliduysaivesenmeuanden (K)

Wl MIIAMUSDUNINNINENT AU U DRTINITANEWMANNSIUILIARIN
=

nsRNaNgANNTaUAININUN FatudnsiAuTeudnTunIsatemANTauaINNTUNS DL

Tounanaunissalul

W_, =eogA (6~ 1) (2.6)

rad am
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WD Wrad Ao 9AIIAINNSIUIINNITHNSIE (W)
g Mo audhnisuidsdvesiiui megludu 0<e<1
Opg Ao AAef Stefan-Boltzmann = 5.67-10° W/m2K®
. Ao Hudilasuniswised (m?)
| e qumgliduy ysalvesuia (K)
g, fe  gamgiduysalveseniAuinden (K)

dmunisanasanelniinluenniaiuy fuivesanglinihaeluuinulagsey
szchemanufeulasnsmauieularmIuksdlusenmafieginiulundous fu §ns1nns

dremanufeusianiuiaglni wanslddaunissaelul

W =hA(0,-0, )+sogA (65" —62 (27)
de W fio Samanudouriaviua (W)
h Ao duuszansmnudeu (W/m2K)
A e fufinisniaudou (m?)
0, Ag qmmﬁ‘ﬁuﬂa
0., Ao gunglisniewindes
£ fo  aultinmsussdvasiuiy Areglugas 0<e<1
g B ATl Stefan-Boltzmann = 5.67-10% W/m?2K?
A, o HuALAFUN TR (m2)
g, fe guungiiduysaivesiiui (K)
6. Ao suvgliduyselvesenmeuanden (K)

dwfunshinnsanglniuuuiievusussian gaumgilasseuilddmiunism

a

ﬂ')']lli@‘uaqﬁ]LLG]ﬂG]’]\‘iﬁ]qﬂ@m%ﬂmmﬁﬂﬁﬁ‘wi‘Uﬂ’ﬁﬂWLVIﬂ'J']@JiE)uIWEJﬂ’]iLLB\i%I\‘i?‘I

2.6.2 aunisaunana ey lun1simsiginisatemanuseulussuvanglniiu

1Y

aunseusnEnd nuiiunumdAy [3] FeanuaunasenIngnsmanutovun o vusle

]

vaurnils TneTndugaseduii (W) ladsauniseeluil
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Went +Wint :Wout + AWst (2.8)

HE ent Ao dnsmasnundganelndia (w)
int Ao ansmdsuiietunigluaelidn (W)
AW, Ao 9MIINTUABUWUAIUBINETIU (W)
W Ao PnsINaIuNnszaeeanly (W)

out

Snamdsnuiidrdganslii wdsnuiongnatdulnsaslwihdudsedlndsu
anglihiismunnielaensunssduaseniing dmsusasmfindsnunszasesnlulnenisi
ANUSOU NITHIAIUSOU LAEAITUHSIE

2.6.3 @UNISATONYNAIILTOU

nsvuadilwalushihwosaglniihezadrennudeuty [3] Feaznsratauiou

KuaLIY B Metallic sheath wagnuaIwdy 9 vosangliihludinaddaeseu nssuaves

a [y v

aglwihazduogfulsyAvsnmusinanssneanudoudundnuas Tuagfudndriafirnun
Yasgaunilaniu N1snszareANseudwedldaunismaiewmaiuiou
2.6.3.1 mwlwihilddiulaenss mifinsanaglnilifuiieglufuidude
Weau mdeuazgnanemlagnisthriudulsynevvesaneliiuaziu esanarwen
vosaelwihenninduinuaudnatsuin Ssnnsaaziaenansenuiulasansld daiu uay
nstemeufeuainsnsnualdluaesiivinty aunsdseyiuiiiosuisnisthanudeuly
Audisuuuudd
0,106, 8 106, ) . 00

C—— (2.9)
OX pOX oy poy int ot

e p PR AnNdUMINANTOU (Km/W)
00 . : v o -
—  An  msanemanuieuluiiania X
OX
00 : v g a
—  fo  nsaswanuiouluiianie y
oy
C Ao AnugAnuioulalsunsvesian

W, Ao oms1AuSouiaduneluaelin
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dmdvangialanieegluiu aun1s (2.9) awgnuiluiigieulvveuunilag
Unfiagseylininafy Weulvweuwamailanmisauandladu 2 susuuiiunnedeiu dmsiu

gaunivevauin Azl
6 =06,(s) (2.10)

do @, Ao envgiiveuwanduilaiduresninueniiuiy S

¥ A

alasuauTeuniegaduninudounvauniiesainnisniniuiou

h(6-0, ) vievdndanufou q ful

%2—z+q+h(9—9amb):0 (2.11)
g p A APUAIUNIUAIINTEY (K-m/W)
N fe  Aamwwondulniluauisiufiivesveuin
h fo  duuszAvsnisminrudeu
§ feo suvplvesvounaillingiu
0., Ao aunglisnewindon

nsaainegelnindnagiungamglivesiniuasmnsvuaasanilvg

Tudnh deiudednhgadeanusoudaluuramdnuiownaaiedluaelnii 15

2 % P % v A -
W, = I "Ruazldaunis (2.9) wWieuini 1 meteulvveuwniissy
Aanuimeglunisiiaunis (2.9) ludadmseidlnguiananusintunis
Ansnsyggungdlufuseus) aglifih IBuivesnisiiasziussaladeaeluiign

= I o a [ v A & & o Y] i ey Y v M v &
wanaduunasiidansegluanmwndeunduilowesiuegalifinduan andrerulidladu
aunfgulunsufuRdnsunishiaasans i daldanufgnudu wu AuRihudulelewmesy
lunsailunalJUa arudnvesnisileane ey nauuinveuduitugudnasniguen way

a

dusutieaumgliunananelnfindnanadndiale dutugruiiuifuienuiounsiiludsd
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anwmauns lunsdfiauiguibiduluaudnaiu wu dukiugudnanswesans g
Iwiyjl,l,asmEJIWWWasﬂﬂé’ﬁ’Uﬁuﬁaﬁu fosldnisuilvaunisnisunteynimseldisniadsiia
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3345%UU Hydronic concrete pavement (HCP) L%”lﬁuﬁju
PV sndunstagldialnludfiodiund §935msilasunsan
duduaugndosainiiugiunisneaesdiisame ns
NANHAIUUTTEANTAINUDS Photovoltaic (PV) naNN15984
FnaniUdsuauiou aruanansalunisinfuanudou
warUsngnIsalvesniIsasieauseuluwad PV wazany
wnda vilfansofiulssansanvesaadaldiu 110
kV lgegrelitdudinny wan1sd1ae9nudn nskesyuy HCP
SaufuituPy widedawmida 110 kv nawnuituweadards
sesmeiadanifulufeTagifanisianudeugs fiay
annsafinnszuavesansiadaiile 90.3% dmiuggieu
uay 57.8% dwiugguun eRasansudununuiing
Tdiumenludazidunlusesasinila addunugada 4 wh
Tusnigfimssanssuy HCP vty PV annsafuyuldly

a1 3 U waznsalitu PV Auvulalunanlifiu 2 Y

2021

C.-Z. Fu et al. [20]

ULANBN1591884N1T018AINT BUKAEAITAIANI TS
gaungilodusiadadmiunisnanaadalu Trench lny
l¥8ane3fiuninid uuszdnsaimnisdungueynin
(LFVPSO) AUfuliimnzaniianuuududnudaned i
n150uves Levy wazldifiousuasusanesifiulasdiy
UsS2a19Ly Ul Uy backpropagation (LFVPSO-BPNN)

NAN1SIFENULN 1) AAUU 1T oD owarwi ug1lunnsg
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wensaloamgiasand muguiiuansneiuly Trench vn

&
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LYY [y

Wgunudanasnunaa1eaaen Uty danasnunuaueagly
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2021 J. Lux et al. [21]

awenuudtaesfuwuutulalufinudnadmsuiinale
uiinvesanawadauvuilsiulaonse wuustasdmidliua
Afalaufindiuwiud JidenndesiunTeIaemINIEAIMN
Frezlnlludiedmud (FEM) uanandddaslunisAua

Lslwdgamgiineluveshiusevanaiailda

2021 D. Abootorabi Zarchi
et al. [22]

UaueIsn15UsEuA1 Hong Point Estimate Method
(HPEM) Lﬁ'aﬁmswﬁmmlajLLuuaumaqqmmqﬁmaama
waldfulu Concrete Duct Bank wan1531ae9wuindl
UszavswdigsninuaziideRamannidnteniiloiIeuiiie
AUN1T91889LUYU Monte Carlo Wazls First Order Second
Moment (FOSM) 43315 HPEM 1u nszuavesanawada
Aasuntadiaztuegfusesumnuniesiu vnsesuny

Y

Woillugs dewalvinsziaanas

2022 H. Brakelmann et al.
(23]

Pauedinslndfivaslunisieszinissnsansnda
WUVATSAT llauunsuar g Ienn s LavesaeLadad
Fudouls Jerndunislaeiauiannised1ud1oLasLans
HalUS 8 UL BuA vANNITLA L (Second-order differential
equations) Han1533evilildsane3fiunsAuiaingi
fannanudnnisiusiunadddldtuaeedadiddau

Tnensalufuinainale

2022 M. Stojanovic et al.
[24]

ﬁﬂLauamﬁmeﬁwaﬂsswwaaaamaﬂamﬁLﬁmﬁummq
n1slduvesansialda 35n1519uuUIIans Arrhenius
FaLfy SaufunIsLuUTIastnudeuluanzaIiives
FEM Tnefiansansednisending mnusiauuazanuduly
fu nanisenud 1) aeada 110 w3 dieldsudedann
0 W/m? 1 1,200 W/m?2 agviliinszuaanasann 675.7 A
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2022 F. Ratkowski et al.
[25]

UNAUBHANTENUVDII WAL UR I AUENa1vieToean s
nszuavesameiadaliiiusags Faflunisaaelusunsy
CYMCAP waziUssuiisunseuavosanaimdainnsslurio
Winenne ewdintiuasvieiiuunlnlug wanuitwwe en.
violngy mzLLmaamaLﬂLﬁa%qﬁTumm Tuwairinisidiunh
luvieagrilinszuavesansndalagegn sesawndudiy

WUIMUS wasiue1nid anuansu

2022 Y. Liu et al. [26]

ULauedsn19ns19dudeiansedluauiu XLPE vosany
wna Wneldlgugesaamgilviuasoandn nsanliuau
BudusensaiauuiiasnsidenannyesauIu uas
N1INAaeIRIENITInsIeLs e se il lnuaseamin
LUUATEBUSDATNRUILADNAN M HANNTNARDIEANTA

ATIVIPKAEIEURAUNNTBIRsauIUle

2022 J. Klimenta et al.
[27]

Unauani1suszandly PDCA wuulndlunisdanisenyves
anewavdad osainadrudeu 3501519 FEM saudu
wuuUdaes Arrhenius éfatﬁmLﬁ@ﬁm’guqmmﬁmmﬁaﬁ’law
wLda 9Inn1sataesanaaLla 35 17 1sURIUiuaeaLla
110 103 uazduviedsminueu Januingenalondmale
21eMsttuvesaeiaila 110 13 TuuShueenalend

RRBBIRN 36.84%

2022 B. Perovic¢ et al. [28]

davedanesiiunafinuszansnmuesasnidafiaon
Frufuioanauiouanizyn lnsnsivungasliunns
wAdgnni susulimnzansuulidud adu wuinld
8ane3 7y Particle Swarm Optimization (PSO) wagld
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2022 L. Gu et al [29]
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2022 O. E. Gouda et al.
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2022 J. -M. Colef et al.
[31]

thiauanansznuvastediasuiiuiifndsesaeiaida
Tunsiifvesnsfindauuy Trefoil nmeluglusdiiinig
seUge1INIA Aiunsingneaadluiesluinisingld
o3t vifannifuldvinissiaesne FEM ileufunsvua
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Ya3gauniliaudAyn15IagaLdaLuy Trefoil
wnnimseasiadaluy Flat liesannansenuain
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GABIGIRIGIE DGR

2023 J. Kong et al. [33]
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2023 H. Brakelmann
et al. [34]

vhiauenansznusenszualniiivesansdssovduy iy
U8 s9ane Termination Usaaadites 1iosainnis
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LaranInwInd auLUa sundasannnisinsanslugaged
1300 Y. 9893995 WANITITENUIN nIruavesanaluiigg
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L9997 sheath losses anadaeaunn

2023 R. Hu et al [35]

UnauensATIgvinuseuresaeadalanu 3 wa lu
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MULIANTFIN IEC 60287 AndunisusuliaisnisAuiu
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2023 S. Szultka et al. [36]

WauakuInlumnuanuaIsalunssessunseua
vosaneiadanilslalngnse Gedusgivrunauarauauda
VYITANAUNGUNARNY N1TATUINLTIFNAYANTUNITAY
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2024 B. A. Atoccsa et al
[37]

Ynauenisiiiulszans nmveenseualuasiadalday
L59RUgeIe Thermal backfill Tagld PSO wuulawiinuaz
nagnswuuUUaa Tnen1susuvuini agld Thermal
backﬂllL‘ﬁlaLﬁ‘mimmmmmmﬁa Lmumﬂﬁu
Nuiinirdavesasadaniuisnssaiy 8935015014
wadansiinUsAvEnmngueunia (PSO) niounagms
wuuUSuswaznsisudulng Sanlulaly MATLAB dmsu
N5USUNIS AW 0sTIneonludR NaaINNIITIABINUIT AINY
Y19z uii azUszauninudnson 66.1% Tun1sdumn
mﬂizLLaﬁmmzauﬁqm Faumnan UL LUUR AL
56.4% Fadsmalianszuaiiniy 18.45% Wewlsuiuans

wdadilalfinnsld Thermal backfill

2024  D.-K. Kim et al. [38]

Yaueisnisvianudunuudirulnenssluaedseinu
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2024 A. Ozyesil et al. [39]

UEUDNITATI9d0UAINAIUITaTUNSSUNTEULALAY
HANTENUNIIAIINTouvesatsLaLdald Aud Helnonse
Fe¥n3eaaeIu Trefoil wazuuy Vertical snudunislag
TlUsunsy CYMCAP Tunissrasadisldlunsinsesiuas
sudunisnirausilof udunan1siasiz UssAnsam

NANNSANRUNITNUINANEIUITOIUNITSUNTEEVDIENE
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danasionduatunsalunisdenseualiiivesangiaila
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waLlPN15NSEANUSDUNTUSEANT MNUINTU
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sruuanelinlifu TnsnuAdudrndvgudulumefunmaifinussansnmyesang lnliildau
Faaunsautinguueanuidedisdu Usenoude nsiliulsyansawvesangliinldfiu ns
femanuiouvesinil wansenuaNanwwIndeuinason sl nsandunung
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fiu myUspdiuegnsldrmvssanglwil uaznmsemduteiiansoslussvanglwinléfiu g
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AMTIWVRINIANTUNATY ansaasuiludunousneg ldnuwnuglivansiunou

(Flow Chart) %ﬂLLﬁ@ﬁﬁ&Jﬁ&S&JﬂlﬁﬁﬂgUﬁ 3.1
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meTslludieduug sefananw o luesufuins
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3.3 A1391a89ANTIUYRINITAARagAallaluiaTaaIe s ULUUAIG 9 A

wnsinludediuua
3.3.1 aeialdalaau
ansadaldaufituldlunissasinnudoureinsanseansadaluviodos
anevosusazuuulundded IeRasananeds Afaussdu 115 KV dvweitufinidaans 800

a a = = a d‘
AT NUAAUNT %QNiWUﬁBL@‘U@GﬂNE‘UVI 3.2

Metallic shield
Thickness 4.81 mm.

Radial water barrier
Thickness 0.19 mm.

Conductor
Diameter 33.8 mm.

Conductor shield
Thickness 1.5 mm.

Insulation shield
Thickness 1.5 mm.

Insulation
Thickness 16 mm.

Water blocking
and cushioning tape

Over sheath
Thickness 3.5 mm.

5UN 3.2 lassafavesangiaidalaniu usatu 115 kV

3.3.2 AIAYINAUNTUAINTOUTDITER

ArauRumuauseuvesiandudniadeiidAyveanisans wmarudou

PINAIANUAIUNIUAIUS DU ANz lRNIsaemANS U lAeNNI T aRRTANAY

q

a1

ANUNIUAMUSDUN @SUANIULALDALAAUNTNTUIIUIUAITET TAIANUAIUNIUAINNSOU

YalanRITvasBunLanslun1sem 3.1

M15197 3.1 AIAUATUNIUAILTOUVDIIER)

Thermal Resistance

Structure Material
(K-m/W)
Conductor Copper 2 5x107
Conductor shield XLPE 3.50
Insulation XLPE 3.50
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M19199 3.1 AnAusuuAINTouTeLian (sie)

Thermal Resistance

Structure Material

(K-m/W)
Insulation shield XLPE 3.50
Metallic shield Copper 2 5x107
Water barrier Aluminum 42107
Over sheath PE 3.50
RTRC Conduit Fiber glass 4.80
Air space Air 40.00
Concrete pipe Concrete 1.00
Mortar grouting Concrete 1.00
Cable racks Steel 13.0x10°°
Soil Soil 1.00
Water Water 0.001

3.3.3 wuuvieFeganaluliln
essarglniinRansunlunuwidel Ussnou wuu Cylindrical duct bank s
1< S a = A o [P B A Yao
Wuguuuunaay waglhuy Square tunnel Fagunvuniauelnd faisassgduuuldisnis

neas1ameIsauviaaan (Pipe Jacking Method) vn9 200 4. S?faﬁ%aualé’ﬁqgﬂﬁ 3.3

/@Every span @200 m.ﬁ/

Road surface
| S S ) S —__JC _JC _J

-4.0 m.
\

Manhole Cylindrical diict bank Manhole
(3.3x6.0m) r square thinne (3.3 x6.0m)

5UN 3.3 sUnuuveinuazvieSevaneinidalasiu

vieSewanaiaidalainu wuu Cylindrical duct bank UugUuuuneasiananuily

[
o

VNoADUNIANTINTTUBN NOES19MIE7BNTS Pipe Jacking el Humaunisneas1e Aol
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1) Aead1eusin Usznausie Ueds Lazussu

2) vnnseurieanUedaludsuasu

3) Anssgunsnisesiuviodosanslih (Spacer)

8) vhnsinseviedesanglniiildau ¥ila Reinforce Thermosetting Resin
Conduit (RTRC)

5) AABANDIAUYDIINITENINME RTRC WIDULAIMUIANEMSUTBISUNTS
Aadsanoiaida

6) amé’jﬂqﬂﬂizﬁmﬂuﬂaﬁﬂ \u Cable Support Tulawaganusin 1Wudu

7) InsUAKNUDNNLALAURIVIIRT

vie¥enanenadaldu Ly Cylindrical duct bank Al#lutlagiu Tneasziden

Aauanslugun 3.4 wazguwuuimhaniinsanuagldlunisdnassdiseazideaniwandlugui 3.5

UM 3.4 vesesargimdalaay ( Cylindrical duct bank) 7 19 a1uludag du W udn
NTLNNLMUATLRZUTIAIME [gVTde]

Road surface

RTRC

@

€] Mortar @ 1.8 m.
@© Concrete @@ "
®@® @@@
® ® ©
®e 6@

sUfl 3.5 vieSowanaaLdaldiiu ( Cylindrical duct bank) #ildunissass
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vioSovaneiardalafu Wuu Square tunnel 1Wugduuuneaiadnausivyly

v
S o W o v v 1

el dmsuldfameanaiadalanunaunugdiuupunidednineuneasnuwasI1uIuNas

[ '
Y

yosmsinianeada nisneaslagldviensundavsd@maen audiun1seaedd Pipe Jacking
Fail fumeunsrioasns duweldil

1) Aoa3auoNn Usznauniy UseEs Lazussy

2) yinnmisaurieanuedsiufavesu

3) fndaunsalsesiuanaiada (Cable Support) neluglusd

3

4) fpmsgunsainiglutenn wu Cable Support Tulauazyuin 1usiu
5) YiN13URAKUBNNLAZAURITTIT
1Y a Ua I A o 1
vioSouanewardalafu Wuu Square tunnel tWugduuundnauslva laenis
\Weuwuu Cable Trench Milldauanizisduneluanlnides Fwanlddagui 3.6 wag

dwugluuundaninsanluniddeilineasiBeasuanalanegun 3.7

35U 3.6 Cable Trench dmsudaasatsiatlialaay nea31903875 Open Cut Tui u

NIUNNUIUATUA USUUMA [nETe]

Road surface Road surface

4.0m. 40m.
| — —/  — —
oo oNoXG!
oo SPA oeall | 18m B e 28|

Area &b Ara B &
e Josoko —
(cRoRCY Qoo o & o &)

n) )

UM 3.7 glusAamdsy (Square Tunnel) Nldaunisinass
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3.3.4 Taun13AuIn (The computational domains) Mlglunisdnassneisnsiu

Tudieduud amnsauanslafsgun 3.8 waggui 3.9

Earth surface

40m.

