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SUMMAR Y 

High Voltage Direct Current (HVDC) transmission can offer low energy losses over long distances, allows for the linkage of 

incompatible AC grids, exhibits superior controllability, requires less right of way (ROW), and may be less vulnerable to 
geomagnetically induced currents (GICs) and aggressive EMP attacks, than AC systems. In the grid of the future, HVDC assets 

will likely be the technology of choice in many scenarios, especially for low loss, long-distance power transmission from remote 

renewable energy sources. Currently, overhead lines (OHL) are much lower cost than underground cables (UGC); however, OHLs 

are vulnerable to damage from the environment, require larger ROWs, produce significant external magnetic fields (EMFs), and 
create substantial visual pollution, which has resulted in significant public opposition and lengthy delays in project permitting. In 

an attempt to close the cost gap between UGC and OHL, we propose the co-location of UGC systems alongside railroad tracks. 

The increased mobility of machines, materials, and workers on railroads may make the installation and maintenance of ñtrackside 

UGCò considerably less than conventional UGC. The use of private railways may also avoid conflicts with external stakeholders 
and reduce the regulatory delays that have plagued many renewable energy transmission projects. Additionally, taking full  

advantage of the increased accessibility and load capacity capability of railroads by in-situ manufacturing high voltage cable in 

lengths far greater than what is currently transportable by road haulage, could lower overall project costs by greatly reducing 

expensive and vulnerable cable splices. We present a proof-of-concept method for continuously manufacturing and installing high 
voltage UGC from a moving ñCable Train.ò There are three primary challenges associated with such a manufacturing platform ï 

extrusion, curing, and degassing, which can be addressed by continuous extrusion, horizontal curing, and inline degassing, 

respectively. Of particular interest is an enabling design for a space-saving, inline degassing system. Lifetime and total build cost 

estimates are performed and results are compared with past projects.  
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Background 

Resolutions to decarbonize energy consumption have 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) and the latter has promised to achieve 100% de-carbonization by 2050 (An Act Relative to Energy 
Diversity) [1], [2]. This evolution in energy portfolios requires the utilization of new, and often remote, 
renewable energy resources. In the U.S., solar and wind resources are highly concentrated in the southwest 
and central regions of the country [3], [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 (HVDC) transmission has become the technology of choice in many 
scenarios, especially for long-distance transmission, and will be vital for the growth of the renewable grid. 
Over long distances, the cost of HVDC converter stations is offset by the elimination of capacitive, 

inductive, skin effect, and dielectric charging losses as well as intermediate reactive power compensation 
requirements associated with long-distance HVAC. This leads to a break-even-distance where HVDC 
becomes less costly than HVAC. HVDC connections also allow AC grids operating with different 
frequencies or phase to efficiently exchange power. HVDC systems require less material and narrower right 
of ways compared to 3-phase AC systems. It has also been suggested that voltage source controlled (VSC) 
HVDC systems may be more robust to geomagnetically induced currents (GICs) [5]. 

Because of the intermittent and off-demand generation of renewable plants, the economics of a cost-
competitive renewable grid are difficult to model. Without sufficient storage potential, building a grid that 
can allow high penetration of renewable energy, with little or no increase in the cost of electricity, is a 

problem many are trying to solve. In 2016, a study by NOAA scientists found that a large-scale, optimized 
HVDC grid could enable the U.S. to use wind and solar generation to eliminate up to 80% of CO2 emissions 
while meeting its energy needs at the same cost of electricity as in 2012 [6].  

Because the best renewable resources in the U.S. are land-locked, developers will be unable to use 
benefits afforded by the technical maturity of cable laying vessels (CLVs), which has been exploited to 
install a large HVDC network in northern Europe. For over-land transmission, developers have historically 
opted to use overhead lines (OHLs) because they are, on paper, several times cheaper than underground 
cables (UGCs), four to fourteen times according to one report [7]. Despite this economic advantage, the 
visual pollution caused by, and wider right of ways (ROW) required by, OHLs have sparked stakeholder 
objection, leading to costly, and sometimes fatal, project delays. UGCs are essentially invisible, they are 

less vulnerable to damage, exhibit lower transmission losses, and reduce or eliminate ambient magnetic and 
electric fields. The development of cheaper UGC systems may also be able to significantly streamline 
regulatory review and increase the speed at which vital HVDC links are constructed.  

