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SUMMARY

High Voltage Direct Cuent (HVDC) transmissioran offer low energy losses over long distancaiows for the linkage 6

incompatible AC gridsexhibits superior controllability, requireless right of way (ROW)and maybe less vulnerabléo
geomagneticallynduced currents (GICs) and aggressive EMP attabksIAC systemsin the grid of the futurellVDC assets

will likely bethe technology of choice in many scenariespecially for low loss, lonrdistance power transmission from remote

renewable energy soces Currently, overhead lines (OHL) ameuch lower costhan underground cables (UGCpwever, OHLs

are vulnerableo damage from the environment, require larger ROWSs, produce significant external magnetic fields éBMFs),

create substantial visual pollution, which has resulted in significant public opposition and lengthy delays in projeicigpérmit

an attempt to close the cost gap between W@WGE OHL, we propose the dacation ofUGC systems alorsiderailroadtracks

The increas# mobility of machinesmaterials and worker®n railroadsmay make t he installation and m
UGCO considerably | e gte udebfpnvatecalwmaysanay alsoavad| confliot Qvitlerel stakeholers

and reducehe regulatory delays that have plagued many renlewatergy transmission project#dditionally, takingfull

advantage of the increased accessibdityl load capacity capabiliyf railroads by irsitu manufacturindhigh voltagecable in

lengths far greateihtin what is currentlyransportabléy road haulage, could lowewerll project costs by greatly reducing

expensive and vulnerable cabldisgs.We present groofof-concepmethod for continuously manufacturing and installing high
voltageUGCf r om a movi ndgg ThCearbd ea rTa atimr ee pr i nsach § maodfaatdrihglatforgné s associ
extrusion, curing, and degassing, which can be addressed by continuous extrusion, horizontal curing, and inling degassing
respectiely. Of particular interst is an enabling design for a spa@wing,inline degassing systerhifetime and total build cost
estimatesreperformedand resultare compared with past projects
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Background

Resolutions to decarbaré energy consumptiohave been on the rise during the last decade.
California and Massachusetts, for example, have both committed to ambitious renewables development
plans. The former has promised to reduce greenhouse gas emissions by 40% below 1990 levels by 2030
(SB 350) ad the latter has promised to achieve 100%aidbonization by 2050 (An Act Relative to Energy
Diversity) [1], [2]. This evolution in energy portfolios requirde utilization of new, and often remote,
renewable energy resourcésthe U.S., solar and wihresources are highly concentrated in the southwest
and centrategions of the countng], [4], and lack of grid accessibility is often cited as a barrier to a more
rapid transition to renewable energy dependence.

High Voltage Direct Current{VDC) transnission has become the technology of choice in many
scenarios, especially for lorgjstance transmission, and will be vital for the growth of the renewable grid.
Over long distances, the ¢osf HVDC converter stations isffset by the elimination of capiiee,
inductive, skin effect, and dielectric charging losses as well as intermediate reactive power compensation
requirements associated with ledigtance HVAC.This leads to a breakvendistancewhere HYDC
becomes less costlthan HVAC. HVDC connectios alsoallow AC grids operating with different
frequencies or phase to efficiently exchange power. HVDC systems require less material and narrower right
of ways compared to-Bhase AC systems. It hasalbeen suggested that voltage source controlled (VSC)
HVDC systems may be morebust to geomagtieally induced currents (GICs)][5

Because of the intermittent and-ofémand generation of renewable platits, economics of a cest
competitive renewable grid are difficult to mod#&Vithout sufficientstorag potential, building a grid that
can allow high penetration of renewable energy, with little or no increase in the cost of electricity, is a
problemmany are trying to solven 2016, a study by NOAA scientists found that a lesgmle, optimized
HVDC grid could enable the U.S. to use wind and solar generation to eliminate up ¢d 8@ emissions
while meetingts energy needs at the saowst of electricity as in 2012 [6

Becausdhe bestrenewable resourcés the U.S. aréandlocked,developersill be unable to use
benefits afforded by the technical maturity of cdllging vessels (CLVs)which has been exploited to
install a large HVDC networln northernEurope. For oveland transmission,alelopers have historically
opted to use overheadhdis OHLS) because they aren paperseveral times cheaper than underground
cables (UGCs)four to fourteen timescaording to one repofi]. Despite this economic advantage, the
visual pollution caused by, and wider right of ways (ROW) required by, OHLs have sparked stakeholder
objection, leadingo costly, and sometimes fatgrojectdelays.UGCs are essentially invisible, they are
less vulnerable to damage, exhibit lower traission losses, and reduce or eliminate ambient magnetic and
electric fields The development of cheaper UGC systanay also be able taignificantly streamline
regulatory review and increase the speed at which vital HVDC links are constructed

2. Symbbtic approach: celocation of HVDC links and railroad corridors

UGC is significantly larger in diameter thamshieldedOHL. Hence, for landased systemsable
bending limits and transportation weight limits restrict the length of HVDC cable that can be spooled at the
factory and transported to the installation site. Installation lengths are usually limited to about Thiskm.
leads to a costlypiecemeal constictionprocess wherein cables are joinedhple splicedocated in splice
pits, that have beeprone to failure and costly to rep#sy.