00O
6 o
°%
Mortar
Concrete @@

21.5m.

Native Soil

®

18.95 m.

40.0m.

JUN 3.8 Tawun1sAuineinisitaeiaufeuvensindsaelniusegeldauneluve

Sovanalninladu (Cylindrical duct bank)

Earth surface

4.0m.

21.5m.

Space
area

Native Soil

18.95 m. . 21m.

40.0 m.

5UM 3.9 Iawun1sAuiavensiaesnuseuveamsiaaagliiussadddfunneluglued

Awide (Square tunnel)

TALUUNTAUIN mugﬂﬁ 3.8 LLaz'gUﬁ 3.9 guInveUlaillun1ae R3S lu
Tudoduug s1ududeddvunlamuiimansauiioanuansznuatnanudeuiivevvesiawud
Tiaansaszuiennufeusonladsasiadoumunafiasuannudeul’ fufuainnsmaaes
Benldvualamusg o waglsznaufunmsnumuissanssuvesnuiseiliisademuiivuia
Taumivanzan Alidsmansynudonisaiomanuieu asdvuinning 40.0 s wazgs 21.5

LIRS
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3.4.5 Finite element mesh N@5199uneludLVBILALLUYBINTTINABIAINUT DY
vosaeliusadldauninnsngluieSosanelniinlasiu (Cylindrical duct bank) uazglusd

dwdey (Square tunnel) asnsawandlARazUN 3.10 wagguT 3.11

-30007] V ’A‘ <
SRS |

4500"

5000

55007

PRl
OISV
A‘%vi{%"ﬁ&hv4

5U# 3.10 Element mesh v8In1331809AMUToUYRIN ARG sE@e i usegeladuneluvie

Fovaelniinlafu (Cylindrical duct bank)

-3000

-3500
40007} N 2 . A K-
-450077
50007
5500
60007 e - ! \ K

-6500

7000

2000 3000 4000 5000 6000 7000 8000

5U# 3.11 Element mesh ¥94n11531889ANS0UVRINTARA saelnussasldfuniely

glusAdwdey (Square tunnel)

Element mesh mmgﬂﬁ' 3.10 LLangﬁ 3.11 Wuni15T1aeemna 1ea U
(computational mesh) Al#lunszuiunsiinsgideiuay dmunissiasssingnisainis
NYAN Gﬁw%nmﬁﬁmsﬁnaazLSama]mjwaﬂﬁqmifd’qamﬁﬁmmazLﬁmquﬁaiﬁmmm
muamligaiug duuinafildmisaunasufivaansdiiduinisananuazidon

Tununaludeanisanulduglun1se1uu
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3.4.6 #an1331a09A oI5 Inludiedudvesanslnildfuussasiinnns
aeluriefesaslifinladu (Cylindrical duct bank) waganeluinlafuussgeansnnaniely

glusAamdey anunsauandlanagui 3.12 uaggui 3.13

Surface: Temperature (degC) Max/Min Point: Temperature (degC) Contour: Temperature (degC)
T T o T T

L =

m
3000 & b

-3500

4000 p

-4500 p

5000 ¢

-5500

6000

6500 ¢

-7000 ¢

30

L 1 e v A )
2000 3000 4000 5000 6000 7000 8000 m

JUT 3.12 wan1sdnassnuseuveanisanasaslniusegldiunigluviedesaneluiilanu

(Cylindrical duct bank)

Surface: Temperature (degC) Max/Min Point: Temperature (degC) Contour: Temperature (degC)
T

m T Z =N VRS T T
)| > degC
-3000 - : 4

-3500

3000 4000 5000 6000 7000

5UN 3.13 wan1siaesmnuiouresnisanssangliiiusegddafunisluglusddmden (Square

tunnel)

nansdaeseuFoumeISlulusdiodiuud auguil 3.12 wazsui 3.13 uandiidiu
nsnsEaeivesgamall deusnaithisavgiigaae Ae 90°C wazileviaaindthaed
gaumaianas Jsnsuanssavesgumgiianansauansladedvieiduasuing Jsnsanases
omgiinnuinuifeuigaludsinaiiduniuansienisaemanuieunngagudnals 3

WWnanAuseuvesiith Mlranuseurey 9 nszatweenludiiufiseu q

58



3.4 N1SNAABINITIZUIYAIUSDUVDIAYLALUA AL PI8TNIANNSaU

aelunasufunnis
3.4.1 BANKUUNITNAGDS
nsneaedluriesfiRnsiiednwinssruisarudeuvesaeadalimu Loy
nnsldenmauaziluniswianudeu SeanunsnoenuuunimeaesldfineasBondagui 3.14

oy 3.15

Labview computer T2

Control Valve 1] Control Valve Fan

—
Air flow meter

XLPE cable
HDPE conduit

High current heat cycle tester

T1: Ambient temp T3: Conduit air temp T5: Air outlet temp
T2: Air inlet temp T4: Conductor temp

UM 3.14 laezunsunisnmisnasesluriesyfuinisvesnisssuisanuseuvesaanilalanuy

1A8ATNITNIAINUSTDUNILDINA

Water
<]
supply

XLPE cable L e
HDPE conduit

Water tank . :
High current heat cycle tester
T1: Ambient temp T3: Conduit water temp T5: Water outlet temp
T2: Water inlet temp T4: Conductor temp T6: Storage tank water temp

5U# 3.15 lnezunsunisnisneaedturiosljuiRnisvesnisssuisanuseuvesaanidalinu

TAgITNITNIAINNSDUA LN
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3.4.2 \w30ile Jaquazaunsal Mldlunisnaassnmeluiesfjidinig Usznausme

samaluil

1)

2)

3)
4)
5)
6)
7)
8)
9)

\A3 04 High Current Heat Cycle Tester $1 HM1250-14kVA dn3uldlu
Jaunszuglinvanaiada

Aoufiamasnioulusunsy LabView drwsulunisiiudufindeyasinnis
NAABILUU Real Time

JPUUTIUTINTRYA (Data Acquisition System)

szuudnfiudoya (Lab View Computer)

aouiadalanu vila XPLE AAALSIAU 24 1A7 YUIA 50 AT.48.
vieSowanuialla vila HOPE vunawdushgudnateniely 160 uy.
wesluAlla

i3asindnsnisluaveaii (Flow Meter)

\PIaeinANS A (Air Flow Meter)

10) WAANITUIYDINA

11) szuuiuszdn

12) angg9@unsunenusEuULIUsEUn

13) 187

3.4.3 gnewaila wia XLPE 9119 50 95.13. Alddmiunisneaesnglesufininig

flassasivesanguandlanaguil 3.16

3
u

U

=l
N

3.16 lassas1vesangindaunssiunand [nsde]
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3.4.4 MINAaResEUIEANUTouadaala 1 i meananeluiesdinnis

Feanansadnaualanaguil 3.17

2

Sy

5UN 3.17 nsnnaeen1sseuigauseuvesaeala 1 iy srgananigluiesluisinis

NsnAaeINITsEUIBANTauvesaaaa 1 idu meeinianieluioauinnig vin
miamé?ﬁaqLLazqﬂmaﬁmaﬂmazLmﬁumimaaa swazlfa‘&mﬁqguﬁ 3.14 §9vhnsmeasemy
Suneuseludl

Fupeudl 1 n1sMRaeIn1ssTUIeRINLSeURIBeNASSINTNR ANEayY
0 wasAwi Tneveassiinszuavasasiada 100 A, 200 A uaz
300 A
Fupeudl 2 nsmeaeIn1ssTUIEALSauRieN1sEReINA ALEIAL 5
was/Aud lnenaassfinszuavasarsiada 100 A, 200 A waz
300 A
Fupeudl 3 VmsmeaaenssTUIEALEEUSIen3ERNMA AEeu 10

WIAS/AUN IAEVNARDINNTEWEYIaNsLAla 100 A, 200 A Way

300 A
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3.4.5 N1SNAABITEUNYAINUS DUVDIANELALTALEY 3 LAY Arga1n1An1eTly

WU URN1s Feanunsadnaualinigun 3.18

'y

Ll T

UM 3.18 Msvaaesnsszuieauieuvesanaialla 3 W sagenianigluiesujusinig

NsnAaeINITsEUIEANTauvesaaaa 3 1 meeinianeluieauinnig vin
msﬁmé’i’jﬁa@uazqﬂﬂsﬂ AU lABTUNTUNITNARDY swaamﬁamé’qgﬂﬁ 3.14 Fin15MnanInIY
Suneuseludl
Fupeudl 1 N1sMAaeINIsTUIERINLSeURIBeNNASSINTNR ANLEaY
0 wasAwi Tneveassiinszuavasasiada 100 A, 200 A uaz
300 A

Fupeudl 2 nsmeaeIn1sITUIEALSauRiensEReINA ALEIaL 5
was/Aud lnenaassfinszuavasarsiada 100 A, 200 A waz
300 A

Fupeudl 3 VmsmeaaenssTUIEALEEuSen3EnNA AEeu 10
wns/Aud Inenaassfinszuavasarsiaida 100 A, 200 A uaz

300 A
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3.4.6 MInAaResrUIEAUTouvesaeiadaldy 1 Wy sedineluesljinnis

Feanunsadnauslanagui 3.19

)
<
<

Q) o)

-
\\

5UT 3.19 Msvaaesmsszuieauieuvesaeialda 1 1du sgineluiesianig

nsnAaeeNITsEUIEANTauvesaaaa 1y meinngluiesluinig vinis

(%

ARR

[

anuazgunial mulaezunIun1Imaaes MeazBeanegun 3.15 F1n1maaewIy

=1

JupeunolUl

Fupeudl 1 nisneasenissyuteanudousietn snsinisiwavesun 0
ans/AuT Sund laenaassfinssuavosansiaida 100 A, 200 A
ey 300 A

Fupeudl 2 vinsnaasinssyuteaLdeutietn sasinisinaveth 10
an3/AuT Sund Tnennassfinszuavosansiaida 100 A, 200 A
ey 300 A

Fupeudl 3 insnaasimssyueaLdeutietn sasinisinaveti 20
an3/AuT Aund Inenaassfinszuavosasiaida 100 A, 200 A

e 300 A
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3.4.7 MIneaaesrUIeAUTouvesaeiadaldy 3 Wy sedineluesdjinnis

Feanansaunaualanaguil 3.20

¥

U 3.20 Msvaaesmsszuieaafeuvesaneialia 3 @ mguineluiesiang

NsnAaeINITsEUIEANTauvesaaaa 1 1w meinagluiesluinig vinis

(%
[

Anseianuazaunsal mulaezunIuNITNAGeY 18aELBEARIUN 3.15 F9vN1snaasnIy

=1

JupeunolUl

Fupeudl 1 vnismeaesnisszutennudousietn snsnsinavesin 0
ans/AuT Sund Inenaasfinssuavosasiaida 100 A, 200 A
haE 300 A

Fupeudl 2 nisnaasinssyuieaLdeutietn snsnisivavesth 10
an3/AuT Sund Inenaassfinszuavosasiaida 100 A, 200 A
WaE 300 A

Fupeudl 3 vinsnaassmssyueaLdeutietn snsinislnavesth 20
an3/AuT Aud Inennassfinszuavosansiaida 100 A, 200 A

e 300 A
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3.5un&sy

Fnsduiunside Swidumsiagsasseudouvemisiasaamdaluviodes
anelniguuuusg q aedsliludieduud waznismaaeinisseuleauieuvesaiaida
FaeAsmauSeusieinaiwing q luiesufufinisdu anunsathiaueranismaaesdauans

nuazdualuunsall
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unil 4

NANI13INM &Y

4.1 Ui

NITsdeniunITINasIrNsouaAnwNansEnuNilnanensekavasae Wi le
AU 838 UM Lea I uNs warYIN15971a89n1558UN8ANNS auvRsane i laAun1eTy

WosUfuRn1g wednwimuansalunisiinssuavesaelninlinu Faseazidensmaluil

4.2 nanisenansautouditinansznudenseuavasanelnildauiinassnnely
via¥apanslufinlddu (Cylindrical duct bank) uazfnnanieluglueddivdex
(Square tunnel) A28 INWluALAWUA NAALSIAY 115 KV

4.2.1 wansinaesanudouiiiinansenusiensyuavesagliiildrufinadduviedos
anelfinlefu (Cylindrical duct bank) 1Ssuiiguiunssiavesaeliinlafuniuunsgiu

gaamsliiuasuans (nlu) Feindanieluviedosanelniinléniu (Cylindrical duct bank) lu

angldfiviiudeneluvieasesangliiln Falisnuazidunsanandlumnsnen 4.1

M19199 4.1 nszuavasaaliiilaiu auuesgiuvesnstifinuasvaluasnan1sInaewes

aeliilgRuiiaadduredosagliiinléiu (Cylindrical duct bank) luanmazll

U9
. navsalniln (A) .
i % LANE
AN, FEM
6 831 829 -0.24
12 658 669 1.67
18 564 570 1.06
24 504 509 0.99

nsfnssangliiinldRuvesnisluiiiuaswans 1 1995 ssdndsangludin 3 wla usiaz
avzUsEnaudie 2 fth feiumumsei 4.2 S1uaudidn 24 §aih wuneis nshng
aelniihlafu 911U 4 1995 wuu 3 wld vdaaneaiu 2 s/ina

1151135 nsinludedusinsiassanuseuli e danssuavesas i ly

annanaaNsng q 3udufesinisdiasmameisnisinludeduududidseudisuiunseua



yaaelimuunsgivveanisiniuasrasnfnddluaniniindeuiiuiiouiu Fanszuaved
aneluliln wsedu 115 KV 9U7A 800 MT.UL. AIUANSIN 4.1 WUIIAIAIULANANUDINANIT
o ¥ ad 3 a 6 a0 ] 1
apaneIsiludduudiunseuaniuuinsgiuvesnisiiiuasvais da1auunansised
5811719 -0.24 Woasigus uds 1.67 Wesiwwd Fallmanuuanaadinaieglunaeineeusule
AatlunsInaesneldsilusedwuaianudedols aunsadnludassduaniunisalang 9 o
sl

4.2.2 Han1531a99AnNsauniNansenumensewavasas i lsRunfAnnaluviasae
anelniinldfu (Cylindrical duct bank) waziuuglueAamass (Square tunnel) luan1iglidl
Y o W r
191399 51882 DUARILANILUANTIN 4.2

YV a

a5t 4.2 nsvuavesalnildfy Aadenieluriedesanslnia 18y (Cylindrical duct

1%
|

bank) wazhuUglueAdmaL (Square tunnel) Tuaniglufiunmviauds

Aseualndia (A)

IUIUFIUN Cylindrical duct bank Square tunnel
Trefoil Flat Trefoil
6 829 748 725
12 669 652 637
18 570 532 520
24 509 494 483
30 ‘ - 426
36 - - 405

a

nansIaesmNSeuTiguvAlifath 90 ssmwaIlua LioAnunansEMUTe RN
sefiftanszuavesansliialdauiiangduiedesaeluiildaiu (Cylindrical duct bank) ua
wuuglasAdnan (Square tunnel) Tuanmzluifitnds Ténanssraesdansed 4.2 39
wuhiidenszuavesangliihiidaGosameuuy Trefoll Andsluviodosanslifléiu avanunsn
sosfunselnanyalalinlégean luvusiifdavesamelnihiifasisluglusddmvaoy fedndos
aeuuy Flat szanunsasessulmannalniilatesndy uazn1sdnisesanawuy Trefoil Tuglusd
Awdouazsosiulyanlsidosdign

Tuanmglaifuwiudaiefesmelniléfu (Cylindrical duct bank) wazuuuslied

andey (Square tunnel) aznuittuglisddndesziivesioniannieduluglassalunis

67



g1ewmAuTeu WesnenAIzdanuiunuauseuginItneuniatasaulen Tuvuen

=]

vie¥osane i1 l#Au (Cylindrical duct bank) azfivesinsennianieluvie RTRC fiwAuun

\ & a a ' A = v % o ! o o v |
ﬁ?uﬂLMZyJLUUFWEJUﬂ’WmL‘U‘uﬁEJﬂa’NLL@%@J?”1’1ﬂ’]’mG]’]u%’]‘IJﬂ’J']?,JiEJuG]’]ﬂ?’]@"lﬂ’]ﬂ‘wﬂ‘wﬂ’]iﬂ’]EJL‘Vl

Auseundvesaesliiludiafulaiivu dmaliaungiidnhanasazaiunsaiy

nszlvaamaliihldgeuaufisaaumaiiiidavesanslndy

Y
[ | 13 ! ' 1 1 v o =
nsImsesaneliin Aagdawasanisatewmaluseuvesiinvesaglnin &g
v a I ! 2/ val ! v a
daseeangliiln wuu Flat Wunsnwuussuvaganisaatsmausaulanniinisdnses

anglniin wuu Trefoil InadugUanumasndsasiinsazauninuioussninait

& Trefoil - Square tunnel mFlat - Square tunnel B8 Trefoil - Cylindrical duct bank
6 0 0 e e R e L L L L L L

500

T T

e
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIHIIIIIIHIIIIIIIII

400

300

Ampacity (A)

200

100

80 100 120 140
Conductor Temperature (°C)

JUN 4.1 anufeuiilnansenusenssuavesaialiilanu feadeneluriefovanglninlanu

(Cylindrical duct bank) wazuuuglasadwdes (Square tunnel) luaniaglaifitn

V19UV

nan1sansd1935 nludiafiuud auguil 4.1 1unan1sdiassvesnisiage
alaifinluviefesanglihl#du (Cylindrical duct bank) wazuuugluadama e (Square
tunnel) Tuanzluifivwiauds Tnefvuarinssuavesanslaliing 100 - 600 A ia@nw
prumifABuLA TanuinsdniFeaaeliin wuu Trefoil lugluddmasuazianuiou
vowhthanglihgsiian luvuefinsdndosasluih wou Flat vesaglnihiidassluglued
Auwdeusdgumgisiiiasndt uaznisdndeamelifiuuy Trefoil vasmsindsasludily
viofosanglniinlédu (Cylindrical duct bank) 9z gumgiidanidesfign annanisiiass

INHUILADAAADINUNANITINABIAUAIT N 4.2
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4.2.3 Han1531a9ANNsoundiNansenumansewavasas i ldRunfAnnsluviasae
anelihléfu (Cylindrical duct bank) wazwuuglusddndeu (Square tunnel) Tuaniazdiu

Y1499

A15199 4.3 nszuavesarglnirlanu dasenelunesesanglui1lafu (Cylindrical duct

bank) wazwuuglusddnaey (Square tunnel) Tuan dgiiuviuds

nseualniin (A)

IUIUFUN Cylindrical duct bank Square tunnel

Trefoil Flat Trefoil
6 912 1,112 1,108
12 697 811 810
18 590 668 600
24 523 579 577
30 - - 478
36 ) ; 445

a

nansIaesANFeuTigaumalifith 90 ssrwaloa ioAnumansEMUTe RN
seffnnszuavesasliildnuiinnssluviedosaalaiiléau (Cylindrical duct bank) wa
wuueluddmAsy (Square tunnel) Tuanmgdhivhuds Ifnanissiaesimaed 4.3 Favui
fifanszuavesaelihidaFosmouuy Flat Aesdluglusddimis azannsnsosiumsyivan
yalwildaean Turngifidnvesagluihidadsluglusddivden Fedndosmouuy Trefoil
sgaunsnsessuluaanalninlatesnit uaznisdasesaneuuy Trefoil luviefawanylniinla
fuagsessulvanlitosiian