 

2. Symbiotic approach: co-location of HVDC links and railroad corridors  

UGC is significantly larger in diameter than unshielded OHL. Hence, for land-based systems, cable 
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 1.5 km. This 

leads to a costly, piecemeal construction process wherein cables are joined by cable splices, located in splice 
pits, that have been prone to failure and costly to repair [8]. 

As proven by submarine cable manufacturing, is it possible to manufacture extremely long lengths of 
cable (20-30km), void of any joints, using carefully synchronized manufacturing [9]. We hypothesize that 
the cost of UGC systems can be significantly reduced via the co-location of cable and existing railroad 
corridors, or ñtrackside UGCò that also utilizes railroads to implement very long cable lengths. 
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Figure 1 shows the enormous network of railroad corridors in the U.S., which could host large portions 
of a future HVDC grid. Railroads make the transport of machines, materials, and personnel far less costly 
and increased accessibility will reduce capital cost and overall lifetime cost compared to cable buried, using 
off-road machines, in dedicated corridors. If cable is not in-situ manufactured in a continuous length, as is 

discussed shortly, railroads could still be used to deliver longer lengths of cable from a railcar, using reels 
or other packing methods. In addition, trackside UGC bears several advantages that are hard to assign a 
dollar value to, like streamlined project planning and regulatory review.  

 

 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

2.1 The case for trackside UGC, not OHL  

Since the 1980s, railroads have accommodated and maintained underground fiber optic networks. 
Union Pacific, for example, maintains over 34,000 miles of trackside fiber optic cable [10]. Rolling stock 
machinery exists that simultaneously plows through soil and lays fiber optic or signaling cable, which is 
dispensed from reels on the train, by threading cable through the plow itself [11]. 

Naturally, the idea of co-locating other utility services with railroads, including power transmission, 
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 between OHL and railroads. A number of utilities have moved pre-existing 
ñtrackside OHLò out of railroad corridors in order to improve system reliability and worker safety. The 
United Illuminating Company removed 100-year-old trackside structures on the Metro-North Railroad 
(MNR), in Connecticut, and replaced them with independent, upgraded 115kV lines, using taller, 
galvanized, steel monopoles [12]. 

The Electric Power Research Institute (EPRI) sponsored research in 1977 investigating the possible 
deleterious effects of OHL transmission systemsô inductive potential on railroad communication and 

signaling [13]. Later research from 1986 investigated mitigation strategies to reduce the measured voltage 
and current induced in pipelines, rails, and signal conductors in a specific case study [14]. More recent 
research acknowledges that, while there are many mitigation strategies, it is difficult to design an overhead 
transmission system that is completely free from electromagnetic coupling between services [15]. To 
summarize, there are many examples of OHL lines located in railroad corridors, however, these systems 
have the following disadvantages: 

Figure 1: A map of known U.S. railroads constructed from GIS data.1 
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1. Pylons require greater right-of-way than UGC trenches. 

2. Structures create a safety hazard for residents, passengers, and maintenance crews. 

3. OHLs induce significant external magnetic fields, which raise concerns about possible 

electromagnetic coupling between the transmission system and other potential trackside 
utilities like pipelines and railroad facilities, as well as safety concerns for people [14]. 

 

More forward-thinking disadvantages, not found in prior art, are: 

 

4. OHL offers less opportunity for capital cost-sharing with other utilities. 

5. OHL will likely always require piecemeal construction methods, which canôt take full 
advantage of the mobility offered by railroads. 

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 power transfer, increasing 
weight limits and taller railcars, as well as Hyperloop or hybrid plane-train transportation 
system retrofitting. 

 
On the other hand, the marked decrease in cost of UGC afforded by cross-linked polyethylene 

(XLPE) insulation, and the significant reduction of magnetic coupling between UGC and its environment, 
are strong motivators for investigating trackside UGC. Recently, the Direct Connect Development 
Company has been pursuing a project called SOO Green Renewable Rail that would place 349 miles of 
UGC, 85% of it being along a Canadian Pacific Railway route, to carry wind power from central Iowa to 
Chicago [16]. 
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3. Cable Train: in-situ manufacturing of trackside UGC 

To help further reduce the cost of UGC systems, we propose a mobile manufacturing platform, 
hereafter referred to as the ñCable Train,ò for in-situ production of continuous lengths of cable, which exit 
the train and are directly laid into trenches that have been created alongside the tracks. Figure 2 (a) shows 
a plan view schematic of the Cable Train placing in-situ produced cable into a trackside trench as the train 
moves along.  