As proven by submarine cable manufacturiagt possible to manufacture extremely long lengths of
cable (2630km), void of any joints, using carefully synchronized manufactu@hgwWe hypothesize that
the cost of UGC systems can be significantly reducia the cdocation of cable and existing raid
corridor s, oothati@asontzes kadroads comple@ehtvery longcablelengths.
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Figure 1shows the enormous network of railroad corridors in the U.S., which could host large portions
of a future HVDC gridRailroads make the transport of machimeaterials, and personnel far less costly
andincreased accessibility will reduce capital cost andalMéfietime cost compared to cable burieding
off-road machinesn dedicated corridordf cable is not irsitu manufactured in a continuous length, as is
discussed shortly, railroads couldldte used taleliver longedengths of cable from a railcar, usiregls
or other packing methodk addition trackside UGC bearseveral advantages that dr&dto assign a
dollarvalueto, like streamlined project planning and regulatory review.
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Figure 1 A map of known U.S. railroads constructed from GIS Ha

2.1 Thecase for trackside UGC, n@QHL

Since the 1980s, railroads have accommodated and maintained underground fiber optic networks.
Union Pacifi¢ for example maintainsover 34,000 milesf trackside fiber optic cable [JORolling stock
machinery exists that simultaneously plows through soil and lays fiber optic or signaling cable, which is
dispensed from reels on the train, by threadigle through the ploitself [11].

Naturally, be idea oto-locating other utility servicesith railroads including powetransmission,
is not unheard of, and many OHL lines share a right of way with railroads in the U.S. However, there are
many points of incompatibility beteen OHL and railroads. A number of utilities have moveedepisting
ifitrackside OHLO out of railroad corridors in ord
United llluminating Company removefl00-yearold trackside structuseon the MetreNorth Railroad
(MNR), in Connecticut, and replacethem with independent,upgraded 115kVithes using talér,
galvanized, steel monopoles [12

TheElectric Power Research Institute (EPRI) spoadaesearch in 1977 investigatithg possible
del eterious effects of OHL t r a n soadcensnunicationsagds t e ms 6
signaling [13. Later research from 1986 investigated mitigation strategies to reduce the measured voltage
and current induced in pipelinesjlsaand signal congtctors in a specific case study [LMore recent
research acknowledges that, while there are many mitigation strategies, it is difficult to design an overhead
transmission system that is completely free from electgoefz coupling béween services [15To
summarize, there are many examples of OHL lines located in railroad corridors, however, these systems
have the following disadvantages:
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1. Pylons require greater righf-way than UGC trenches.
Structuresreate a safety hazard f@esidentspassengerand maintenance crews

3. OHLs induce significant externahagnetic fields, which raise concerns about possible
electromagnetic coupling between the transmission system and other potential trackside
utilities like pipelines and railroadé€ilities, as welas safety concerns for people [14

N

More forwardthinking disadvantages, not found in prior art, are:

4. OHL offers lesopportunity forcapitalcostsharing with otheutilities.

5. OHL will likely always require piecemeal constructiotnet hod s, which cané
advantage of the mobijitoffered byrailroads.

6. The use of overhead space in railroad corridors may prevent potential future developments like
electrification of the U.S. rail system, autonomous railcars, wireless powdetrdansreasing
weight limits and talle railcars, as well as Hyperloawr hybrid planetrain transportation
system retrfitting.

On the other hand, thmarked decrease in cost of UGC affordedchysslinked polyethylene
(XLPE) insulation, and the significant reduction of magnetic coupling between UGC and its environment,
are strong motivators for investigatingackside UGC. Recentlyhé Direct Connect Development
Companyhas been pursuing a project called SOO Green Rene®aill¢éhat would place 349 miles of
UGC, 85% of it being along a Canadian Pacific Railway route, to carry windrgawn central lowa to
Chicago [16.
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3. Cable Train: in-situ manufacturing of trackside UGC

To help further reduce the cost UGC systems, & propose a mobile manufacturing platform,
hereafterrefer ed t o as t h e-siti @allctioe otdntinaousriengihs &f cablehichnexit
the train and are directly laid into trenches that have besxted alongside the ties. Figure 2(a) shows
a plan view schematiaf the Cable Train plaeg in-situ produced cable into a trackside treastthe train
moves along