Tuanmeditviudmesesasluillifu (Cylindrical duct bank) uazglusdAinds
(Square tunnel) aznuirlugluaddmasufiivesineinainirsdaduguassalunisaom
mm%@u%gﬂLmuﬁé’wﬁ']ﬁvim%’q Fathazenarudumuanufeudimniienna Tuuniei
vie¥ovanelwilédAu (Cylindrical duct bank) aefivasiteernianielurie RTRC AuAuannuay
wuTidaet v i et LLazﬁuﬁmﬂmjLﬁuﬂauﬂ%m witiiesanihilaanuduniy
anufouiininiirounia fadunisdiemanudourestahvssaslnindfndluglusd
Amdsnazdamanudouldifinidniesangliihiifndduredosasliiinliiu demald

[

R LRGRBIN ik

Y

gaumngddnhanasuazaunsaiiunisglnannialiinlagetuauiguvg i
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Tuvaziinisdmsesaslviiwuu Flat Aazaewainusaulanniinissnsesaiswuu Trefoil
LH9991NNNSIALS 89A18LUY Trefoil aziinsazaunIusauvastivasaylui AUafunS

A18WMAINUS DY

Trefoil - Square tunnel mFlat - Square tunnel & Trefoil - Cylindrical duct bank

T T o e e
1L RRRR MR RN ROROR RO RO RRRRRTERIRLREERLE AR ORORORT VRO ERANAN AR

Ampacity (A)

80 100 120 140
Conductor Temperature (°C)

ANUSouNTnansenusansetavasae i oy Annaneluviesavanslninlafu

€an
[l
=b.
A
N

(Cylindrical duct bank) uagkuuglasAamaes (Square tunnel) Tuan1iginviauds

NaN1591809A 2835 LNl udied LU mug‘dﬁ 4.2 {unan551a99909N15AAGA
aelnfluvieFesaneluil#Au (Cylindrical duct bank) Lazuuugluaddmasy (Square
tunnel) luanmediiwiuds lnefmuasinszuavesansliilid 100 - 600 A iflefAnwgnmai
Mdasuutas Famuinnsdasesanglaliln wuu Trefoil AiRnssluviodosaelninlgay aud
mm%fausuaaéf'gﬁwsuaqawl%lﬁwgaﬁqm Turaisiinisdndusans il wuu Trefoil aasans L

Anasluglusddivisuvslinamgidiitesndt wagnsdnsesanslifiuuy Flat veIn1sinns

£ el‘

anglvifinluglusddmiey seligamgiidnitesiian 3NNANITTIa0URUILAEAASDINUNS
o d‘
A159180IANUATTIN 4.3
4.2.4 nsSsUguNanIsINanIAusaunilnansynumensewavasane Wi laauna
Ansenieluviesosanslnilléfu (Cylindrical duct bank) waguuuglusAdwid sy (Square
tunnel)
A5AnAsae Nl lAAY hsafu 115 KV U905 AIUATIAS 91U 1 1975 T99

Usgnaumeaneniu 2 ddv/la agdessesiuiddliihlaasanlaiiu 150 MVA Zsanelilfiue
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azlasossunszualigeanlaitionndn 753 A siowla 3o 376.5 A siesath Tuvazfianglwile
AU WIIU 69 KV 5995UAA9lNHN 90 MVA #197935 wazangluinlanu wsesu 24 kV 595U
Aaaliiln 10 MVA #8299

(%
(Y

° o aa ! Ya aa v
ﬂ'ﬁ"’ﬂ']a@\‘iﬂ'l']lﬁ@uwllNaﬂiS‘Vl‘Um@ﬂigLLasU@ﬂﬂ']ﬂ‘lWﬁ'ﬂm@uwﬁ]@mﬂﬂ']&ﬂum@ﬁ@ﬂ

(%
a g

anelliinldA (Cylindrical duct bank) uagfnssneluglusddivaen (Square tunnel) fe3s

Trlludiaduud fifauseiu 115 KV aunsouanslanegun 4.3

1200
—#— Ampacity requirement
—@— 6-Conductor 1112 1108
1100 | —A— 12-Conductor
—¥— 18-Conductor
1000 L 24-Conductor
<
- 912
5 900 |
+~=
3
g 800
S L
o
5
a 700
>
=
8 600
o
E
500
400 3765 376.5 376.5 376.5 376.5 376.5
| L L] L L 1
300 | | | | | |
D, %)
3, 8.5 Oz, 07, Oz, Oz,

Cable arrangement installation
JUN 4.3 anufeuiilinansegnunenssuavesangliilifu Aensneluviesesanalnfinlafu

(Cylindrical duct bank) uazuuuglusAdimasy (Square tunnel) Tuan1igiivivian

v ra %’ 1 U
Jauaglaifiuviiuda
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(% '
(X =

Cable installation pattern mu3U7 4.3 Usenaunig 6 JULUUIBINITAAR S B9

Usgnaumeguuuunasaluil

1)

2)

3)

4)

5)

6)

TCDB-1 Ao n1sdmIusanglalinuuy Trefoil findsluriedosasluildfmu
(Cylindrical duct bank) nseilaifidhviadaviedesane

TCDB-2 Ao Msdmusaneluliinuuy Trefoil fnd sluviadesaneluildfu
(Cylindrical duct bank) nsalfitwiandwiedovane

FSQT-1 fie nsdnsesanslniiwuy Flat Anssluglusddivaey (Square tunnel)
Al 1 go’ ! v L3
nsallaifiviudanigluglued

FSQT-2 Ao msdnesanelwiiuuy Flat Andsluglasddivaen (Square tunnel)

(%
| v

nsalfidwhutaneluglued

TSQT-1 Aim n1sdasesaslifiawuy Trefoil Andsluglusddwmien (Square

¥
| [

tunnel) nsallsifivviudangluglued

TSQT-2 Aim N1siaLsesasliiawuy Trefoil Andtluglusddwien (Square

£%
o | v

tunnel) Nl whudenieluglued

mmg‘uﬁ 4.3 NuNYUIANsEavasanelwia wsisy 115 kV 119 800 A5.U4. 311U

1 1@u %30 1 1 Alnsdasesanslwilnuy Trefoil washuu Flat Fsdansluriadasanylndin

18R (Cylindrical duct bank) kagfinsialuglusAainasu(Square tunnel) Mensalnduvinuds

wagldfiuwinds sslivnanseuadaiingeininfidanseuandeinisiesessunisdemasini

YUIA 150 MVA autamnuauaInisiiiiuasas Tuvaznaglndfdunviaudaazaiuise

1Y

seafulnanmallinldaandinsallaifivwizauds Gansdndrdavuinivaanislaiiiauin 150

MVA Aagvilisihvesangliidiaruseudosas Fewzdinasonignisldnuvesaglniing

a1unsaldaulauudu Msensansasnisiinlnasnialniifauisasuiunisialaglisaaiiy

yurnanglninlanu vialifpaiuawIuAItfe 99 YRIE B AL AT

4.2.5 MywnsziuazlSeuiisudunuueinisneasessuuliihldaunsndaniely

vieFowaneluliléfiu (Cylindrical duct bank) waznneluglusd@mass (Square tunnel)
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suurasnisneas1aviefesaelilify (Cylindrical duct bank)  uazglusd
a A Yo | v = af Y a
awdey (Square tunnel) lnglddegnaasoyaissesnna 1 Alawns wagdnsuaniudeu

33.46 UIN/A98a15 T9a1UNI0WERILAGINIG19N 4.4

M13199 4.4 dunuveviesesatlwWldfu (Cylindrical duct bank) wazglusAd i vy

(Square tunnel) szagng 1 Alalums

A3 (USD)

a9 378N13
Cylindrical duct bank Square tunnel
1 Design 5,230 5,230
2 Topographic survey 2,989 2,989
3 Traffic management 10,460 10,460
4 Manhole work 560,789 560,789
5 Pipe jacking work 1,053,796 1,214,585
6 Inner duct (RTRC) 350,269 -
7 Grouting work 286,611 -
8 Cable racks - 118,350
9 Cable cleats - 490,137
10 Pavement 23,640 23,640
Aldfanesauviaay 2,293,784 2,426,180
AlEI1eMD39as 573,446 404,363

AUNUYRIAINEATIY Usenausiy AuuNIgdeu (Indirect cost) WASAUYIUNINATY
(Direct cost) FafiswasiBondial

1) dununded lua Aeeniuy MF15RNNMERT LaLAINIIINNITATINT

2) Fununemss lauwn 9udenin (Manhole) 1usiuvie (Pipe Jacking) ¥i@ RTRC 911

Grouting 91U Cable racks 91U Cable cleats LaZUAURIITIT

AR 4.4 wuhauneaiisneTEfuvie (Pipe Jacking) vesgluaAdnasy
(Square tunnel) 3zgeninwuuviesesanelniildfu (Cylindrical duct bank) dlosannlaseada
YesvionounIn A.AA. WUUAMALLIEINSERImMANINANIINTWBLUUNIINSEUEN  LAEANS

AeasrsauvinazmuANfian1aligInIINIsiuiensInssuenyiilsn s 5NN
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Jedwmalsisandunugsnimiesevansliiinléfiu (Cylindrical duct bank) WWereas1sglusd
Awdsuudnatafagyinisateinuasiuinaasidieuiivhnisfiaks Cable racks uag Cable
cleats Tunevds Fuilfanuansznuseinasasuazananuidsslunsifngdimnvosldaun
Tuvazfinisneadraiedesanslniitléanu (Cylindrical duct bank) Weduronuunsanszuanuda
a0 alianseeeRnuasiuinnsesnnslfidesindeshmsiindsme  RTRC uas
Grouting  waidsreunisliudnaianon  Fedwalinisneasildsreznaununiuasd
nanszMUAeinTTTIa]ldauuInnnInsieaiiselusAdmas

Funueroaseionun  agnuindunueneassieSesanaliiiléiu  (Cylindrical
duct bank) axdisangnaivuueteaitselusddmaen winianduiurio¥esaelwillémy
(Cylindrical duct bank) annsafnsiaaslfgeansiuau 24 fa wiesiuou 4 2as Tuvaedl
glusdAndon anwnsosesfumsindaaglifildaan 36 dih viesiwau 6 293 wn

Wisuileusunusiodsashiaznuiduyuaineasseliddivasuazdsunuaneasngniinig

Y

neas1wiasesaglnilnlafu (Cylindrical duct bank)

4.3 NaN1SNAAaRINISIZUEAUuSauvasaa it nfinnneluasaaaglnin

Fae3swiauseuRagainia uaswiarudeudieil nelufesufiins

4.3.1 nanmsnaaeInIsszuteaLfouvesaelilil s1uu 1 1y Hdedanneluvie
YowanslniivnegiBnanudeusngeinie meluvesuiinis Tnsivualinnuidandldly
NM53EUIEANNSaU Usenauale Airl e ARS8 0 LWASAUNT Ak Ao AnaL5Iau 5
WAsAuT way A’ Ao Audaa 10 WRsAunT NanISVAaeIRILanIINS T 4.5
a579fl 4.5 nan1sneaesnssruieausouesaslniidieeinie S1uau 1 &y Afde

NISUARIN 9

NITUA gaunniida (°0)
(A) Air' Air? Air’
100 34.73 41.69 43.50
200 53.27 64.78 61.77
300 73.78 88.03 87.77
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ANUANS NN 4.5 Watiuvunanseuhaliinazdmalinusoure WU iuty waziile
~ < A a & < ~ | o v o a X
WLAMALSIAN 970 0 .AS/AUT WL TUANEY 5 Was/AUNT wuIALS UYL Y
Felidulumunguivesnisniannuieu eswinUateviesesaraluildanvuinvareviaan
qy = 1 4:4' 1 129/ d' Q' @ [~ al
YUIR 5 U7 anmanYesiauNIueannIeuen 0.5 U7 waztiloiuausiaudy 10 wes/Aund
WUIAULSIVDIBNAINNTOAUALS D UR U DN RIaNe N la AT UdINali AL DU IR 11N
anadantioy
4.3.2 NAN1SNAABINITTLUIEANUST UV 8NN F1uu 3 1EU AFasenieluve
Sovanglnideiinanusousiseine angluiosufjiinig Tnernualiaauiiaunldly
A1552UNEANUS DU UTenauside Airl @s 21115781 0 LUAS/AUIN Air2 @8 A58 5

WASAUT waz A A 111581 10 WASAUNT RaNISNNaBIRILanInIsIeN 4.6

a o 1Y ° Y adao
M1919 4.6 Naﬂ']ﬁ‘Vlﬂa@ﬂﬂ']ﬁi%‘U']EJﬂ’J']Ni@u"U@Qﬂ']EJVLWﬁ']@I’JEJ@']ﬂ']ﬂ IUIU 3 LEU NWAR

NIZUARTN 9)

N3z gaungildnn (°O)
(A) Air' Air? Air’
100 36.00 44.12 45.40
200 59.56 69.76 63.90
300 93.49 104.05 104.13

a ' Ay v ) Y a a =
ANUAS1N 4.6 NUIMNAT bADINNITNAABIFDAARBINUATTINN 4.5 L aNuIUIA
nszualnirazdamalininuourossitidiudy wazlafiuanusay 910 0 Was/AuN iy
[~4 <@ =1 1 ¥ LY} o a' dg( d! [~ =
Juanuda 5 wns/Aud nudieuseuvesdniiindy dakidulununguivesnisniniig
Sou WasanUaeviasesarelnilnlaanuunalalevionin YuIn 5 97 anvdeteINaunNIuean
& A a < I a ! < o
Aeuan 0.5 47 kagtloiuANus@audu 10 WASAUT WUINAINLSIV9RNEILITOA LAY
Sounupanvatausanlarvudialinnusauresiitanaudntioy
4.3.3 NANISNAABDINITTLUNEANUSTaUVDIE 8 NAY 31w 1 vdU NAnssneluvie
Fovaneliilmedsnanudoumenn neluiesuiainis lnefmualisnsinisivavesuni
Talun1sszutganusou Usenausiey Water! Ao 9ms1n1skua 0 ans/AuUf Water? fis 9m51
Askia 10 ansAUN? way Water® A 9m51n15kva 20 aRS/AUNT NaN1SNAADIRILARIAITI
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AN5199 4.7 NANISYINABINITTEUNIEANUSDUVBIANINTNAI81 911U 1 1EU ARTANTZWLE

RN
nsTua gaungildnn (°O)
(A) Water' Water” Water’
100 27.21 28.36 29.50
200 31.33 30.01 30.93
300 37.29 32.59 29.71

ANUM15199 4.7 Wafinvuansekalnindaulviiiazdenaliaiusouvaadiun
o X A a o H a A a & a ~ ! %
WLUU taztiloiingnsinisaresdl 910 0 ans/Aund widtdy 10 ans/Au9 wuInAusou

Y] ) d; [~ a v 1 d' q' [ lo/ [~4

vosirhanas Fudulumunguivesnisnianuiou wallaiusnsinisivavesn 1lu 20
A03/3U19 WUIPNNSDUVBIFIYIRNTUANT e 1HesanUateviaseuanglndrlaanaun
Uaeviaann vunn 5 U7 anwmdetesnunluassnnigusn 0.5 0

4.3.4 NANISNAABDINITTLUIEANUTaUVBIE8 WA 11U 3 vdu NAndeneluie
Sewanelniiaeiinanuseunisun meluiesdiains ieslfuidinis Ineimualidns
N15Mavealf lglunsssuleaNUsaun Usenaume Water! An 9ns1n15tua 0 a9s/Au
Water? @9 9m510115k11a 10 895/AW9 wag Water® s 9m51n15kna 20 ans/AUh wans
PNAADINILAAINTIN 4.8

Aa o

AN5199 4.8 NANISYNAADINITILUNIEAMUSDUTBIANINAIAI81 31U 3 LEU ARAANTELE

$9 9)
NI gruuniiaai (°O)
(A) Water' Water” Water’
100 32.97 31.01 31.06
200 45.31 37.63 38.26
300 63.52 48.48 49.41

ANUANSI9T 4.8 Warnuvunanselalninteulvsiviazdanaliainusoureaniun

ALY wazliloiusns1n1siavresu 270 0 8as/Aund Wudu 10 8a5/AUNT wuIausou
v o = & = o Y H <,

vaeirthanas Faduluaunguluanisnianuiou uwildaiiusnsinisinavesun Wu 20

a a = 1 [ v o a & < v =~ % v
ANT/IUIN WUINAINUTDUYDIAIUNNUV UL NUBY Lummﬂﬂmsmaiaaawlv\lﬂﬂmammm
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Uanevie91n au1n 5 67 anndevesiiuilnasonnieuen 0.5 91 Gewan1snnasddilaas
donAReIRURITNT 4.7

4.3.5 SiaszviuaziUiouisunanisnaasinisssuisausouresagliinlg aud
fasanieluriedesanyluiln dedsmanueudiveniauazin nmeluesufifinng lae
Muuelianudiaunazsnsinisinave s fldlunisssuneainudou Ussnousae Al fie
ANULSIAY 0 LWHS/AUT ey Water' e 99510158 0 3n5/AUNT HAN1TNARBIAILEAIAITI

#a9

AN5199 4.9 WSsuisuNan1sNeanInN1ssEuleaNusauvasaaliin 91w 3 e nneluvie

Sovanglniln fienus197n7a 0 WwesAud fudasinisluavesil 0 Ans/Auld

QG gaunniidni (°O) ANUUANGY
(A) Air* Water' °C %
100 36.00 32.97 3.03 8.42
200 59.56 45.31 14.25 23.93
300 93.49 63.52 29.97 32.06

AuURS9T 4.9 WethnanImeasseinIsssuienusausgoInAiinuEan 0
Wns/Aund Wisudlsufunisssuieanufeussiniisnsinisinavesih 0 ansAund wuin
syuwenudeudst  mudeuvesiniaranasienisneassdnaidunisssuisautou
goamsthnnudeu Wesnidaviieudiunuanudeutesniionna wasilefiusnsinis

Ivaveaindu 5 8n/AUN (Waterd) @1u1506an9lanans199 4.10

A15199 4.10 Wisuigunan1sneasin1sseuganusouvesanalnin S1uu 3 @i aneluve

Sapanelvifin Airnusionad 0 wesAund Audnsinisivaveddn 10 ans/Aud

nsua gaunnii (°0) AULANATY
(A) Air' Water? °C %
100 36.00 31.01 4.99 13.86
200 59.56 37.63 21.93 36.82
300 93.49 48.48 45.01 48.14
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aums1e7 4.10 Wefiudnsimsinavesindy 10 ns/Aund dawalianudouves
FrharanandusgewndannImeasIiIna1INUIINNTITUIEANLSaUR 83T N IR
FaUANNITAANAINS DU LARNIINTITTLUILAMUSBUAILANTUIAINSBU INNKANTT
VAABIANLNSAUTBUTIBUSENIN9NNSSEUIEANS BUR B N ALAT R8s st A Loy
LazdianunsalSsudisunsssuneanufeudieisnistiaudeunay A deusiend

anansaiaueladsgun 4.4

110
100 | 93.49
90 |
80 |
70 505% 63.52
60 |
50 |
40
30
20

Temperature (“C)

31.01

100 200 300
Ampacity (A)

Air Flow 0 m/s —« Water Flow 0 1/s —— Water Flow 10 l/s

UM 4.4 A5 MWSEUNITTRUIEAINTRUMIENTISEIAIINTEUMIERINAkA N WaglUTeuTiey

A155VIYAMUTBUALNITNIAIIUSBUAIBUN

mmgﬂﬁ' 4.4 n155¥U1EANNS auvesdngliinf 8n15UIANNS BUVBIBINA
Wisuiflsuiunisinanudeuvenin asnuinfinseuavesangllii aun 300 A azanansoan
AUSaUIN 93.49 erwadiua Auvde 63.52 psrwadud wioanas 32.06% Tuvasfinng
syupadeusiemsanutouiisnsinisivavesin 10 Ans/Aui awnsoannLseun