 

 

 

 

 

 

 

 

 

The Cable Train is a mobile manufacturing platform that is constructed from modified or dedicated 
rolling stock. The intent is for it to incorporate all the manufacturing abilities of a stationary, state-of-the-
art cable manufacturing facility and produce continuous lengths of cable in the same way as it is 
manufactured for submarine cable systems. The Cable Train approach exploits the advantages of trackside 
UGC to the utmost extent: 

 

1. In addition to railroads making transportation of machines, material, and personnel cheaper to 
begin with, the Cable Train replaces the transportation of cable with the transportation of raw 
materials, at a much higher packing fraction, and a much lower cost. Cable installation has been 
shown to be 30-40% of the entire lifetime cost of underground systems. Circumnavigating 

obstacles related to vehicle width, bridge height, weight restrictions, cable reel access, winch 
access, and steep terrain, by installing cable as it is made, will significantly reduce cost [17]. 

2. Furthermore, in-situ manufacturing cable in lengths much longer than those transportable by road 
haulage will mostly eliminate cable splices. Not 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 failures, due to design, manufacturing defects, and poor workmanship [8].  

 

Figure 2: (a) Plan view of the ñCable Train,ò which lays in-situ produced high voltage cable into an adjacent, open trench. The train 

comprises a number of modules necessary to manufacture high voltage cable ï wire stranding, extrusion, curing, and degassing, among 

others. (b) A diagram showing the possible separation of Cable Train functional units. Each of these modules may be independently 

hauled in order to fully realize the maximum working speed of each module. 

 

(a) 

(b) 
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The Cable Train may be complemented by other modules that perform trenching, concrete slip-
forming, cover-and-finish, commissioning, and cable repair. The entire series of modules envisioned is 
shown in Figure 2 (b), which together can achieve all the advantages derived from trackside UGC discussed 
so far. 

 

3.1 In-situ manufacturing challenges  

The functional requirements for the Cable Train should be driven by the necessity to produce cable 
that is low cost and high quality ï all in a narrow space. The train must provide manufacturing capabilities 
equivalent to those of a state-of-the-art facility and there must be provisions to perform thorough 
qualification of each cable, the resources required to do so being housed all, or in part, within the Cable 
Train. 

Underground cable is produced through a series of additive stranding, extrusion, armouring, and 

taping operations. Three manufacturing steps have been identified as presenting major challenges for the 

Cable Train. (1) Insulation extrusion requires screen-packs to filter impurities out of the extrusion melt. 

Replacing screen-packs requires interrupting production. During (2) Curing  it is critical to maintain 

concentricity. To this end, most facilities use vertical continuous vulcanization (VCV) or catenary 

continuous vulcanization (CCV) lines which require significant height and horizontal distance not available 

on rolling stock. (3) Degassing is a critical step often accelerated by placing finished shipping lengths of 

cable inside large heated chambers. In order to maintain a continuous length of cable, the Cable Train must 

have provisions to degas cable inline.  

 

3.2 Continuous Extrusion  

In order to allow longer extruder runs without the need to stop operation for replacing screen-packs, 

cleaning equipment, and reloading extrusion lots, redundant triple-extruders can be used with a dual 

crosshead to provide indefinitely long operation. One set of extruders would be exclusively operated while 

the screen-pack in the inactive extruder is replaced and the equipment cleaned. The previously inactive 

extruder and previously active extruder can be simultaneously ramped-up and ramped-down, respectively. 

Melt can be partially discarded through purge valves in both extruders until the change-of-duty has been 

completed [18]. Ideally, resin feed will be contained in a semi-closed system that ensures plastics remain 

clean during loading and regular operation [9]. This setup will allow for continuous insulation and jacket 

extrusion on the Cable Train. 

 

3.3 Horizontal Curing   

To accomplish axisymmetric curing without a vertical tower or catenary pressure vessel, a process 

similar to the Mitsubishi-Dainichi Continuous Vulcanization (MDCV) process can be used. MDCV uses 

an extended extrusion die, which relies on residual extrusion pressure and heat to achieve concentric curing 

while the extrusion remains constrained within a segmented ñlong land dieò (LLD). The process relies on 

the high viscosity of specifically chosen insulation materials, kept perfectly cylindrical by the extended 

extrusion die, to provide sufficient viscous resistance to conductor 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 machinery has been used to produce cable up to 550kV [18]. A schematic of the LLD from 

the original patent (1975) is shown in Figure 3 below. 
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The time required for vulcanization can be reduced by increasing temperature. Traditional 

vulcanization processes that use steam and/or nitrogen cannot 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 independent from the pressure inside the 

die. Therefore, higher temperatures and vulcanization speeds can be achieved with this process. According 

to the original patent for the technology (1975) [19], the cumulative length of the sections illustrated in 

Figure 3 is between 1 and 20 meters long. Standard boxcars are commonly produced with interior lengths 

between 15 and 30 meters. 