@ 22 T2 12 2222
Production  Horizontal Continuous  Metallic Inline Horizontal  Continuous Conductor  Primary
Testing Jacket Jacketing  Shieldii D i Insulation  Insulation Stranding Mover
Curing Extrusion Curing Extrusion
Trenching Concrete Slip-forming Finishing and Covering
(b) 3 =T P T
Cable Qualification Cable Repair

Figure2: (@) Planviewo f t he #A Cabl e Tsitugpioduced higiv hioltagehcable into an adjacent, open trench. The
comprises a number of modules necessary to manufacture high voltagewablstranding, extrusion, curing, and degassing, amt
others.(b) A diagram showing the possible separation ofl€dlbain functional units. Each of these modules may be independ:
hauled in order to fully realize the maximum working speed of each module

The Cable Train i& mobile manufacturing platform that isnstructed from modified or dedicated
rolling stock.The intent is for it toancorporate all the manufacturing abilities of a stationary, sththe
art cable manufacturing facility and produce continuterggths of cable inthe same way ag is
manufactired for submarineable systemsThe Cable Traimpproach exploits the advantages ofksiae
UGC to the utmost extent:

1. In addition to railroads makingansportatiorof machines, materiand personnel cheaper to
begin with,the Cable Train replacdhle transportation of cable witthe transportation of raw
materials at a much higher packing fraction, and a much lower Gsble installatiornas leen
shown to be 3@0% of the entire lifetime cost of underground syste@iscumnavigating
obstaclegselated to vehicle width, bridge heighteight restrictions, cable reel accessnch
access, and steep terrdby installing cable as it is made, will significantly redaost[17].

2. Furthermorein-situ manufacturing cable in lengths much longer thasdtransportable by road
haulagewill mostlyeliminate cable splicedlot only are cable splices costly to install, each splice
pit taking several workers several weeks to install, cable accessories have been found to account
for up to 37% of system faites, due to design, manufacturing defects, and poor workméd8khip
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The Cable Trairfmay be complmented by other modules that perform trenching, concrete slip
forming, coverandfinish, commissioning, and cable repaihe entire series of modulesvisioned is
shown in Figure Zb), which togetier can achieve all the advantages derived from trackside UGC discussed
so far

3.1 In-situ manufacturing lsallenges

The functional requirementsr the Cable Train should be driveg the necessitytprodicecable
that is low cost and high qualityall in a narrowspace. Tie train must providenanufacturing capabilities
equivalent to those of a stavétheart facility and there must be provisions to perform thorough
qualification of each cable, the resources required to do so being housedmajadr within the Cable
Train.

Underground able is produagthrough aseries of additive stranding, extrusi@mmouring,and
taping operationsThree manufacturing steps have been identified as pregengjor challengefor the
Cable Train (1) Insulation extrusion requires screepacks to filter impurities out of thextrusion melt.
Replacing screepacks requires interrupting productioburing (2) Curing it is critical to maintain
concentricity To this end, most facilities useertical continuous vulcanizatiolvCV) or catenary
continuous vulcanizatiofCCV) lines which require significant height ahdrizontaldistance not aailable
onrolling stock (3) Degassings a critical step often accelerated by placing finished shipping lengths of
cable inside large heated chambers. In order to maintain a contiangtisof cable, the Cable Train must
have provisions to degas cable inline.

3.2 ContinuousExtrusion

In order to allow longer extruder runs without the need to stop opefaticeplacing screepacks,
cleaning equipment, and reloadiegtrusionlots, redundanttriple-extruders can be used with a dual
crosshead to provide indefirligdong operationOneset ofextrudeswould beexclusivdy operatedwhile
the screespack in the inactive extruder is replaced and the equipment cléBEmegdreviousy inactive
extruderandpreviouslyactive extrudecan besimultaneouy ramped-up and ramgd-down respectively.
Melt can bepartially discarded through purge valves in both extrudets the changef-duty has been
completed18]. Ideally, resin feed will be contained in a sesfosed system that ensures plastics remain
clean duringdading and regular operation] [T his setup will allow for continuous insulation and jacket
extrusion on the Cable Train.

3.3 Horizontal Curing

To accomplishaxisymmetriccuring without avertical tower or catenary pressure vesapkocess
similar to theMitsubishiDainichi Continuous Vulcanization (MDC\f)rocess can be usddDCV uses
anextended extrusion digvhich relies omesidual extrusion pressuaed heato achieve concentric curing
while the extrusion remains constrained withisegmentedl | o n g | a n dThelproeess refiels anD )
the high viscosity of specifically chosen insulation materials, kept perfectly dgkhdby the extended
extrusion die,to provide sufficient viscous resistance donductor sagging. The conductor may be
continuously rotated to ensure that it stays at the center of the die despite circumferential flow of insulation
material.This machiney has been &slto produce cable up to 550kV [[L& schematic of the LLD from
the original patent (1975) shownin Figure 3below.
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Figure 3 A longland die from the MDCV process (1975) [18].