93.49 pyALYATYE AWMED 48.48 I LYALTud YIpanad 48.14%
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4.4 unasy

N15iATIEHanTENUANUTauvesaliusgelaau T o O CE AR
Youdiiinansznusensyuavesanglniihldauiifnssneluriedesaelninlénu (Cylindrical
duct bank) uazfnsisneluglussAmas (Square tunnel) feAslniludiofiuns Adauseiu
115 kV 52mslgvinsvnassnisssunsauseuvesandliiindifndanieluriedosanslniingae

FBwenuseumeainiaLaziineluieslfifins anunsatnaveunasulaluidedaly
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uni 5

AjUnan13Ieuazvatauaue

5.1 unin

nsfufiunisitevesauidnusd Usenoudie nsdiassainueuiiedn
wansevuvasaslnihusegldiu Anddluresesaelnihlfiu (Cylindrical duct bank) was
qimﬁ?ﬂw?i&m (Square tunnel) Tuaninwindeurg q Aeslnludediuus Lagn1smAassnIs
svumuouvesangliildAuiinnsingluriesesanslii fesnanseng o Seiuiunis

Y

neluiosuuRnig danunsatiauenan1Fidelanadl

5.2 #3UNan15IY

s

nsAnmuariinginanssnuanufouresansliiussgddfuresnuiinusd
Uszneu 2 du Feileasdendiil
5.2.1 Mssraesnnuieuiinansenudensuavesane i ldfuiinadennelure
SaanulinlifAu (Cylindrical duct bank) warfinsanisluglusddindes (Square tunnel)
deFElniludioBind Afausadu 115 kv ansnsoagunanissiaosldsedl
1) anmwandeuilifviaudsanglnfinasiedesans nsdifinnsandu
nszuavestthaznuihnsswavesaelifinsegsldAuidntosmelaiin uuu Trefol uazfinga
melunedesarelnilanu (Cylindrical duct bank) agsunisgluanlvinlauinninnisdnEes

anglifin uwuu Flat ARensngluglusadimasy (Square tunnel) Tuvaginisdnsesanslnii

1%
Y

WUy Trefoil vaansingsarslninnieluglusddmaes (Square tunnel) agsuniselvanlnii
pieeign

2) d@nknaaud lifunviiudeaeliinlasviesosany nsERaITUIAIUAINY
% o o ' a o o Awv o a & v
Fouvaaiitnvgnungunnivesiitifidasesangliin wuu Trefol wazfnninieluviadon
anelnfinlafu (Cylindrical duct bank) Agigungivesiiiiiniinisiasesaslni wuy
Flat Nfnsen1eluglusadindoy (Square tunnel) TuraugiinisdniSesanaluiln wuu Trefoil

a

voansAndsaeliinneluglusddmden (Square tunnel) agligaumgiivesininganan

9 Y

3) ANNWINAUNTUNVIINT AN T AL esD8E18 NSUNINTUIAIUNTLILE

vauiathagnunseiavesameliiussadanundnitesaslnil wuu Flat uasfasenigly



gluaRdwdsy (Square tunnel) azsuniselnanlninlauinniinisdnsesaelvily wuu
Trefoil voansAnasaelninneluglusddmasy (Square tunnel) Tuaniein153ni3e9
a8l wuu Trefoil apen1sinasaelniinigluviesosanalwinldfu (Cylindrical duct
bank) az5unsglvanlniinlitesiign

4) anmandeuhifiuhudsaelniuasviesovans nsdiiansandiuning
b4 0 o ! a v o aAw a a q.y/ ! 14
FouraaiitdgnuIngunnivesininiasesasluidy wuu Trefol wazfinnsnieluvieson

=

aglniinlafu (Cylindrical duct bank) agilgaungiivesiningnitnisiasesaelni wuy
Trefoil wpsn1sAndsaglifiinieluglusddivisy (Square tunnel) Tuvmefinisdaes
1ol wuu Flat vesmsinssanslniniglugluddundsy (Square tunnel) agiigumgd
yosiuhwnfian

5) madaiFesanglatii wuu Trefoil vasnsinmsaelriiussgsldmiluglued
fwden (Square tunnel)  @ansoRndaldlingn 2 2993 sldinnniimsdaSeseng i wuu
Trefoil fiRnsanielureSosarslufialffu (Cylindrical duct bank) Tuvmesiinszuaves
el ldfuussgedansiumszinanlatii Idnnnda 376.5 A siesath Aiidnmdslii 150
MVA Ssenedaduriinaneniu 2 /e vesmslaiiuasia

6) AunuIINVRIN1IAeaseviesesalglilalafu (Cylindrical duct bank)
szogMa 1 Alalms szganiduyussweanisieaiseluddmasy (Square tunnel) Tuvaisd
AUYUARINRTYRINNTRRaT e Teanglniilafw (Cylindrical duct bank) AzUnINTIAUUAE
295v8insieasglusdAmas (Square tunnel) iosansiunuisasiifadanieluglusd
Avdpuazdanliunnnividesangliinlénu (Cylindrical duct bank)

5.2.2 ManaaesnTsr Ui eurasmelniniindaneluvioferanslnihieds

wauSeusisena wazmnauseuseti melufesfiRnag

1) mMsszviganufouinhuesagliihfifndinnelurieSesanslni dae
o1MATiaIEIANeg 9 azwuiudletfineadiaud 5 wes/Auni sgiligumgiivessih
iy dvnnduarandiendu 10 wesAuni awvilfgamgivesithanandntios esn
vieavneandnuin 0.5 i lurmediviofosanslih duwa 5 G dewaliAnaufinaudon
ponnAmiAnmssuLarazaumuiousgneluviedosanslil Juilvigungiisinfiudu

2) msszusanufeushuesasliihiidadnelusieSesanslil faein
figmsnslnasng q wwnuiudlofiudnmnisivavesindu 10 dns/Aund yibigniived

LY o 1% oA a (Y ° [ a ] o 4 a v o
mma@aﬂmmﬂ LLG]LN@LW&J@@?WﬂWﬂ‘VIaﬂJQQUWLUu 20 803/AUN %mﬂwqmwgmmmm
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5.3 YalauBLUL
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1 Aefidafionsanetaseunsuisvunveior i uazvioveendmiuLuazenie e
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2) vievdhnastvuelngwerlavliivseormelwadnlfifieme dnview
sonmistvuslngnefiazszunseenslnglifimsazauniedumeluvie
5.3.2 §a51n75lvavestuaze A
1) AmsAnnusasInsivavesivies ANz aufunuseuRiiaTuaIn
il wazasieaeulfullaindnsinmsinavewiev i Auvieenduduiugiu
2) Mwuwesingamiivazanuiulunsnsivaeunisirauasnisssuieay
Lou WiouSuanslwalimsngey
5.3.3 N13N5¥1AIIN5OUY
1) Mefidnseonuuuiiastislinisnszaeanudeudinaue wmnfinsazau
audeuluvie oaialamanudeuarauiienavilinanisnaaeadesuuls
2) nsRndaviesrurgauieulugluuuiivilinisinavosiuazeinie
aaj’wLamaiunﬂa;msuaqvia%faammsszi’;sjammmLﬁmwwumwamsmaaq
nsiansantatomaniazdaslinisszuigainudeunieluviedosansliiing

UsEanSNNUINTU ann1sazaumINusaun1ely warlinan1sMaasaiwilug Ny

82



UITUIUNTU

[1] Bangkok cable, 12/20(24) kV CV (online), Available: https://www.bangkokcable.com
/system/product/file_upload/210531 12120(24)%20kV%20CV%201C-
REV9%2004.pdf

[2] Bangkok cable, 115 kV CE (online), Available: https://www.bangkokcable.com
/system/product/file_upload/210601 115%20kV%20CE(WBT)%201C-
REV92004.pdf

[3] G. J. Anders, Rating of electric power cables in unfavorable thermal environment,
New Jersey: John Wiley & Sons, Inc., 2005

[4] W. Zhu et al., "Thermal Effect of Different Laying Modes on Cross-Linked
Polyethylene (XLPE) Insulation and a New Estimation on Cable Ampacity,"
Energies, vol. 12, no. 15, 2019, doi: 10.3390/en12152994.

[5] S. Bustamante et al., "Thermal behaviour of medium-voltage underground cables
under high-load operating conditions," Applied Thermal Engineering, vol. 156,
pp. 444-452, 2019, doi: 10.1016/j.applthermaleng.2019.04.083.

[6] C.-Z.Fu, W.-R. Si, L. Quan, J. Yang, and D. Poljak, "Numerical Study of Heat Transfer
in Trefoil Buried Cable with Fluidized Thermal Backfill and Laying Parameter
Optimization," Mathematical Problems in Engineering, vol. 2019, no. 1, 2019,
doi: 10.1155/2019/4741871.

[7]1 M. Hruska, C. Clauser, and R. W. De Doncker, "Influence of dry ambient conditions
on performance of underground medium-voltage DC cables," Applied Thermal
Engineering, vol. 149, pp- 1419-1426, 2019, doi:
10.1016/j.applthermaleng.2018.11.076

[8] D. Klimenta, D. Tasi¢, B. Perovi¢, J. Klimenta, M. Milovanovi¢, and L. Andelkovi¢,
"Eliminating the effect of hot spots on underground power cables using cool
pavements," Electrical Engineering, vol. 101, no. 4, pp. 1295-1309, 2019, doi:
10.1007/500202-019-00867-w.



UITUIYNTH (AD)

[9] P.-Y. Wang et al., "Dynamic Thermal Analysis of High-Voltage Power Cable Insulation
for Cable Dynamic Thermal Rating," IEEE Access, vol. 7, pp. 56095-56106, 2019,
doi: 10.1109/access.2019.2913704.

[10] N. Duraisamy, H. B. Gooi, and A. Ukil, "Ampacity Estimation for Submarine Power
Cables Installed in Saturated Seabed—Experimental Studies," IEEE
Transactions on Industry Applications, vol. 56, no. 6, pp. 6229-6237, 2020, doi:
10.1109/tia.2020.3023398.

[11] P. Odor'], J. Pob€dza, P. Walczak, P. Cisek, and A. Vallati, "Experimental Validation
of a Heat Transfer Model in Underground Power Cable Systems," Energies, vol.
13, no. 7, 2020, doi: 10.3390/en13071747.

[12] S. Czapp, "Effect of soil moisture on current-carrying capacity of low-voltage power
cables," PrzeglAd Elektrotechniczny, vol. 1, no. 6, pp. 156-161, 2019, doi:
10.15199/48.2019.06.29.

[13] D. Klimenta, D. Tasi¢, and M. Jevti¢, "The use of hydronic asphalt pavements as an
alternative method of eliminating hot spots of underground power cables,"
Applied Thermal Engineering, vol. 168, 2020, doi:
10.1016/j.applthermaleng.2019.114818.

[14] Y. Zhang, X. Chen, H. Zhang, J. Liu, C. Zhang, and J. Jiao, " Analysis on the
Temperature Field and the Ampacity of XLPE Submarine HV Cable Based on
Electro-Thermal-Flow Multiphysics Coupling Simulation," Polymers (Basel),
vol. 12, no. 4, Apr 20 2020, doi: 10.3390/polym12040952.

[15] H. Brakelmann, G. J. Anders, and S. Cherukupalli, "Mitigation of a Hot Spot Along a
Cable Circuit Using a Novel Cooling Solution," /EEE Transactions on Power
Delivery, vol. 35, no. 2, pp. 592-599, 2020, doi: 10.1109/tpwrd.2019.2916351.

[16] A. Jamali-Abnavi, H. Hashemi-Dezaki, A. Ahmadi, E. Mahdavimanesh, and M.-J.
Tavakoli, " Harmonic-based thermal analysis of electric arc furnace's power

cables considering even current harmonics, forced convection, operational

84



UITUIYNTH (AD)

scheduling, and environmental conditions," International Journal of Thermal
Sciences, vol. 170, 2021, doi: 10.1016/].ijthermalsci.2021.107135.

[17] S. S. M. Ghoneim, M. Ahmed, and N. A. Sabiha, "Transient Thermal Performance of
Power Cable Ascertained Using Finite Element Analysis," Processes, vol. 9, no.
3, 2021, doi: 10.3390/pr9030438.

[18] C.-Z. Fu, W.-R. Si, D. Yang, J. Yang, and S. Sivanandam, "Numerical Study of Heat
Transfer and Optimum Design for Trench Laying Cables with Ceramic Plates,"
Mathematical Problems in Engineering, vol. 2021, pp. 1-13, 2021, doi:
10.1155/2021/1227817.

[19] D. Klimenta, M. Jevti¢, D. Andriukaitis, and V. Mijailovi¢, "Increasing the transmission
performance of a conventional 110 kV cable line by combining a hydronic
concrete pavement system with photovoltaic floor tiles,"  Electrical
Engineering, vol. 103, no. 3, pp. 1401-1415, 2021, doi: 10.1007/s500202-020-
01167-4.

[20] C.-Z. Fu, W.-R. Si, K.-K. Fang, J. Yang, and S. M. Bilal, "Heat Transfer Simulation and
Temperature Rapid Prediction for Trench Laying Cable," Mathematical
Problems in Engineering, vol. 2021, pp. 1-18, 2021, doi: 10.1155/2021/9271283.

[21] J. Lux, T. Czerniuk, M. Olschewski, and W. Hill, "Non-Concentric Ladder Soil Model
for Dynamic Rating of Buried Power Cables," IEEE Transactions on Power
Delivery, vol. 36, no. 1, pp. 235-243, 2021, doi: 10.1109/tpwrd.2020.2977052.

[22] D. Abootorabi Zarchi and B. Vahidi, " Hong Point Estimate Method to analyze
uncertainty in the underground cables temperature," International Journal of
Electrical  Power &  Energy  Systems,  vol. 124, 2021, doi:
10.1016/j.ijepes.2020.106390.

[23] H. Brakelmann and G. J. Anders, "A New Method for Analyzing Complex Cable
Arrangements," IEEE Transactions on Power Delivery, vol. 37, no. 3, pp. 1608-

1616, 2022, doi: 10.1109/tpwrd.2021.3094666.

85



UsIUNIUNTH (fD)

[24] M. Stojanovi¢ et al., "Thermal aging management of underground power cables in
electricity distribution networks: a FEM-based Arrhenius analysis of the hot
spot effect," Electrical Engineering, vol. 105, no. 2, pp. 647-662, 2022, doi:
10.1007/500202-022-01689-z.

[25] F. Ratkowski, "The Effect of Cable Duct Diameter on the Ampacity of High-Voltage
Power Cables," Przeg(Ad Elektrotechniczny, vol. 1, no. 3, pp. 143-146, 2022,
doi: 10.15199/48.2022.03.32.

[26] Y. Liu, H. Xiong, and H. Xiao, "Detecting XLPE cable insulation damage based on
distributed optical fiber temperature sensing," Optical Fiber Technology, vol.
68, 2022, doi: 10.1016/j.yofte.2021.102806.

[27] J. Klimenta, M. Panic, M. Stojanovic, D. Klimenta, M. Milovanovic, and B. Perovic,
"Thermal aging management for electricity distribution networks: FEM-based
qualification of underground power cables," Thermal Science, vol. 26, no. 4
Part B, pp. 3571-3586, 2022, doi: 10.2298/tsci220128050k.

[28] B. Perovi¢ et al., "Increasing the ampacity of underground cable lines by optimising
the thermal environment and design parameters for cable crossings," [ET
Generation, Transmission & Distribution, vol. 16, no. 11, pp. 2309-2318, 2022,
doi: 10.1049/¢td2.12448.

[29] L. Gu et al., "Cable Loading in Tunnels Based on Efficient Multi-physics Simulation
Method," presented at the 2022 IEEE International Conference on High Voltage
Engineering and Applications (ICHVE), 2022.

[30] O. E. Gouda and A. Z. E. Dein, "Enhancement of the thermal analysis of harmonics
impacts on low voltage underground power cables capacity," Electric Power
Systems Research, vol. 204, 2022, doi: 10.1016/j.epsr.2021.107719.

[31] J. -M. Colef and F. de Ledn, "Improvement of the Standard Ampacity Calculations

for Power Cables Installed in Trefoil Formations in Ventilated Tunnels," in IEEE

86



UITUIYNTH (AD)

Transactions on Power Delivery, vol. 37, no. 1, pp. 627-637, Feb. 2022, doi:
10.1109/TPWRD.2021.3068111.

[32] Q. Sun, Z. Lin, J. Han, W. Yang, L. Fang, and Z. Zhou, "Investigation on Cable
Temperature in Wet Tunnel Considering Coupled Heat and Moisture Transfer,"
IEEE Transactions on Power Delivery, vol. 38, no. 1, pp. 588-598, 2023, doi:
10.1109/tpwrd.2022.3196148.

[33] J. Kong, K. Zhou, Y. Chen, P. Meng, Y. Li, and X. Ren, " A Novel Condition
Assessment Method for Corrugated Aluminum Sheathed XLPE Cables Based
on Evolved Gas Analysis," [EEE Transactions on Dielectrics and Electrical
Insulation, vol. 30, no. 2, pp. 883-891, 2023, doi: 10.1109/tdei.2022.3228213.

[34] H. Brakelmann and G. J. Anders, " Ampacity Calculations of Underground Power
Cables With End Effects," IEEE Transactions on Power Delivery, vol. 38, no. 3,
pp. 1968-1976, 2023, doi: 10.1109/tpwrd.2022.3229585.

[35] R. Hu, G. Liu, Z. Xu, P. Wang, H. Zeng, and W. Ye, "Improved thermal analysis for
three-core cable under unbalanced three-phase loads," Electric Power
Systems Research, vol. 216, 2023, doi: 10.1016/j.epsr.2022.108964.

[36] S. Szultka, S. Czapp, and A. Tomaszewski, "Impact of thermal backfill parameters
on current-carrying capacity of power cables installed in the ground," Bulletin
of the Polish Academy of Sciences Technical Sciences, pp. 145565-145565,
2023, doi: 10.24425/bpasts.2023.145565.

[37] B. A. Atoccsa, D. W. Puma, D. Mendoza, E. Urday, C. Ronceros, and M. T. Palma,
" Optimization of Ampacity in High-Voltage Underground Cables with Thermal
Backfill Using Dynamic PSO and Adaptive Strategies," Energies, vol. 17, no. 5,
2024, doi: 10.3390/en17051023.

[38] D.-K. Kim, Y.-W. Kang, H.-R. Jo, J. G. Kim, and M. Lee, "Direct Air Cooling of Pipe-
Type Transmission Cable for Ampacity Enhancement: Simulations and

Experiments," Energies, vol. 17, no. 2, 2024, doi: 10.3390/en17020478.

87



UITUIYNTH (AD)

[39] A. Ozyesil, B. Altun, Y. B. Demirol, and B. Alboyaci, " The Effect of the Vertical
Layout on Underground Cable Current Carrying Capacity," Energies, vol. 17, no.
3, 2024, doi: 10.3390/en17030674.

[40] R. Masnicki, J. Mindykowski and B. Palczynska, "Heat Dissipation From the Power
Cable in the Casing Pipe," in IEEE Transactions on Industry Applications, vol.

60, no. 4, pp. 5522-5532, July-Aug. 2024, doi: 10.1109/TIA.2024.3393447.