 

3.4 Inline Degassing: Serial Combed Cable Reels  

The cable must degas between insulation curing and metallic shielding. While this is happening, 

the cable must constantly progress through the train without holding up production. If degassing cable 

traveled straight down the length of the train at a typical rate for cable production (150 meters per hour is a 

reasonable goal using triple-extrusion), a series of cars extending tens of kilometers would be required to 

achieve the desired degassing time.  

Figure 3: A long-land die from the MDCV process (1975) [18]. 

 

LLD Forming Section LLD Vulcanizing Section LLD Cooling Section 
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A concept for a dedicated piece of rolling stock is presented here to heat the cable, after insulation 

extrusion, to accelerate degassing, by using a new, inline cable handling system to increase the amount of 

cable contained in a single railcar, thereby reducing the number of cars required to reach the desired 

degassing time without affecting the cable production speed. The design would utilize boxcars equipped 

with servo-actuated reels upon which the cable winds on, and then off, from one reel to another, thereby 

effectively increasing the path-length the cables take 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 time. Because the metallic shield, the component most sensitive and readily damaged by bending, 

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 (usually 20-35x the total outer diameter of 

the cable). Figure 4 shows a simplified view of the degassing car, showing the path of cable through the car 

and the approximate size and scale of the equipment. 

The cable in this system must move axially across the length of one drum, as it rotates with the 

motion of the drum, before unbending and being passed to the neighboring drum, whereupon it travels 

axially in the opposite direction. Therefore, the cable moves side to side, perpendicular to the direction of 

travel of the train, as it moves down the length of the train by traveling 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, and likely leading 

to the cable breaking. To accomplish this axial sliding the cable must be ñcombedò to guide the cable along 

a spiral path as it rotates on each drum. Three concepts for such hardware are presented hereafter: (a) a 

continuous helix, (b) discrete spiraling ñfins,ò and (c) discrete spiraling rollers. A common 

misconception upon presentation of these designs is that the ñcombsò rotate synchronously with the drum 

and cable. In actuality, the combs must remain stationary relative to the railcar/container, providing a spiral 

path for the cable to be pulled through under the influence of friction between it and the rotating drum. 

Figure 5 shows schematics of the cable combs. 

 

Figure 4: Illustration of an inline cable handling system concept that increases the length of cable that can safely fit into a single 

boxcar, thereby decreasing the number of cars that are needed to sufficiently degas cable after insulation extrusion. On each 

reel, the cable travels across the width of the railcar/container, alternating direction with each reel. Helical guides are used to 

guide the cable across each reel and overhead radiant heaters provide the heat necessary to expedite the degassing process. 
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A first-order manifestation of a spiral guide is a continuous helix [Fig. 5 (a)], which makes constant 

contact with the cable to push it axially down the length of the drum. Breaking the continuous helix into 

discrete fins [Fig. 5 (b)] saves material cost while still enabling safe cable handling. Replacing the discrete 

ñfinsò with discrete rollers [Fig. 5 (c)] increases cost and complexity, but it reduces friction and hence the 

risk presented by sliding contact between the comb and cable insulation inherent in concepts (a) and (b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Schematics of a continuous helical comb (Left, aύΣ ŘƛǎŎǊŜǘŜ άŦƛƴέ ŎƻƳō (Middle, b), and a discrete roller comb (Right, 

c) that ensure the cable moves axially down the length of the drums. 
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Figure 6: The table above shows example numbers from a design spreadsheet made to aid in the design of the helical cable 

combs proposed in the discussion of a ñspace-saving inline handling system for roll-to-roll processingò above. The spreadsheet 

calculates all Von Mises stresses and re-checks the stresses assuming different types of cable combs. All inputs are shown in 
black and outputs are shown in blue. Highlighted green cells represent force constraints where stresses and deformations are 

solved for. This tool is made available for study and further evolution [Supplementary Material 1]. 