The time required fowvulcanization can be reduced by increasing temperature. Traditional
vulcarization processes that use steam and/or nitrogenot increase temperature without also increasing
pressure. The extent of this optimization is limited, then, by the strength of the pressure vessel used to house
this reaction. By contrast, the MDCV/LLD process temperature is independeribBqressie inside the
die. Therefore, highgemperatures and vulcanizatispeeds can be achieved with this proc&ssording
to the original patent for the technology (19759], the cumulative length of the sections ilhased in
Figure 3is between 1 and 2theters long Standardoxcars are commonly produced with interengdths
between 15 and 30 meters

3.41Inline DegassingSerial Combed Cable Reels

The @blemust degas between insulation curing and metallic shielding. While this is happening,
the cablemust constantly progress through the train without holding up production. If degassing cable
traveled straight down the length of the train at a typical rateatde @roduction (1% meters per hour is a
reasonable goal using tripétrusion), a seriesf cars extending tens of kilometers would be required to
achieve the desired degassing time.
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A concept for a dedicated piece of rolling stixkreseragd hergo heat the cable, after insulation
extrusion, taaccelerate degassing, bging a new, inline cable handling system to increase the amount of
cable contained in a single railcar, thereby reducing the number of cars requiesthathe desired
degassing timenithout affecting the cable production spe&te design would utilize boxcars equipped
with serveactuated reels upon which the cable winds on, and then off, from one reel to another, thereby
effectively increasing the patbngth the cabletake through each car, thereby increasing the amount of
cable present in a car at any given time and decreasing the required number of cars to achieve the desired
degassing timeBecause the metallic shield, the component most sensitive and readily déypageding,
is not added until after the insulation degassing, these cars can use reels of diameter less than that
recommended for handling finished shipping lengths of cable (usuabp2@he total outer diamet of
the cable)Figure 4shows a simplified view of the degassing car, showing the path of cable through the car
and the approximate size and scale of the equipment.
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Figure4: lllustration of an inline cable handling syst@mnceptthat increases the length of cable that can safely fit into a sin
boxcar, thereby decreasing the number of cars that meeded to sufficiently degasable after insulation extrusion. On eac
reel, the cable travels across the width of the railcar/@ner, alternating direction with each redflelical guides are used tc
guide the cable across each reel and overhead radiant heaters provide the heat necessary to expedite the degassing p

The cable in this system must move axially across the length of one drum, as it rotates with the
motion of the drm, before unbending and being passed to the neighboring drum, whereupon it travels
axially in the opposite direction. Therefothe cable moves side to side, perpendicular to the direction of
travel of the train, as it moves down the length of the trgitrdoveling from drum to drum. In order for
cable to move axially down the length of each drum, it must slide axially, otherwise the cable would simply
attempt to accumulate on each drum, leading to no progress along the length of the train, andliikgly lea
to the cable breaking. To accomplishthisaxialdli ng t he cabbet mugtui e fibembae
a spiral path as it rotates on each driliimee conceptfor such hatware are presented hereaft@) a
continuous helix (b) discrete spirai n g fi &nd (o disorete spiraling rollers. A common
mi sconception upon presentation of these designs
and cable. In actuality, the combs must remain stationary relative to the railcar/containémga spiral
path for the cable to be pulled through under the influence of friction between it and the rotating drum.
Figure 5shows schematics of the cable combs.
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Figure 5 Schematics o continuous helical comb (Lef) = R A a O NXB (MBldled b anyl & dis@eteYdller comb (Righ
c) that ensure the cable moves axially down the length of the drums

A first-ordermanifestation ba spiral guide is aontinuous helix[Fig. 5(a)], which makes constant
contact with the cable to push it axially down the length of the dBieaking the continuous helix into
discrete fins[Fig. 5 (b)] saves material cost while still enabling safe cable handling. Replacing the discrete
A f i n sdiscreteirdlens [Fig. 5(c)] increases cost and complexity, but it redddetion and henc¢he
risk presented by sliding contact betwélee comb and cablasulation inherent isoncepts (a) and (b)
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Figure 6: The table above showsaxple numbers from a design spreadsheet made to aid in the design of the helice
combs proposed i spacesaving irinehandlirsgsyistermforcdd-r @ | i p r abaveThesspreadsbee
calculates all Von Mises stresses andglirecks the stresses assuming different typeshdé@mbs. All inputs are shown it
black and outputs are shown in blue. Highlighted gresis represent force constraints where stresses and deformatiol
solved for.This tool is made available for study and furteeolution[Supplementsy Material J.
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