88






AMANUIN N

= 4
INYazvenUnNI



Manual Instruction

HIGH CURRENT HEAT CYCLE TESTER
Model : HM1250-14KVA

> ,
FRO_N_T__V!,EW (g f §

SIDE VIEW

u3En ualua suns 3eInssu Inda

91



Waa lduarnmsTdonu

wiaovaaau High Current Heat Cycle Tester 1 ioda‘lﬂdazom!unﬁ " intaonagaugnaanuunn
wamsldnuvagauniriensrusdmiuaynsaltwey

- punsaitlavAu guntaldasareasviin
- aunsalifausiatviily iy Connecter, Disconnecting sw.
- Cable, Circuits Breaker, Power fuse

‘lauﬁm?mnmmhnm:muanmﬁuﬁm]ma(ﬂogmnn wasriimhodmnasaauauNg
unstua Muquionarasmssnsud i aday wiauioll Mode muquaavgddnimasau
tlunimaEau Watia Heat Cyde Test muluflaunsalastumsiionasiatay Seuurnsanuiau
Ahlzdngnm Tanahoudainmdnqaunwamdasdadawmadaudw

Nhauasd I mdnonasou

Input voltage Single phase 230 VAC,; £10%, 50 Hz. 60A
Max. OQutput power 14 kVA

Max Output current 1250 A ( MAX 2000 A SHORT DUTY)
Max Output Voltage Approximate 11V

LED Digital Ammeter LCD. PLC Monitor 4 Digits

Range 400 A, 1250 A

Resolution 1A

Accuracy + 1.5% of full scale

LED Digital Timer Digital display 6 digits

Range 0~ 12:59:59 sec

Resolution 1sec

Temp range 0-250°C

Temp resolution 0.1°C

Control mode

Manual Operated manual to adjust output current
Automatic Auto preset current, Cycle time, Temp Control

92



Regulator unit actuator
Frotection systemn

Interfaces

Motor drive with PLC Interface
Malir Lhieult bredkey & Over current protection &
Internal Power fuse & Emergency Manaul stop
RS 232, External , Thermocouple Typ K

Lindsrnaundnuasdnnfaswasou dded

[t}

[E)

' INSIDE FRONT VIEW &

93

11 1.19
7 & Q
“ . | ° °
’-d"" -
\
| . N
° ¢ .
= i S e 121
i =
' 1.22
= 9 ° \
——— b‘a-_— —
e} &) !S?_—-—_ -
SIDE VIEW
.'f:.‘. IT}}
R
~ASe((
i
T
ELECTRONKC & == 2oz (.
CONTROL CsRevsrs 1 1,25
; e ]
/ 1
/ Y | A
‘/—-"‘“ 126
YARIAL THANSFORMEN ‘ ‘
N | (M |
S e 1




1. Control panel UHIAIUANMMHIINUUALYALARINATAIAIATINARAL dolrnaudioqunsni
dapuasssionl dosalad

1.13

1.7 \

1.2

1.3

1.1

1.4

1.8, 1.5

1.6

ALR VL0 00000000 ‘

YopSaDo00

sUuaasuanioagunsaiuuussnIuquudn

1.1 PLC. Monitor & function key : wihuasurun i nwaaeiaslsenaudmomhiaudaona
wasijunaailaudinysvinonusne

1.2 Interface terminal : fasaauin@adaduaunsalmvuan 11 2 yeda RS232 1idasay
Computor tdants U¥uds Program PLC wazihens o Temp sig. tlavianisio A
aunsai¥agauvind Thermoacouple type K

1.3 Control on Push button & lamp funatdavihimndaiatastudiusasussauqufonus
1.4 Emergency Sw. thinaulanganyivivny lunsdl anidu

1.5 Inject lamp waealvuamamus Nonrudaaay naasasdatontasisusoduusy
nszuavasay asnlivf BUSBAR OUTPUT 1.5 - 1.7

1.6 Range selector sw. aSvthdanduararudnsaaliiy Output {nnwtaomazavda
oy drumsdudld 2 gada

1.t 400 A tdadaantdaunssuanadan 0-400 A
2 e 1250 A TelifingnanwTalsninrae swamme N-1260 A

1.7 Start button ijune Gumsinonszua { Start Inject current ) (afagwasauandn
Honruanasau Wavihninluddinimmasaud PLC. Monitor iefafaudas Tandunrsio
nstuanaaay sumineut

1.8 Stop push button sw. innafaugadranstuavingau ( Stop inject current )

1.9 Main CB. Main circuits breaker vimnhidasa flaofunsruafuniodulie wfasmasay

110 Source Lamp waaavusassone Wafiundsiro W daiwafasvasay

1.11 Over current lamp wasa WMuarsanuz Wawdasneaautinan1ae Over current

1.12 System ready vaaaivuarsaouz stuuivialnd

1.13 Reset push button sw. junaiflavhinys Reset sauy i indwnvinoldtmiSnads
n@nnduilvanuAsundldua

1.14 Input current monitor fRasuaasdnszud W M d I
1.15 Variac Position monitor fiaasuamssumisuasiaudanliuiv

( Voltags regulater Q-23QV )

94



1.16 BUZZER qunsaidoiduy fasudaau Tunsddindas vivoueing whaflnsusodau
1.17 LMU LAMP vaas IWudasanuafaddruuseduiy VARIAC aglusunilogosn
1:18 LMD LAMF wasalriuasonoruzilessourodiu il VARIAC uyTusi iwmniud 1w

1.19 Lifting lug womdamaafaudiuTununds
1.20 Enclossure TassTavesvavugunasaimutuiadasiagay @ilanlansnasdadedofuons
( Solidly Ground Ynaasuamifimstdruataovaday TaofsamuGround 16saatuuagi
Input Terminal
1.21 BUSBAR OUTPUT 0-1250A ol dwitusraivibiudainsainesay 0- 12504 Range
1.22 BUSBAR OUTPUT COMMON thaaiWdmiuiwIhiudqunsaivesay sulvndu

1.23 Input Terminal box naasdamouarisasvdwiiviain Taodwtasdasns
umaod 1IN 230 V 50Hz 14 KVA with Solidly ground Tauflfhdamodouaastaded

swece INPUT

MrnaRInTsenEan Input terminal box

1.24 Whee! & Standed Leg sndaunarundatamsadauio Sasdonlidannadaudotun
i Tavhutuadvimaadaudhedooidnme ooy maadaudwimfuifanmurus a1avi
Waadaufiaa oo s anill dnsadauie lunnidouny lamdnmadaudols
swmbidafiidosn e biimslaswsishonds (dafalidaataomasauagiud uatan
asehwiinfdroaousdatdau

eK ==
|

e e g nuusavnmsiafauthouurduarnsdamds

95



1.25 Variac & Motor drive dnfunsodulwiuidadfudonszua Output virowsomstuadau
1uas Motor Drive

1.26 High Current Transformer wiauyasIiinszuags vinwhdsnonssua i lviudg
aunsaivasay

2. nmisanasqUnininasnu "
dmfumsiasasmsvedavannsovild douasslunm Teomuisaiandumsauarlevo gav g
#ia thu 400A (400A Range) uastu 1250 Amp ( 1250A Range) Taolidniudasuldou 19asmisdaans
awsnldnisdazoas wiale

e \ 1w e Civ

| —— = TEST TERMINAL FOR
; IEETTY TEST CURRENT UP to 1250A

3. msldnuntasnasau

3.1 w&snnvinnsfadouashauninralinsousasasinaouess et unTeTng du
sauusn viinnla adnyd Control on Push botton Sw. 1.3 wiasmagaufzadunmsion
18t PLC Monitor fasfiswiodyuaaomimansvio

3.2 tunmiawdasefousn dnatavszuamsantus System Fault lunsenadianntviihdaTuna
assiuvassfaomagay Divinnisne Reset sty 1.13 ssuntivhfisvagtudnmmday
Tao'lW Power ready Lamp 1.12 fazfiaai

96



IllSl

@\\@ [116“117”113[/@/‘@
e x-’—”l A({W’E

"}*‘/ﬁ jfrw

[13 ]
¢ =) S
o E

llG |‘

\

-
|

833 83828283 §
28 828 RARARRRA

susas dumisijuaiuqusuuividuadas

3.3 vhmndandunsitonssuadeasnst @imtifandwumsatudineuainii 1.6 Tao
wiamadaudmeton dumsawdli 2 geka
1.t 400 A tdiflasiaomstdonunssuavaray 0-400 A
2. thu 1250 A Tiifasasnlarunssuanasay 0-1250 A

97



h |

NM1SIALTINAR28

LabVIEW




= ¥ T T T ¥
dautsznovvesrzuumifauas iuswdayadalaiuegluilvtiuil dnsdlsznovans

&
Anlsznovsien del
1. Sensor/Transducer
2. Signal Conditioner
3. Data Acquisition Device
4. Computer Iz Computer Software
Ed
= v =
Fwifvluunisizadnisdiusznouasid1uusnie Transducer A2 Signal
- ¥ | ] o I': d 1
Conditioner d11t3znauv0szvUMs AT vedadlud il sznaviidndly 19y Sensor 130
. ' v o B -u g "
Transducers u#d 11Uz UL90 819919 1§14 Signal Conditioner 130014157 13
3 = & & o s A oy P Woag oS e
Asamstiudinteyaiioms I zvivion uqu Asuiuaeifios ldlsddmiuiu
oo A Y a ' o = = .
2613 lsAMuiia39 10015 EIu wesneuN1mes luuinaiaanssulugg
1| 2 Il = d = i = - ¥
Uszina 10 Pishuurilinms dauaznseaiodanfeusduun lun Tussuunis dadegdug
- - o= ' = . 3 - = A ' ] =
lil¥msiaieAsaminiudfisismadewiniu uvadumsindisassniniudiiediazibea
TN L I IS < Tl = 34 .
uazdinaziiA lawte s luszyuauguaa luffidudwuin Aslufisasndniduszuy
= s = . wod%. o W Y 4 o
rrr:iuﬁ‘lumﬂf'r"liﬁf'mﬂum'5ﬂfn:nm~1'isiﬁ_lmiuﬁ“?'lwaam'U'EuHﬂa‘qmffuﬂwﬁ';mﬁmam‘lﬂﬁ‘lu
= _ ed _ I = o
midszidiunauazaivanglnssiaun luszuy dwdsznavvesszvunsae daluilendu
Ed
g o .
wansligiuluamea sl

Sensor/Transducer
= ig & = w ¥ i 4
Sensor lugilnssiii I3areivviaiuinmalasualawesfinamanenmlas wa

Ed & = = e P o o ¥ = e
Tnosnudlutfuamimemviisnoasedu la sus1inguugivenh lnsedon v
= = # 5 - 3 = 3
vasulsen Az lisamimirfidludniunmidnuss Sensor dludu d1u Transducer HiNy
=3 = i i i '
fnseilanfimudin/eunsnlfsuniasmemenmianeanineglusluasdgygnamalish
. Ay b = ¥
i wsanden lalih nszua il wiSeamudmen

99



dlaisinisiairsldnaufinmeitioyszutanauazia1s: 00 DAQ Fuyuitala
Sensor ¥211319:#233] Tronsducer UiznavagAtaiEua w32 ity Sensor vaas1aziTI
Tl Transducer Tundaufumsisiiarinmaniv 2z himsnldsunlarlugdvanifinanm
Tfhagud intiauaseims ianaesiadumy Sencor uas Transducer TufaREIAY

msfidaalouFnanunaamlag biduysnama i lussuumsiavaun dlas
wanius 1didassvumsiavauniduszvunsiadioraufiunad uazidlanindai
Asyfiamas amsanstady 1R as @S namad iy

dmiusieazBoafifa1da1iy Sensor/ Tronsducer ﬁﬂT{ﬁua§1u41uiﬁ1ﬂiiu51i1
awsoeivelueazFoationiifadudng Fusme: Biaansondn dalaviamua Tumsn
wia Tilium s 137laa1 Sensor/ Transduser FmsuntsTalTnanimanimiiag Adenldlu

FEUUAIT IAMIIIATIATIY

Whunamdignd Sensor/Transducer

aavindl Thermocouple

o Resistonce Temperofure Detector
Thermistor
Integrated Circuit Sensor

HEa Photamultiplier Tube
Photoconductive Cell

UFAEzA TR Strain Gouge
Piezoelectric Transducer
Load Cell

182 Microphone

dunivanIamseda Potentiometer
Linear ¥oltage Differential Transformers (LVDT)

Optical Encoder
milvavaatlva Bifferential Pressure Flowmeter
Rotatioral Flowmeter

UHrasonic Flowmeter

Loser Dropper Anemometer

pH pH Electrode

alnsdim drildasumsniFounamumenmudaesndaudmaniusa i lugtuas
Farmnaniaith (Electrical Sigral) I.LE'I:THEIE‘"‘.I'I.I':].H'E!J:IJE".Iﬁfﬂ:lﬂj_’lilluﬁlﬁ:EIEIT'I'JJ‘IEIE.HUE'JJ'!JEI:IH'TIII
adniniausuadauiih Saadasduinlszane: bivfnadiannsansedalafuiuiun
quasds=ima: T lA M dwaaludrvasfiannsaiamAfromias ﬁ'ai‘fugw iufl nialu

¥ . . [
msfummadyenamarlldigdiniaifiairminiunadauiifnssunuduegaadi b

100



Tigusafie:1intarfaiadaaaiivinildiud Aeamafndnirdudie=daifims

¥
uaamdmaiamaniunauy

Fnulum aeqasdlisdidudaadaasaldudnlums ia aulasel s @enh gunsdl
UViuFae 1w (Signal Conditioner) fafimmimsudasduifoa midueaanisiesdaals
qﬂﬂiaﬁf nm:u1aﬁi£«:uframaammui:uumﬁﬁ'ﬁ"lliilmmiaunﬁﬂumazlﬁﬂnf_ra nia
fuanaiifnnmnademaus: hilmssuaudeananais sawhidaamsalesd 1513 41
szihumsanATugianuasA1lseau lann
H Signal Conditioning

s1lAms s a1 adyanuuuuing Tasanhnuds udmands hindauflazi
msiAuaziivdaya mizagnduineug s Ty Aregunsasunudygialiih a1
maathiiirdlafunaslfuaamanaaudy menlifaanafis bisnnsaunsarmmng
Tamefidula

TaanfisiududzrlfuaamInaia (Signa Conditioning) Tumialafmianis iy
Usnadweaf1fing Tronsducer 319flu1REnNIA Tda 00 i lawa ‘lﬂn_i‘i’uﬁau nia
Faanai1Ade=lafusuauagiin sannmiddandusy puuaan Tl wisudusluiE ey
IR Aans A IManda

dmivmsiaduanafifaimiarwasSoags uax biksms Mifimssuarudaenaly
A15dA 151219193 Y ase 3119 3 1% U SCXT (Signal Conditioning eXtensions for
Instrumentation) 329U 5HN National Instrument Sadiudnls=nauiifmiiiviuusianm

Fyanabiagluaamiiniaalfdaduing oaq

¥ ] y 1 = - . 1 i
scxT fazs=naumisiiauiisednfunauiinmes us=a=9 Tuasfionnzaudadniy
¥ ¥
#ataudnadanila madan luaaifuagiuing =14 Transducer Usziamla uazAaimsia

Awanuys=ianla SnHu=121 SCXT tli'rnﬂu:;ﬂiamf:

101



sexI AugunsafinlfegluianljoRnsiniaailada quindaadlainsimansuas

maATuTad wmimendomaluladgsuid uazTupadnnUsznauateTuaada Termocople, Strain
Gage, RTD, Relay Circuit (HhuAy

. ¥
dmvrilmamaliudaananizq hhiessznauae

¥ ¥F ¥F ¥F ¥

MIveedaana (Amplification)

'FI1':'I'|TIIII'FI-1f|J~:I1.'I'?[r Transducer { Transducer excitation)
asUFulduEndu (Lineorization)
mstlarfiufuana Tsolotion)

mInIIdwa I (Filtering)

¥ ¥ .
dmiuarwans lumslfuaamFuRnuual Transducer Auiluami Tagiag Tue:d

¥
amn1gana Tl
Sensor | Electrical Characteristics | Signal Conditioning Meeds
Thermacouple Resistance output Cold-junction compensation
Low valtoge output High amplification
Low sensitivity Linearization
Monlinear output
RTD Resistance output Current excitation
Low resistance (100 ohms typical) 4-wire/3-wire configurations
| Low sensitivity Linearizafion
| Monlinear autput
Thermistor Resistance autput Voltage or current excitation
High resistance and sensitivity Reference resistor
| Drastically nonlinear output Linearization
|
IC Temp. Sensor High level voltage or current | Power source
outpurt Moderate gain
Linear output
Strain Gouge Resistance output Excitation
Low resistance Bridge configuration
Very low sensitivity J-wire connection
Monlinear output Linearization

102




AMANUIN U

NAITURANUN AL



UNAIUIBINTITILAUBIRAZUIUIYH

1. R. Ratchapan, "An Analysis of the Ampacity and Capital Costs for

Underground High Voltage Power Cable Construction Methods," PrzeglAd
Elektrotechniczny, vol. 1, no. 1, Pp. 16-23, 2024, doi:
10.15199/48.2024.01.03.

UNAUNITUTEYNIVINTILAUYIALALUIUNIYIA

1. R. Ratchapan, Y. Kongjeen and B. Plangklang, "Ampacity Analysis of Low
Voltage Underground Cables in Different Conduits," 2021 9th
International Electrical Engineering Congress (IEECON), Pattaya, Thailand,
2021, pp. 25-28, doi: 10.1109/iEECON51072.2021.9440383.

2. qvdde s1oudly, funvs desuen, gnsm asdu, fida Inade uazyyse Udwnans,
MR RNansEnusenszuavesang i lifuainvuinvewiedesaa i uansng
Au," ﬂwsﬂizsquﬁsmmimﬁmﬂsiulvdﬁw adsii 44, 159453 A DUWNTE UIU D1LND
oty Fevdatny, Sufl 17-19 wgednieu 2564

3. qnade s1vwlu, suins wuliives, 439@ Jauns, auwie lnsusiu, Ate Fnase, 59
WNYS ABduen, gnsa1 AYIU wasugyds Udsnans, "nstiiunszuavesanglninlanu
meluriedesansuuuisilslifulagnsesomaianisdaiiosas,” n3UszguInIng
A3dedmnssuliiin adeit 14, Tseusudadu ordialie Saosn wous auh Sewdn

e, Jufl 25-27 wouaAN 2565

104



PL ISSN 0033-2097, ¢-ISSN 2449-9544 | '2024

® IPDRZEGLA

TROTECHNICZNY

ROK 100

WYDAWNICTWO

SIGMA-NOT

Equations of physics that have most
important impact on electromechanical
engineering
Jacek Gieras

105



‘ﬁ;ﬁ% Scopus Q Search  Sources
Source details ek > compe s>
Przeglad Elektrotechniczny i\.ﬁeosmmms o

Years currently covered by Scopus: from 1969 o 1984, from 2005 to 2024
Publisher: Wydawnictwo SIGMA - N OT Sp.z 0.0,
ISSN: 0033-2007 ez o

. 0.170
Subject area: (Engineening: Elorical 3nd Electronic Enginocring
Source type: Journal
SNIP 2023 o)

e 0353

CiteScore  CiteScore rank & trend  Scopus content coverage

CiteScore 2023 &) CiteScareTracker 2024 ©

1 0 2,080 Citations 2020 - 2023 0 8 1,662 Citations to date
"~ 2,134 Documents 2020 - 2023 *2 72,099 Documents to date

Calebted an 05 Wy, 2020 Last e o 05 August, 04 - Upedsed monibly

CiteScore rank 2023 ©

Category Rank  Percentlle
Engineering
L wom7or = 19th

Electrical and Electronic
Englneering

View ClteScore methodology >  ClteScore FAQ > Add ClteScore to your shte o

sﬁ:ﬁﬁ Scopus Q

< Backtoresults | 1 of 3 Next>

o, Download () Print g Save to PDF ¥ Save to list [} Create biblic

Przeglad Elektrotechniczny . Volume 2024, Issue 1, Pages 16 -23 . 2024

Document type An Analysis of the Ampacity and Capital Costs

Article

Sourcetype for Underground High Voltage Power Cable

Journal .

o Construction Methods

00332097 [Analiza obciazalnosci pradowej i kosztéw inwestycyjnych metod budowy
Dol podziemnych kabli elektroenergetycznych wysokiego napiecia]
10.15199/48.2024.01.03

ichaid &4+ alg .
View more v Ratchapan, Ritthichai 3 Kriprab, Somchai 5

Marsong, Supapradit? =i ;  Plangklang, Boonyang® = :

]
Kongjeen,Yuttanab 1=
Save all to author list

? Department of Electrical Engineering, Rajamangala University of Technology Thanyaburi (RMUTT), 12110,
Thailand

b Department of Electrical Engineering, Rajamangala University of Technology Isan (RMUTI), 3000, Thailand

Full text options ~  Export ~

106



Ritthichai Ratchapan', Somchai Kriprab', Supapradit Marsong®, Boonyang Plangklang®

*

Yuttana Kongjeeni

Rajamangala University of Technology Thanyaburi, Thailand (1),

Rajamangala University of Technology Isan, Nakhon Ratchasima, Thailand (2)

doi:10.15199/48.2024.01.03

An Analysis of the Ampacity and Capital Costs for Underground
High Voltage Power Cable Construction Methods

Abstract. This study aimed to evaluate the ampacity and costs of different high voltage underground cable methods (cylindrical duct bank vs. square
tunnef). The standards of Metropolitan Electricity Authority (MEA) of Thailand innovative approach to reduce road impact were used. Simulations for
115 kV cables showed that the maximum ampacity for cylindrical duct bank method was 523 A (flooding), and 509 A (non-flooding) while that of the
square tunnel method was 445 A (flooding), and 405 A (non-flooding). Costs analysis were $57.3,446 per circuit for the cylindrical duct bank method

and $404,363 per circuit for the square tunnel method.

Streszczenie. Celem tego badania byla ocena obcigzainosci pradowej i kosztoéw roznych metod podziemnych kabli wysokiego napiecia
{cylindryczny zespot kanalow vs. tunel kwadratowy). Wykorzystano standardy Metropolitan Electricity Authority (MEA) Tajlandii, innowacyjne
podejscie do zmniejszania wplywu na droge. Symulacje dia kabli 115 kV wykazaly, ze maksymalna obcigzainos¢ pradowa dia metody cylindrycznej
wigzki przewoddéw wynosifa 523 A (zalanie) i 509 A (bez zalania), natomiast dla metody tuneiu kwadratowego wyniosta 445 A (zalanie) i 405 A
(niezalanie). powddz). Analiza kosztéw wyniosta 573 446 USD na obwod w przypadku metody z kanatem cylindrycznym i 404 363 USD na obwod w
przypadku metody z tunelem kwadratowym. (Analiza obcigzainosci pradowej i kosztéw inwestycyjnych metod budowy podziemnych kabli

elektroenergetycznych wysokiego napigcia)

Keywords: Ampacity, Cylindrical duct bank, Capital cost, Square tunnel, Underground power cable
Stowa kluczowe: Natezenie pradu, Cylindryczny zestaw kanatow, Koszt inwestycyjny, Tunel kwadratowy, Podziemny kabel zasilajacy

Introduction

In contemporary times, the transmission line systems in
electrical power networks play a pivotal role in catering to
the needs of end-users. In sprawling urban centers, the task
of procuring electricity from external sources and
subsequently transmitting it to central areas for equitable
load distribution remains paramount. With the swift
expansion of urban areas and escalating energy
consumption rates, the conventional transmission line
systems face challenges. To address these challenges, the
deployment of underground cables has emerged as a viable
alternative to conventional methods, such as direct burial,
semi-direct burial, open cut, horizontal direction drilling
(HDD), pipe jacking, and tunneling [1, 2].In order for the
operational system to function effectively, advancements in
the transportation sector, material technology, and
electronic devices play a crucial role as they require electric
power to operate. The optimal condition of the grid
necessitates energy management, which involves both
preparation and control.

To effectively manage the power services, it is essential
to highlight the key features of the electrical system. In
Thailand, the power service providers are structured into
three distinct organizations. These entities consist of the
Electricity Generating Authority of Thailand (EGAT), the
Metropolitan Electricity Authority (MEA) of Thailand, and the
Provincial Electricity Authority of Thailand (PEA).
Specifically, MEA caters to the electrical system service
provision in central regions such as Bangkok, Nonthaburi,
and Samut-Prakan province [3]. Previously, researchers
have demonstrated using XLPE cable in direct burial
applications [4] .The direct burial offers the advantage of
rapid installation, and the XLPE cable can effectively
transfer heat to the soil, which is associated with high
ampacity.

However, the XLPE cable can be easily damaged by
physical factors. To install underground cables using the
open-cut method, a reinforced concrete covering is applied
over High-Density Polyethylene (HDPE) and metal conduit.
This approach is commonly chosen for installation in rural
and spacious urban areas. The open-cut method serves as
a safeguard against mechanical damage [5]. On the other

hand, (Horizontal Directional Drilling) HDD method has
been employed for the construction of underground power
cables to navigate obstacles or cross rivers [6, 7]. However,
this approach necessitates precise positioning at the
opposite manhole.

The tunneling method has been adopted for the
construction of tunnels to accommodate large-scale power
cables. This approach is well-suited for numerous electrical
circuits and long-distance transmission line systems. One of
the advantages of the tunneling method is the provision of
ventilated air within the tunnels [8, 9] Meanwhile, the capital
cost is higher and construction period is long. Pipe jacking
method is used for utility support such as cold water,
telecommunication, wastewater drainage system, electrical
power system, etc. [10].The primary construction approach
utilized is pipe jacking, a widely favoured technique
renowned for its substantial reduction in traffic and public
disturbances. Pipe jacking method effectively prevents
mechanical stress and enhances strength of infrastructure.
Key determinants, including cable ampacity and
construction methods, significantly impact project costs.
Hence, conducting an ampacity study for the installation
method is crucial to ensuring reliable power system
design.  Furthermore, both internal and external heat
sources have directly influence on the ampacity of the
XLPE cable. The internal heat sources include conductor
temperature, cable void space, cable jacket, conduit void
space, conduit material, reinforced concrete duct bank, soil
properties, and ambient temperature, as outlined in
reference [11]. Determinants of XLPE cable ampacity
heavily rely on heat dissipation. The dimensions of duct
banks directly influence XLPE cable heat dissipation [12].
Modifying cable spacing can decrease heat accumulation in
XLPE cables. Furthermore, altering cable arrangement can
reduce conductor heat storage. Consequently, flat formation
arrangement  results in higher ampacity than trefoil
formation [13]. The impact of ambient temperature on
conductor cooling is significant. If the ambient temperature
is high, the ampacity of the XLPE cable will be reduced [14].
Heat flow during fires has been presented by using the wire
heat flow during excessive thermal conditions with fire
conditions to understand copper conductor heat flow. Model
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developed to estimate wire temperature based on heating
time and distance from heat source [15]. Heat exchange in
cables was discussed by the heat exchange in cables
exceeding permissible temperatures. The temperature
model of electrical cable was used by distributed
parameters based on exposure duration and distance from
heat source [16].The paper discusses the temperature
restriction called the 2 K-criterion for the installation of
submarine cables in the German North Sea or Baltic Sea,
which limits the heating of the seabed by the cable losses to
2.0 K. This criterion has significant effects on cable design,
requiring greater laying depths and potentially more
expensive cables with larger conductor cross-sections
[17].The formation of dry zones around underground cables
decreases their capacity by a factor of 0.87 to 0.96,
depending on the type of soil. This factor is defined as the
derating factor. The drying zone in backfill starts at different
temperatures and velocities depending on the type of soil
and the weight percentage of silt. The time required for the
formation of the dry zone is longer for sand samples
containing silt compared to those without silt. The velocity of
the movement of the dry zone is also slower in sand with silt
[18].The paper presents an optimal RC ladder-type
equivalent circuit for the representation of the soil for
dynamic thermal rating of underground cable installations,
which is compatible with the International Electrotechnical
Commission thermal-electric analog circuits for cables. The
model has been optimized through a comprehensive
parametric analysis and it has been determined that a
model of order five can represent all typical transients on
common installations. The model represents a relevant
improvement to the available operation and monitoring tools
for underground cables, making them more efficient and
robust [19].The effect of changing cable arrangements near
a substation and the two-point bonding of sheaths on the
calculations of circulating current sheath loss factors and
resulting circuit ratings. The calculations of complex
impedance matrix formulations (CIM) were used calculation
of sheath loss factors in cross-bonded systems that related
by the potential hazardous effect of neglecting the change
in cable arrangements at the terminations on the calculated
circulating current sheath loss factors and circuit ratings
[20].Mathematical model for XLPE insulated underground
power cable was represented by behaviour considering
factors such as dielectric losses, ambient temperature, and
cable core resistance [21]. Factors influencing of power
cable was most affected current-carrying capacity including
soil parameters, external heat, and cable positioning [22].
The underground power cables with intersections methods
have been considered safe design to achieve rated
currents-carrying capacity with minimizing the effects of
combined heat [23].

Meanwhile, soil moisture can increase the cable
ampacity. On the contrary, the larger the depth of the
underground power cables, the greater distance for cooling
and the lower the ampacity of the cable [24].Conversely,
precipitation can reduce soil heat resistance, enabling
underground cables to support heavier loads over a brief
span [25]. Additionally, the dimensions of duct banks play a
crucial role in influencing ampacity, construction costs, and
cable losses [26].In addition, the heat removal of
underground cables using Hydronic Asphalt Pavement
(HAP) and Hydronic Concrete Pavement (HCP) has been
studied and improved by using backfil material. Backfill
material has also been replaced with a higher thermal
conductivity material for the cable to conduct maximum
current. Although HAP and HCP are needed to increase the
ampacity of the underground power cables, they raise the
construction cost. Meanwhile, the payback period is short

[27, 28]. However, the challenges of cylindrical duct bank
using the pipe jacking method limitation on the number of
circuits, impact on the electrical system, and traffic area
restoration. Consequently, considering the congested traffic
conditions as depicted in Figure 1, the square tunnel using
the pipe jacking method is chosen to moderate the impact
from the cylindrical duct bank.

In the context of Bangkok, Thailand, the construction of
underground power cables is of considerable significance.
This paper aims to explore an effective method for
addressing the inherent challenges in this construction
process, with a specific focus on reducing construction
costs and optimizing ampacity. To achieve this, a
comprehensive was performed on various methods for
constructing underground power cables and their respective
impacts on construction expenses and ampacity
performance assessed.

The subsequent sections of this paper are organized as
follows: Section 2 delves into the formulation of the
problems at hand. Section 3 details the proposed approach
and provides an illustrative case study showcasing its
application. Section 4 presents the outcomes of simulations,
offering empirical evidence of the method's efficacy. Finally,
Section 5 presents our conclusions, drawn from the study's
findings, emphasizing the significance of our proposed
approach within the context of underground power cable
construction.

Fig.1. Road ftraffic heavily influences the transmission line
construction in urban areas

Analysis of Underground Power Cables

This research is performed using the finite element
method (FEM) and a 2D steady-state thermal analysis. The
FEM equations are expressed as follows [27, 28]:

) i[k.g}ti[k.ﬁ}rgv =0
o 0% ) dx\. ox

The volume power of heat source in the cable conductor
can be shown as follows [27, 28].

%) QﬁR“éva)Iz

Large computational domain uses the zero-heat flux
boundary condition, consisting of the left, bottom and right
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sides. The zero heat flux can be expressed by the following
equation [27, 28].

(3) t—=0

The ability of a high-voltage underground cable to carry
current is influenced by several factors, including the
number of cables, the types of cables used, cable
construction, materials, the cable placement in the ground,
and the arrangement of cable bonding. The equation that
determines the cable current-carrying capacity takes into
account both steady-state and transient conditions. This
paper focused on the steady-state condition for buried
cables, without considering moisture migration, which is
represented by Equation (4). Additionally, the paper also
addressed the condition with moisture migration, and the
corresponding equation is represented as equation (13).

AO—W,[05T +n(T,+T,+T,), ]

0.5
@4 1=
RT, + nR(1+ A)T, + nR(1+ 4y + )T, +T,)

where R is the ac resistance per unit length of the conductor
at the maximum operating temperature. ., W, W_, and

W, represent the conductor, dielectric, sheath, and armor
losses in W/m, respectively. 7', is the thermal resistance per
unit length between one conductor and sheath. 75 is the
thermal resistance per unit length of the bedding between
sheath and armor. 73 is the thermal resistance per unit
length of the external serving of the cable. Iis the thermal
resistance per length between the cable surface and the

surrounding medium. / is the sheath loss factor. /, is the

armor loss factor. #is the number of load-carrying
conductor in the power cables.

The heat transfer in the cable is expressed by the
internal and external condition as follows.

(5) T=£-|-(1+2,)T2+(1+/11+/12)T3
n

© T,=di4iT,+T,
2n

Therefore, equation (4) becomes.
7 AG=n(W.T+W,T,+W,T,)

where W;are the total losses generated in the cable
defined by:

®) W,=W,+W, =W.(1+ A4 +4,)+W,

The 7 can be computed by equation (5), which is
provided by an equivalent cable thermal resistance.
Therefore, the internal resistance of the cable is depended
on the cable construction method. Meanwhile, the external
thermal resistance depends on the properties of the
surrounding medium on the overall cable diameter.
Therefore, the thermal resistance of the power cable is
related to the thermal resistance per unit length between
the cable surface and the surrounding medium 7, as
follows.

© T,=T,+T,+T,

where T, is the thermal resistance of the air or liquid
between the cable surface and the duct internal surface. 7,

Tj;is the thermal resistance of the duct itself. T.s the

external thermal resistance of the duct. Those are
expressed as follows.

i U
(10 7,

*T1r01(r+16,)D,

where I/ , 'and ¥ constants are defined by referring to
|EC 60287 standard. In this case, the pipe jacking method
used fiber duct in concrete and can be defined by 5.2, 0.91
and 0.010, respectively.

(11) T4 :L[n&
2r D,

where p represents the thermal resistivity of duct material.

g 4L-F N
R

So, the cable current rating equation of the condition
with moisture migration (Equation (4)) can be modified by

(v-1)A6, and UT, for T,

(12)

adding the terms:
respectively.
(13)
. 0.5
| 856, ~W,[ 05T, + n(T,+ T, + 0T, )| +(v-1)A6,
| RE+nR(+ 2)T, + nR(1+ A+ 2 )(T,+ 0T, )

Economic analysis

The cost of constructing underground power cables is
divided into direct and indirect costs. However, determining
the indirect cost can be challenging due to various
uncontrollable parameters such as site facilities, interest
expenses, duty stamps, land rental, and more. The direct
cost, which encompasses materials, machinery, and labour,
plays a pivotal role in the construction process. The capital
cost can be mathematically represented as equation (14).

(14)  Capital Cost = DC + IDC

where DC is the direct cost and IDC is the indirect cost.

Conductor shield
Thickness 1.5 mm.
Insulation shield
Thickness 1.5 mm.
Metallic shield
Thickness 4.81 mm.

Fig.2. Structure of the underground power cables

Underground Power Cables

In this paper, the focus was on a 115 kV transmission
line utilizing an 800 sq.mm. power cable specification,
which was employed for the purpose of transitioning from
an overhead line to an underground system. The ongoing
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construction of MEA's Ratchadaphisek-Rama 9 project
served as the context for this study. The structures and
parameters related to the underground power cables are

—Every span @200m —>"

Road surface

7 PR

i |

Manhole

(33x60m>[ { 0

Fig.4. Construction of the underground power cables in Thailand by

The cylindrical duct bank is constructed with cylindrical
concrete pipes. The construction process consists of: 1)
Installing concrete pipe by pipe jacking method, 2) Installing
RTRC within the concrete pipes, and grouting mortar
concrete to fill the gap around the RTRC, as shown in
Figure 4. The concrete duct banks were constructed with

illustrated in Figure 2 and outlined in Table 1. (31\342“2%;) ( [cyﬁdgitidxiimzf]k[
Table 1. Material thermal resistance
. Thermal Resistance
Structure Material (K- m/W)

Conductor Copper 2.5E-3 using the pipe jacking method

Conductor shield XLPE 3.50

Insulation XLPE 3.50

Insulation shield XLPE 3.50

Metallic shield Copper 2.50E-3

Water barrier Aluminum 4.20E-3

oersheath - - PE 3190 this method, as shown in Figure 5.

RTRC Conduit Fiber glass 4.80

Air space Air 40.00

Concrete pipe Concrete 1.00

Mortar grouting Concrete 1.00

Cable racks Steel 13.00E-3

Sail Soil 1.00

Water Water [29] 0.001

Underground power cables installation

The underground power cables installation is a crucial
point in reality, especially if the site location is in a big city
that is linked by underground power cables on a regular
basis. The traffic in roads and location are the main
problems for selecting the installation method of the
underground power cables. The transmission line system
can be presented by the MEA’s transmission line system
that consists of 1) terminal station, 2) transmission line, and
3) substation. This research focused on the underground
duct banks between the terminal station and the substation,
as shown in Figure 3.

Focus point

O ciseust Bre deer (CB) Open
I Cincut Bresker (CE) Chse
— Unde

69, 115KV

Custorner
Substation

Trnenicsion Line

Fig.3. Single line diagram of the underground transmission line
system

The focus point in Figure 3 is presented in Figure 4. The
electric manhole and the concrete duct banks are the main
structures of the underground duct banks. The electric
manhole is essential both during and after construction. A
manhole is used to install a pipe jacking machine during the
construction period. After the construction of the manhole is
completed, it is used as the cable connection point.
Excavation of the road surface for the construction of
manholes affects the traffic and people and may cause
serious accidents.

This study focused on the cylindrical duct bank and
square tunnel concrete to evaluate the ampacity and cost of
underground power cables installation. The cylindrical duct
bank was constructed by the pipe jacking method with
Reinforced Thermosetting Resin Conduit (RTRC) as shown
in Figure 4.

a) Trefoil formation cable
arrangement

b) eylindrical duct bank installation
fields

Fig.5. Cylindrical duct bank for the underground power cable
installation

Meanwhile, the square tunnel is constructed with
square concrete pipes. In contrast, the square tunnel uses
cable racks for supporting underground power cables and
does not add concrete mortar inside the pipe. The concrete
pipes are installed 4 m. below the traffic surface, which has
the same pattern as the cable trench of the substation, as
shown in Figure 6.

Fig.6. Square tunnel for the underground power cable installation

The study of square tunnel in this research considered
the arrangements of flat and trefoil power cables. Flat cable
arrangement formation had 6 conductors per circuit,
providing space for a power cable of 24 kV and
communication cables, as shown in Figure 5. The square
tunnel could support a maximum of 4 transmission lines.
Trefoil cable arrangement formation had 6 conductors per
circuit, providing space for a power cable of 24 kV and
communication cables, the square tunnel could support a
maximum of & transmission lines, as shown in Figure 7.
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18m 18m

a) Flat formation

Fig.7. Cable amangement of square tunnel for the underground
power cable installation

b) Trefoil formation

Case Study

The case study of simulation was performed using the
finite element method. At the same time, the costs of
construction from the price collection and procedure of the
construction project were calculated. Therefore, the case
study can be defined as follows:

Case 1: Reliability verification of the finite element
method (FEM) compared to MEA's standard ampacity.

Case 2: Simulating the heat effect on the ampacity of
the power cables installed in the cylindrical duct bank and
the square tunnel in non-flooding conditions with flat and
trefoil arrangements of power cables.

Case 3: Simulating the heat effect on the ampacity of
the power cables installed in the cylindrical duct bank and
the square tunnel in flooding conditions with flat and trefoil
arrangements of power cables.

Case 4: Comparing the simulation results of the power
cables installed inside the cylindrical duct bank and the
square tunnel of the cable arrangement for each formation
in the case of non-flooding and flooding conditions.

Case 5: The comparison of cost calculation between the
cylindrical duct bank and the square tunnel.

Simulation and Results

To confirm the adequacy of the simulation of each case
study, its verification was made using numerical simulation
in the software and data correction can be presented as
follows.

Case 1:

The ampacity simulation comparison to the MEA's
standard revealed that the simulation result was remarkably
close to the standard value [30]. The simulation results are
shown in Table 2.

Table 2 presents the ampacity values for 800 sq.mm.
115 kV power cables, categorized by the number of
conductors. The ampacity values are provided for both
MEA's standard and finite element method (FEM)
calculations. The comparison highlighted the following
percentage errors between the two methods: -0.24% for 6
conductors, 1.67% for 12 conductors, 1.06% for 18
conductors, and 0.99% for 24 conductors.

Table 2. Ampacity of the power cables 800 sq.mm. 115 kV

Nuronfber Ampa RKES % Ermor
conductors MEA’s standard FEM
6 831 829 -0.24
12 658 669 1.67
18 564 570 1.06
24 504 509 0.99
Case 2:

The simulation results of the underground power cables
installed inside the cylindrical duct bank and the square
tunnel were discussed in the non-flooding condition. The

simulation results showed that the power cables installed in
the cylindrical duct bank carried the highest load because
the power cables were enclosed by concrete, which has low
themal resistance. On the other hand, the power cables
installed inside the square tunnel amranged a trefoil cable
formation bore the least electrical load because the heat
accumulated between the cables and poor heat transfer
due to the surrounding air of the power cables having a high
themal resistance. At the same time, the power cable
installed inside the square tunnel arranged in a flat cable
formation carried more electrical loads because no heat
accumulated between the power cables. The simulation
results are shown in Table 3.

Table 3. Ampacity comparison of the power cables, installation of
cylindrical duct bank and square tunnel at non-flooding condition

Ampacity (A)
Number Cylindrical duct bank | Square tunnel

of conductors Y 3

Trefoil Flat Trefoil

6 829 748 725

12 669 652 637

18 570 532 520

24 509 494 483

20 - 2 426

6 N - 405

Table 3 offers a comprehensive ampacity comparison
for power cables in two distinct settings: a cylindrical duct
bank and a square tunnel, both operating under non-
flooding conditions. Ampacity values were detailed across
varying conductor quantities and cable configurations. The
cylindrical duct bank setup yielded ampacity figures ranging
from 829 A to 509 A, correlating with an increased number
of conductors. In contrast, a comparison between two cable
configurations: trefoil and flat was presented in the square
tunnel condition presents. Ampacity values for the square
tunnel spanned from 725 to 405 A, demonstrating an
ascending pattern with greater conductor counts. Notably,
specific values for 30 and 36 conductors were absent in the
square tunnel context.

The thermal simulation results for power cables installed
in both the cylindrical duct bank and the square tunnel were
examined under non-flooding conditions. The simulation
findings revealed that power cables in the cylindrical duct
bank exhibited lower heat generation. Conversely, power
cables installed in the square tunnel with a trefoil cable
arangement resulted in higher heat generation.
Simultaneously, power cables arranged in a flat
configuration within the square tunnel experienced less heat
generation compared to one with the trefoil configuration.
The corresponding simulation results are illustrated in
Figure 8.

8Trefoil - Square tunnel @Flat - Square tunnel & Trefoil - Cylindrical duct bank

600

500

Ampacity (A)

)
=3
(=3

0 20 40 60 80 100 120 140
Conductor Temperature (°C)
Fig.8. Conductor temperatures at various ampacity of different
installations in non-flooding conditions

Case 3:
This section delves into the simulation outcomes of
underground power cables installed in a cylindrical duct
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bank and a square tunnel in flooding conditions. The results
revealed that power cables in the square tunnel, arranged
in a flat cable configuration, bore the highest load due to
water immersion, resulting in low thermal resistance.
Conversely, the trefoil cable arrangement in the square
tunnel exhibited a lower ampacity than one with the flat
configuration. In contrast, power cables in the cylindrical
duct bank carried a minimal electrical load due to the higher
thermal resistance of concrete compared to water. The
corresponding simulation results are detailed in Table 4.

Table 4. The ampacity comparison of the power cables installed in
the cylindrical duct bank and the square tunnel in flooding
conditions

Ampacity (A)
of t:(l:'r‘nd!:‘ecrmr Cylindrical duct bank Square tunnel

Trefoil Flat Trefoil
6 912 1,112 1,108

12 697 811 810

18 590 668 600

24 523 579 577

30 - - 478

36 - - 445

The thermal simulation results of the power cables
installed in the cylindrical duct bank and the square tunnel
were discussed in the flooding conditions. The simulation
results showed that the power cables installed in the square
tunnel and arranged in the flat cable formation had the least
heat. On the other hand, the power cables installed in the
cylindrical duct bank had higher heat. At the same time, the
power cables installed in the square tunnel and arranged in
the trefoil cable formation had higher heat than one with the
flat cable formation. The simulation results are shown in
Fig. 9.

@ Trefoil - Square tunnel
O Trefoil - Cylindrical duct bank

@Flat - Square tunnel

0 20 40 60 80 100 120 140
Conductor Temperature (°C)

Fig.9. Conductor temperatures at various ampacity of different
installations in flooding conditions

Case4:

Figure 10 illustrates the computational domain utilized
for the cylindrical duct bank simulation, while Figure 11
displays the finite element mesh within this domain. An
automated mesh approach was adopted due to minimal
mesh size impact on temperature results. The arrangement
of power cables within the cylindrical duct bank shown in
Figure 12 had a three-phase power system, with two
conductors per circuit and four circuits. The blank conduits
accommodated 24 kV power and communication cables.
Simulation outcomes revealed heat concentration on the
inner conductor due to neighboring conductor blockage,
resulting in poor heat dissipation. Furthermore, heat
dispersed more profoundly into the deep soil layer than the
surface, which is attributed to the lower temperature of the
former. Notably, a conductor temperature of 90°C, in line
with cable ratings, supported 509 A under non-flooding and
523 A during flooding conditions.

. 3

101 m.

Natrve Soil

101m

Fig.10. Dimension of the computational domain for the cylindrical
duct bank

1080 000 w000 oo = =3 =

Fig.11. Finite element mesh generated within the portion of the
domain in Fig.10

) Maxin Pont ) Contowr: )

000 7000 8000 -

Fig.12. Simulation results of temperature for the cylindrical duct
bank installation

Figure 13 depicts the computational domain utilized for
the square tunnel simulation, while Figure 14 showcases
the finite element mesh generated within a specific portion
of this domain. An automated meshing approach was
adopted due to the minimal impact of mesh size on
temperature outcomes. The arrangement of power cables
within the square tunnel is illustrated in Figure 15, which
had a three-phase power system with two conductors per
phase and a total of six circuits. The empty cable racks
supported both 24 kV power cables and communication
cables. Simulation results revealed that heat generation
within the conductor significantly accumulated in the cables
arranged in a trefoil formation. This setup presented
challenges in dissipating the accumulated heat outward.
Additionally, heat dispersion into the deep soil layer was
more pronounced compared to the surface due to the lower
temperature of the deeper soil. Considering cable ratings, a
conductor temperature of 90°C supporting an ampacity of
405 A during non-flooding conditions increased to 445 A in
flooding conditions.
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Fig.13. Dimension of the computational domain for the square
tunnel
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Fig.14. Finite element mesh generated within the portion of the
domain in Fig.13
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Fig.15. Simulation results of temperature for the square tunnel
installation
Case5:

This paper calculated the capital cost at a distance of
1,000 m for comparison. The construction of the cylindrical
duct bank and the square tunnel require different materials
and processes. The study results showed that the
cylindrical duct bank used RTRC to support the power
cables and was covered by concrete mortar. On the
contrary, the square tunnel used the cable racks and the
cable cleats instead. The load-bearing behavior of the
cylindrical concrete pipe was stronger than that of the
square concrete pipe. Therefore, the square concrete pipe
needed to be reinforced with steel to yield the same
strength, making it more expensive than the cylindrical
concrete pipe.

Table 5 presents a breakdown of costs for two methods
of implementing an underground power cable system: a
cylindrical duct bank and a square tunnel. The costs were
expressed in US dollars (8). The cost calculation assumed
an exchange rate of 33.46 Thai baht to $1. It was observed
that the cylindrical duct bank option was more cost-effective
compared to the square tunnel. The cylindrical duct bank

had the capacity to support transmission lines of 115 kV for
up to 4 circuits. In contrast, the square tunnel could
accommodate up to 6 circuits. Consequently, when
comparing the cost per circuit, the analysis revealed that
the square tunnel was less expensive than the cylindrical
duct bank. In summary, the cost analysis suggests that the
cylindrical duct bank had lower overall costs, albeit with a
higher cost per circuit compared to the square tunnel. It is
worth emphasizing that the selection between these options
should take into consideration not only financial aspects but
also factors such as system performance, construction
timelines, and other relevant considerations.

Table 5. Capital cost of the duct bank per 1 km.

) Cost (8)

e Cy“m;:f‘il duct Square tunnel
Design 5,230 5,230
Topographic survey 2,989 2,989
Traffic management 10,460 10,460
Manhole work 560,789 560,789
Pipe jacking work 1,053,796 1,214,585
Inner duct (RTRC) 350,269 -
Grouting work 286,611 -
Cable racks - 118,350
Cable cleats - 490,137
Pavement 23,640 23,640
Summary cost 2,293,784 2,426,180
Cost per circuit 573,446 404,363

Conclusion

This paper successfully conducted a comparative
analysis of the capital costs and ampacity of underground
power cables between cylindrical duct banks and square
tunnels installations, as presented below:

1.8Simulation results obtained through the finite element
method demonstrated that the ampacity closely aligned with
the standards set by the Metropolitan Electricity Authority
(MEA) in Thailand.

2.Under non-flooding conditions, the ampacity of
underground power cables was affected by their
arrangement. In a cylindrical duct bank, a trefoil formation
arrangement offered the highest current-carrying capacity.
Conversely, a flat formation arrangement in a square tunnel
yielded a lower current, while the trefoil arrangement in a
square tunnel resulted in the lowest current.

3.When flooding occurred, the arrangement's impact on
ampacity remained significant. In a square tunnel, a flat
formation arrangement allowed for the highest current
capacity. On the other hand, a trefoil formation arrangement
in a square tunnel led to a lower current capacity, whereas
the trefoil arrangement within a cylindrical duct bank yielded
the least current capacity.

4 Following the standards of the Metropolitan Electricity
Authority (MEA), electrical conduits are necessary for
medium voltage cables. For 800 sq. mm transmission
power cables, with six cables per circuit, a cylindrical duct
bank could accommodate 4 circuits, while a square tunnel
could manage 4 circuits with a flat arrangement or 6 circuits
with a trefoil arrangement.

5.Using a square tunnel with the pipe jacking method
resulted in a 5.77% higher capital cost compared to
constructing a cylindrical duct bank. However, the average
construction cost per circuit was 29.49% lower.
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Because Bangkok ground level is situated 1.50 m above
mean sea level (MSL), the duct banks are positioned at a
minimum depth of 4 m beneath the traffic surface, therefore,
an extended rainy season results in frequent flooding of
underground power cables. The use of a square tunnel for
the power cable system, thus, emerges as a feasible
alternative. However, it is important to consider a range of
other factors, including construction timelines, in the
decision-making process.
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Abstract— This paper presents the ampacity analysis
of low voltage underground cables in the different
conduits using the thermal finite element method. The
conduit consists of a steel conduit, HDPE conduit,
RTRC conduit, and PVC conduit. Underground
conduits are installed below ground level 0.3 - 0.75 m.
that are buried in the sand. The highest temperature is
considered in Bangkok at 40.8°C. The results showed
that the underground cable ampacity in various
conduits that can be carried high ampacity were as
follows: steel conduit, RTRC conduit, HDPE conduit,
and PVC conduit, respectively. While the ampacity of
underground cables decreased when the depth level of
conduits was increased. On the other hand, the
ampacity of underground cables increased when the
ground temperature was decreased. Furthermore, this
study revealed the limits and the environment that
impact the underground cable ampacity and the need to
find the optimal conditions for improving and following
the installation standard regulation.

Keywords— ampacity, underground cables, conduits,
thermal finite element method

I. INTRODUCTION

The growth of urban communities has led to an
increased demand for energy. On the other hand, the
overhead power grid system could not handle
additional loads, and there was no space for the
construction of overhead power systems. Hence,
underground cable installations have to be installed to
meet the higher power demands of the load.

The ampacity calculation of underground cables
depends on many factors. It consists of conductor
temperature, air space in cable, cable overall jacket,
air space in conduit, conduit, concrete duct bank, soil,
and ambient temperature, respectively [1]. Heat is a
key factor to consider when designing and operating
underground cables. It can affect the efficiency and
life of underground cables. The heat from the sunlight
affects the underground cable ampacity more than the
heat generated by the conductors [2]. As soil moisture
increases, the thermal resistivity decreases, and the
underground cable ampacity is increased [3, 12].
Increasing the depth of the underground cables results
in an increase of the cooling distance, which reduces
the ampacity of the underground cables, but it will
reduce the physical damage [4-5, 11-12]. Each type of
conduit affects the ampacity of the underground

cables due to its thermal resistance. The reinforced
concrete conduits have a low thermal resistance that
can cool conduit well. While the RTRC conduits have
a low thermal resistance, but can bear mechanical
forces well [4]. Meanwhile, the HDPE conduits and
PVC conduits have a relatively high thermal
resistance, which poor heat dissipation causes heat to
accumulate inside the conduit. The steel conduit is
strong, but it gets hot due to hysteresis and eddy
current heat losses, but it is tiny [4, 6]. The laying
scheme affects heat dissipation, and it was found that
the flat laying conducts more current than the trefoil
type [7]. Increasing the space of underground cables
and increasing the space between underground
conduits can reduce heat build-up and improve
underground cable ampacity [8, 11]. The effect caused
by the paving material on the top of the underground
conduits affects the ampacity of the underground
cables [9-10]. The landfills in the trench will affect the

ampacity of underground cables. The thermal
resistance properties that were using improved
material will increase the underground cable

ampacity, but it will have higher construction costs
[12]. Installing underground cables near other heat
sources will cause the underground cable ampacity to
decrease [13]. In the underground duct bank, the
conduits inside the duct bank will not have good heat
dissipation. Therefore, it is suitable for underground
cables that need not be high power [14]. From the
aforementioned, this research 1is interested in
analyzing the ampacity of low voltage underground
cables installed in various types of conduit in
Bangkok, Thailand, to study the characteristics of
suitable installation properties and application in
fieldwork.

This paper is organized as follows: first, the
methodology for ampacity of cable is explained in
section II. Then, the simulation result is proposed in
section III. Finally, the conclusion is presented in
section V.

II. METHODOLOGY OF THE AMPACITY ANALYSIS OF
Low VOLTAGE UNDERGROUND CABLES

Ampacity analysis of underground cables is
defined by 416/240 volts, 3 phase, 4 wire, 50 Hz, and
installed in various types of conduits in a sandy
landfill according to the Metropolitan Electricity
Authority (MEA) standards. Meanwhile, the thermal
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resistance [17], the highest surface ground
temperature (the highest temperature in the Bangkok
area in 50 years), and the underground ambient
temperature are defined as 1.0 K.m/W, 40.8 degrees
Celsius, and 30 degrees Celsius, respectively. These
parameters were used to simulate with the Thermal
finite element method program for analyzing the
impact of the different conduit types from the
proposed.

A. Type of Conduits

Generally, the low voltage system in a big city as
Bangkok, Thailand, used underground conduits. The
underground conduits method was selected to install
and considered in four types and the difference in the
material component as steel conduit, High Density
Polyethylene (HDPE), Reinforce Thermosetting Resin
Conduit (RTRC), and Polyvinyl chloride (PVC),
respectively. The specifications of each conduit are
shown in TABLE T and Fig.1.

TABLE L. PARAMETERS OF PIPE [4, 16]
Material diI:llr:::itZr Ahicknesy rgli';{invjiz;
(mm) (mm) (K.m/W)
Steel 128.90 622 0.02
HDPE 126.60 6.70 3.50
RTRC 127.00 1.80 480
PVC 127:20 640 6.00

B. Types of Cable

The underground cables that are widely used in
Thailand and follow up the installation method from
the Engineering Institute of Thailand (EIT) standard
include NYY, VCT, and CV, respectively. The CV
cables are mostly selected to install with advantage
maximum operating temperature of 90 degrees
Celsius and select the copper or aluminum conductor
of the cables. So, the example sizing of 240 sq. mm.
with a copper conductor is shown in TABLE II.

TABLE II. PARAMETERS OF Cv CABLE [6, 16]
Outside 1 Thermal
Material Diameter Th(ll;kl:; N resistivity
(mm) (K.m/W)
Copper conductor 18.47 2.50x107
XLPE insulation 21.87 1.70 3.50
PVC jacket 2527 1.70 5.00
PVC Jacket

XLPE Insulation
Copper Conductor

Fig. 1. Construction of 0.6/1 kV CV cable
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C. Installation of Underground Cables

Low voltage underground conduits were
constructed in areas under sidewalks and traffic
surfaces. The construction of the wunderground
conduits has to be prevented the traffic surface
settlement. Therefore, a reclamation material has to be
used with a low collapse value, using sand filling in
the trench after the underground conduits were laid.
The underground cable installation in various conduits
was installed at depths H1 and H2 and in a sandy
landfill, as shown in Fig.2.

Ground Level

Sand Backfill

H1

H2

Conduit—

f

7
V Compaced Sand %

Fig. 2. Underground cables installed in a coduit.

D. Thermal Finite Element Method

The effect of the current flow in the cables
generated the heat from the impedance value and
radiated around the conductor and insulation of the
cables. Hence, heat transfer of the underground cables
throughout installed the underground conduits can be
presented as [IEC-TR 62095 standard [15] as follows:

oY\ /6, 10°6
e L M
ox” Oy 6 Ot
Where
g 1s the unknown temperature (°C)
S=1/p_ isthethermal diffusivity of the
° medium (mz / s)
¢ is the volumetric specific heat of the
material (J / m3)
P is the thermal resistivity of the
material (K.m/W)
W is the heat generation rate in the
L cable (W/m)
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III. SIMULATION RESULTS
The low wvoltage of the underground cables in
various conduits installed in the underground deep
length about 0.3 to 0.75 m. and selected cable sizing
of 240 sq. mm. are presented in Fig3.

®)
Fig. 3. Thenmal radiation in a oonduit with irstalled CV cable

Fig3 shows the thermal radiation from the CV
cables to the ground throughout the underground
conduit. The CV cables temperature rate is reached
90 degrees Celsius, and the suface ground
temperature is defined & 408 degrees Celsius.
Therefore, the ground can absorb or dispassion the
temperature generation from the CV cables in the best
condition

a0

~#-3TEIL —&— BDVE -~@-UTUC ~—MPVC
ELT
140 == B, S50
——3
]
o e
= i ——— .
20 T e
240
240
220
200
0.5 030 0.45 040 0.75 090
H1 ()

Fig. 4. Conpansion of the cabk anmpacity by differing the
electrical conduits and deep kngth (rith the condition of the
ground surface tenperatare at 408°C)

Figure 4 shows the underground cable ampacity
installed in the various conduits and vatious depths.
The underground cable ampacity showed that the
steel conduit in deep length 0.30 m. catried out the
maximum ampacity of 345 A Meanwhile, RTRC
conduit, HDPE conduit, and PV C conduit carried out
the maximum ampacity for the cables of 306, 297,
and 286 A respectively. Therefore, the maximum
ampacity of the cables can be reduced in a linear
trend from the deep length of the conduits installed
from 0.30,0.45,0.60, and 0.75 m, respectively.

40

~4—3TETL —d— BUIE

~&-0TC —=PYC

5 EL as d0 45
GROUNMD S URFACE TEMFERATURE (T')

Fiz. 5. Cale anpacity when installed H]1 at 050 m and vanes
the graand surface tenperahize from 25°C 0 45°C

Fig5 shows the underground cable ampacity by
varying the ground swface temperatures with a
constant deep length of 060 m. The underground
cable ampacity from the steel conduit installation can
catry out the rated current of 384 A, Meanwhile, the
RTRC conduit, HDPE conduit, and PVC conduit
installation of the underground cables are ampacity
reduced by 342, 333, and 321 A, respectively
Therefore, the increase of the ground suface
temperature has affected the underground cable
ampacity of the reduced ina linear trend.

IV. CONCLUSION

The ampacity analysis of underground cables in
the low wvoltage disttibution system using different
conduits, ground sutface factor, and deep length of
underground cables is presented It was found that the
underground cable ampacity installed in the steel
conduit conducts the best cwrrent. While the
underground cable ampacity installed in the RTRC
conduit, HDPE conduit, and PVC conduit conducts
the lower cutrent. Because each type of conduit has a
different thermal resistance. The underground
conduits that a low thermal resistance can dissipate
heat well resulting in good cutrent conduction. It was
also found that increasing the depth of underground
conduits results in reducing heat dissipation. As a
result, the ampacity of underground cables is reduced.
Simultaneously, if the temperatwe of the ground
sutface changes according to the ssason, it needs to
consider the rated ampacity of the underground cables
at the maximum temperature of the ground swface.
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Analysis of the Underground Cable Ampacity Impact by Different Sizes of Conduits
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Abstract

This paper presents an analysis of the underground cable ampacity
impact by different sizes of conduits. Its aim is to determine the
conductivity of underground cables installed in conduits of various sizes.
The ampacity of underground cables installed within conduits of various
sizes under the ambient temperature that changes with the seasons. The
research used the finite element method to simulate the installation of
underground cables, rated voltage 416/240 volts, 3-phase, 4-wire, load-
balanced type, using the cables following IEC 60502-1, CV cable type,
size 240 sq. mm., installed inside HDPE conduits of various sizes, which
have the same conduits quality class produced by TIS 982-2556, outside

dimensions from 90 - 160 mm. The depth of the underground conduit

was 60 cm. below the ground surface and filled with sand under the
ambient temperature from 25 - 45 degrees Celsius. The research results
showed that the ampacity of underground cables that was installed within
an underground conduit 90 mm. was the best, while the 110, 140, and
160 mm., the ampacity decreased, respectively. At the same time, when
the ambient temperature changed, it was found that if the ambient
temperature was low, the ampacity increased and oppositely decreased

when the ambient temperature was high.

Keywords: Conduit, Ampacity, Underground Cables

1. unin
2 F s :
mafanime Tl lddudwmiussvuns i lulszmelne a2
!
Andsannnasguueddsnisnanuuialszma ine Tunszusy
slaud (1] wasgaeans ihuasvan R1vaznas g
W s, v 3 !
s hdugiinin 3] Fazivualddansas i luiedos
¥, Il ' 2 Atetes i -
el dsznoudae vie LIDPE iervan W% uazve RIRC #i
o & Py 4 Wi Ae
sEaunmand1 wiowisszyunans suavesme dhiisuniss

Taaoamellihuaazauia

o

msdnsanszuavesde T ldauiinarwiaidoidana
nsgnudemsinszuaveday i smmsdnymuiuil guugiiia
Aunlasumlasagdinadomainszuavosms T 1danTasa s
aa & & X . e 9.3 o
vinguvgidIau viuzdanai ldmaiinszualilves
e llihazanas (4] nazmaiivanuanvesme lihidauas inad
anndoaunmndemiennmenmuazinaidesenisihnszuaved
A ) 9 &
ae i aaninmszinenmioudealdszeznanniuan iy
an daralimsihnszuaveames I 1daaas (5] donwiuoa
) ) o o s, ¥
audinvuaginldmninszuavesae Il 1dau 18 Avay (6]
TuvmgAvuiaiaves Duct Bank vz iinadon1siinszuave
; i
el 1dau drszezrieszidnvedosmuiniiuogiinlvng
p 3 )
ihnszuaaescns ¥ 1833 (7] nazdnsdadavedesana i1
a Wy R ¥ 4 A PP S
augnineglndinasssaudaudun eananiuiineaiaiina
; o
i liansadareredesme i luszosingan1d dniuida

tudludesfinsandanuioumeueniisewansznudemsszue

121



z
matszguivinmaiamnssuTif asai 44

The 44" Electrical Engincering C (EECON44)

Fuil 17-19 ngAaSnmon 2564 w Tsausy A Buose i sunsiipain Sanimin

T )

anufouveame Ivhhinsluviedosas Tyl 18 liaa i 1 s
wnszualhhdaans (8] inmisdnmdananwuhdiiiudes
o A aAa . ? A a ae &
Anunladeduq Ninademnimszuafimay nazauisstiauls
Anmuazinizizesineimaiegmelureiosmeih Tasns
finswivnanedosme i 1ddauvuianiag filikadons

ihnszuaveams hihdaudely

2. nquiiineates
m3dansinnanodesms il dawiinademsinssug

voamehivhday finquiiiiendoedal

2.1 nszualvh
TagialUnsdnaunsznavesme i Idau s

: P SHERY
A ldamuasgin EC 60287-2-1 (9] Fahiswogluamivvil

naznAsyIaana T wanaa ldaeaums

AO-, [ 05T, +n(T,+T,+T,)]

I:VRTl +nR(1+ 24 )T, +nR(1+ 4 + 4 (T, +1,)

(1)

Tavi

nwnanszudvesmaiiia (A)

o

HaANQUNYTVRIRNINUANIAADY (°C )

]

A6
waswgadelunu (W /m)

22 22 30 3| 3
]

n 9 IuANh (1ny) yeametaiia

R 0 mmﬁ’mmunmmaﬁquﬁd\hﬁqmngﬁ
1Fm(Q/m)

T Ao Aanwd A ious g N NhAY Sheath
Chkm /W)

T, Ao AWATUMUAIINT 0UT 21119 Sheath T
Armour (km /W )

7, Ao anwdummanuienssnin Amour i
Jacket (km /W)

7, fe Awdmuanuiounisuen s3MIN Jacket
araAu (km /W )

A fio  dnsrdruidegadely Sheath Aoriids

gadeluani

2, fe  dandiumidsgadelu Armour Aeriaa

gadsluani

22 mstamanuieu
onszuatualudinefannudoriulumeliuaze:
dwmn‘nu%aumm‘f‘zmﬁ'mamuﬁ‘;“miuq dmgermamelune
Youme v sriniofosae Tl nazdmsuaugiadu
awsodnawldnnauns (1) uadredimsdananfingan
qumgiiiiuiivesee hivhusnudazdy yuzinamniud a1

A7
|7

i L‘ N\

cOomm

N [ xuv
a ad 4 & o o 2
finsangamgiiisiunnmshauniouiuvesmeTiimaua
Taldaumimaihanuioulunasgu 1EC TR62095 [10] Faneas

T8daauns
o0 o6 180
‘—2+—:+W:m =—— 2)
ox ) S or
Taoil
6 fla quwgii(°C )
S=1/pc  fio  msumsnszneamieuvesiinan
(m*/s)
(s flo  mwdeusumzvesiag (J/n)
flo  anudumiuanuieuveaiag
(K-m/W)
W, o oasnsaduaiouluaelihh

(W /m)
as o A -~
3. AwNIaHNIdY
o a a e = a L ¥
maduinmsaitsvesdingzivnaredesae lihila
Auiiiinasienminszuavesms I ldau dreiisasalludied
wud dmualiquugiifiafu 2545 ' wazviedeumuiihldau
5
wiin HDPE Malalddudn eo au.gniainaudiensioilon TasAana
e lilih e CV 1A 240 a3 159U a16/240 Taani 3 ol 4

Mo Alwazdoalumsaniunmsaail
3.1 vinavesneZeamallilaau
A5ui

vinanofosma b 1Aaui1$uauidedt fivina ouside

diameter (OD) 99 ANAATWAZDoAAZIN 1

Surface Temp. 25-45C

Wet Sand Bockfill
00D 160 mm. - OD 140 mm. OD 110 mm. OD 90 mm.
@ \@ @ @

[AH Conduit : HDPE PN6 PEBOI

Ui 1 vinaduigudnaioio HDPE #l#lumsdans

nngilit 1 nnadurigudnataiefosas i 1day ¥iia
.
HDPE FufAunW PN6 PES0 U52noud1e v11a 90 Wi, 110 1. 140
& o A d 9 o ‘a
wu. naz 160 vy, Finnatuinhaame s hidu
e :
40% voauinihaanefesms Il Fassaoandosmminasgiu

122



matszpinmamadmns i afiil 4
The 44" Elcctrical Engincering Conference (EECON44)

a - -~ . o - . ¥
uit 1719 NOAINIOU 2564 W Taausu & dumsa i duneiiioaing Sanimin

auida ~
VD9 ANSI/IEEE $td.525-1987 a13dwiifinisanmisvaisameaiy
. 4 - ' X 4 9o 0 S
PedunimneienFsuiisurannnnuaaveituiimidae ¥
malfiadmivronnalugewdaisamonund Iddzdanald
masznenuioulddini

32 anuvnveaneaiesme vl ladu

; a Faal
anumnveaiefesas 1A w1913 duil vina
AN A wazideanagii 2
Surfoce Temp. 25-45°C
/7 o o 7777

Wet Sond Bockfill

PN6 PNB PN10 PN12.5
(thk 5.3 mm.) (thk 6.6 mm.) (thk B.1 mm.)(thk 10.0 mm.)

@ @ e

[AI Conduit : HDOPE PEBO OD 110 mm l

71t 2 vumarmmunio HDPE ilFlumsdnoa

nngilit 2 wannumuedesme T IdAw wiia HoPE
wnardushgudnatanilu 110 uu.ﬁ'i"uf)mmn PESO 3 PN A9 4
PN dlumdmuamamnveaie Fanrmmumlszaeude wna
S.3UN. 6.6 M. 8.1 WAL 1D 10.0 Wi

33 anumumuanuienveddag

amsannunszuavasmis b ldduaznidiasanisaiom
anudoudaedi I Tudiodued Suiliidosimuasmauanidves
RLCERNE] FailTwaziBuadanii |

- »
A s suvn i

ey U3 anudumun mion (Kem /W)
1 HDPE 3.50
2 Copper conductor 2.50-10"
3 XLPE insulation 3.50
4 PVC jacket 5.00
5 Air 40.00
6 Wet Sand 100

Anud A iouveatagozinalasasanonisdiom
Anudou minmanudmuaiounnasihlinsdwmai
Fou'ldviovas vuz@oriumindagiimanudmimanuion
o msemanuiouzinlsiu Tavasatuaumumioniu
nhveaiag Fanniinmmumermnfanaidwmanuiou

&0y
-
4. HAMFIY
. i o ik %
HaM3 NavavpaAtuil sznon dae 3 @ Fallswazidoa

e woidl
aane i

‘k“‘

ZO0Omm

Suv
4.1 wam3$IaedveInsmEmANNIou

misdiaeaniioiemanuioud103s I ludiodiuud voa
mwhiihilaasaneliniedosme v viia HDPE aunsevivaio
aaplit 3

Surface: Temperature (degC) Max/Min Surface: Temperature (degC)

31t 3 madwmmwiownnd nhgionu

nngli 3 nama liuiimsdwmanufouiudusndni
a & 1w o d eqya - .
Fudionszua narddanimiliiianufounazeziimsdom
o i) . E o § e
awFounnanirmmuin oand viofosee i vudu Tigia
. . 4 .
Au Fampdanuiousziniigauinudnih tazizanaviionn

nnanh nazaziinwiouiesiigauinuiau

42 wanstaesveaneesmalihhvinasis
wamsiaeantsAanaas i 1daw melusio HDPE fiiidu

Fhgunanaain 9 dunsaminazue lddanaaaagii 4

40D 90 mm. 30D 110 mm. ~A-OD 140 mm. ~@-OD 160 mm.

L o

nsziarbh ()
g

25 30 3s 40 45

QUHIIAIAU(C)

it « namlanudiniusvoanszua rbfiiown 0 HDPE
; " " = o
il 4 maniidiaeadred i I ludiodmud nuduiio
i hbhiumss Tnaaduiinaiqumaianii 9o ‘C vuziiqumgi
a ia ¥ i}
fadu 25 *C nazuavaams hhhitaaaaliiofosens I vina oo

123



matzginnamadmns i afeil 44

The 44" Electrical Engincering Conference (EECON44)

il 17-19 noaimon 2564 w T3ausy A dumsa i dunadisning Sandmin

WAL 110 11 140 W, 1AZ 160 W, dzaunsoiumsz Tnaagagald
4 14 4 4

352.68 nounli 338.43 uownl3 333.17 nownli nag 319.01 nownli

5 4 WY g
A naziioqumpiiaugaiunn 25 °C i 45 °C szdanald
mwlhhaunsaiumaz TwaaldiosasTasiinszualifezanas

ihudadu

43 wansdraesveanaFesmalhhiiinnumina q
o, a ¥ . o
wamsaoansaansee 14y meluie HDPE fifianu
HUWN 9 mxmnmm:;m'ld’a’mﬂmﬁqﬂv‘i 5

400 [ PNG [ PNS [ PN10 [ PNI2S

350
2 300
= 250
= 200
£ 150
£ 100

0

2 30 3s W i

qumgiliIAu ()

“ o . .
it s navdmmdiniusvoanszua llhaonumunvenio HOPE

g s wamalisiudimainszea bhveams rihdau

. 2
&

faamaniolunedesme biriamndraini wuding
inszuavoame hhhitaamaneliaiiinnumuiosniieg
annsminszna ldandmoRimwmnnandydtesnnanumin
ovziinaTavasadonisdomanudon vazide fudanydnio
qumgiiiawiunn iz dwmalfmninssumvesme i ld

Auaana

5. ajUwamside

msamaee ARy 15990 416240 Thand i 3 et 4 o0
voamw i viia cv fiaadameluiodasmo hhidau vila
HDPE wuwna 90 ui. azeinsasumsznszna i 1dgaiqa
n‘fowmf‘mi‘i'inmmﬁmﬂuvioﬂﬂ?umﬁ'ouqn oo
vadui Tand mszemaiimanudumuna DUFANINITY
voYoume Iyt wnfuiinemainniuniovnanelivinala
Futazdanaldmisdiomanuiounnae i hlduiiavod
szezmanniy fozdaraldmminszua i diosas aiuih
edosmehihitinnadnnhozilmsinszuaveame lhh
auldant udlunisiinsadoniedmiuansaee ihaad 3
@il melwio@nivdadesiinsandnledivudnougnila
(Percent Conduit Fill) titofinrsandrany Trhfanual #itui v

2 4 - "
40% yoauiimeluvioFazaoandoanumaiivaideavoame lvih

E AN
E [AA
C v,
0

N pxuv

mulurofosao vl (Jamming) AR5 § 14D ANSIVIEEE
Std.525-1987

1901591994
(] SeonssuaonmialszmeIne Tuws sususplaud “nasgu
- o o
msannani i dmiy Uszmalne wa2sser fiuiagai |

N.A.2556

21 mshihuaswann “Aumzinmsanss b Ida i
VATTT WA2544

3] s hbhdwging - ssuuhadesdnszuumiialddu
dmivmihudanss” w2540

[4] Dardan Klimenta, Bojan PeroviC, Jelena Klimenta, Milena JevtiC,
Milo$ MilovanoviC, and Ivan Krsti€, “Modelling the thermal effect
of solar radiation on the ampacity of a low voltage underground
cable”, International Journal of Thermal Sciences, vol. 134, pp.
507-516, 2018.

[5] Ayudha Nandi Pradipta, and Chairul Hudaya, “Effects of depth
burial on current carrying capacity of XLPE 86/150 (170) kV
underground cable”, International Conference on Information and
Communications Technology (ICOIACT), Yogyakarta, Indonesia,
Mar. 2018.

6] S.B R.Mi

M.Manana, A.Laso,

21 A.Arroyo,
P.Castro , and R.Martinez, “Thermal behaviour of medium voltage
underground cables under high-load operating conditions™, Applied
Thermal Engineering, vol. 156, pp. 444-452, Jun. 2019.

[7] Kawin Charemdee, Rongrit Chatthaworn, Pirat Khunkitti, Anan
Kruesubthaworn, Apirat Siritaratiwat, and Chayada Surawanitkun,
“Effect of concrete duct bank dimension with thermal properties of
canerete on sensitivity of underground power cable ampacity™, 18th
International Symposium on Communications and Information
Technologies (ISCIT), Bangkok, Thailand, Sep. 2018.

[8] Wang Jian, Jin Huan, Yang Zhi, Zhao Bin, Ma Xiao, and Ji
Kunpeng, “Study on finite element analysis of the external heat
resistance of cables in ductbank™, The 6th International Conference
on Power and Energy Systems Engineering (CPESE 2019),
Okinawa, Japan, Sep. 2019.

[9] [EC 60287-2-1, “Electric cables-Calculation of the current rating-
Part 2-1 : Thermal resistance -Calculation of thermal resistance”,
2015.

[10] TEC TR 62095, “Electric cables-Calculations for current ratings-

Finite element method™, 2003.

124



N1sUss UO(J'](Y]SIHSE)U OHODSSUTUJUJ”I ﬂSJﬁ”ﬂ4
The 14th Electrical Engineering Network 2022

/D

95-27 MAY 2022 Hilton Phuket Arcadia Resort & SApa, Phuket

CONFERENCE TOPICS . Electrical Power (PW)

. Electronics, Circuit and Communication (EC)
. Power Electronics (PE)

. Computer and Information Technology (CP)
. Control Systems and Instrumentation (CT)
. Digital Signal Processing (DS)

. Energy and Energy Saving (ES)

. Innovation and Invention (IN)

. General Electrical Engineering (GN)

10.Special Session on Electrical Engineering (SS)

O 00 N Oy O B W N =

125



- s
unANNNe
s z
mstszpinmnievisinanssu i afafl 14
14 Conference of Electrical Engineering Network 2022 (EENET 2022)

B94)  Power & Energy Society*
S Thailand Chapter

msfunszurvesnghidaumeluedesmanuuiadsldauTaonsedumafiamstaiome

Ampacity Increasing of Underground Power Cables within Semi Direct Burial Duct Bank by Cable

Arrangement Technique

qniFe suthe’ muina valldimes 1gad Nauka’ moe Tnmlay' fifle Sne3a’ Jamys feuen’ gnoen A’ uas yai Udinae”

- = - 4 -
'mndyiimngn Wi pazdmnsumeand uniinedoma TuTadssuennsyyi

‘rwiirnssy i sasdmnrumaafuszaaniaensrumand winedona Tu Tatnmmnade
Email: ritthichai_r@mail.rmutt.ac.th, 'boonymg.p@enmutt.nc.th

unfindes

umawihiurueEmdnTzurves i 1R
Famanolureforaeuuuiadadu Tnnz Tanlidngilszaadifte
dulszaniamlunsfuTnasvesaeldidremaiindreg nis
ffium3sodidT I ludiodnnd msfawriiRrarszuy i
147w wuw 3 o wila 2 Mo usasu 400 Thant uuyTnasrugod
el ¥ila Cv e 185 Az, me TiihAsdenielurie HDPE
vwaurgudnga 9o . $1A0A W PN6 PESO ANWEneInda
951058410 HDPE 0i151 60 #ras. Fafanaudaonste wanisfnua
wu m3tndessiouuy Crade vz3095uTnaa ldunndun
Trefoil Tvai AN 1T T208 11932 NIRAWRWLY Cradle uaz
Trefoil o¥30e3u Tnan dnnnnsaneme iii3adndu madunh
mulurie HDPE naunusevinemafithidniinilafimunsaiy
prsnalifume g SovdBinsdmdmududuazsedy
Tran @ lndRoetu fuhf g W insdnhluvefesmalif
SuiBmsniunssurvesae M fafgavesdinirdeq
el etnlsfamlumalgiadeldedrdadnnmelrznsi

&
FoaRnsaufin@ndely

sty nszua T vieTesme domdinlaRu

Abstract

This paper p the methods to i

underground power cables installed ingide the semi-direct burial duct

the ampacity of

bank. The objective is to increase the performance of the load capacity
of power cables with cable arrangement and other techniques. This
research was performed by the finite element method. This selected
underground power cable system was the three-phase, three-wire, 400
volts, load-balanced system, type CV, and size 185 sq. mm. The power
cables were installed inside the HDPE pipe, diameter of 90 mm., the
quality class was PN6 and PE80. The depth from the traffic surface to

the HDPE pipe was 60 cm. and backfilled with sand. The study results
found that the cradle cable formation arrangement carried loads more
than the trefoil cable formation arrangement. While the increasing
distance between the cradle and the trefoil cable formation arrangement
can handle loads more than the power cable adjacent arrangement,
Water filling in the HDPE pipe instead of air gaps was another way to
increase the ampacity of power cables similarly in both methods
mentioned above. Therefore, it can be concluded that filling the conduit
with water was the best method of increasing the power cable ampacity
of the various methods mentioned in this paper. However, in practice,
there are still several limitations that need further investigation.

Keywords: ampacity, duct bank, underground power cables
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