
Executive Summary

The United States faces a critical infrastructure bottleneck: federal

studies indicate the transmission system must expand by 2.4–3.5× its

current capacity by 2050 to achieve decarbonization goals and

support explosive load growth from AI data centers, semiconductor

fabs, and industrial reshoring[1][2]. Yet in 2024, the U.S. built fewer

than 900 miles of high-capacity transmission lines—less than 10% of

the estimated 5,000 miles per year required[3]. This is not a capital

problem—federal policy via the Infrastructure Investment and Jobs

Act (IIJA) and Inflation Reduction Act (IRA) has mobilized hundreds of

billions in investment[4][5]. It is an execution problem: the physical

capacity to design, manufacture, and construct transmission

infrastructure at the required pace does not exist under current

methods.

High-Voltage Direct Current (HVDC) transmission technology, coupled

with advanced AC infrastructure, represents the most economically

and technically viable pathway to build this "macrogrid" backbone[6]

[7]. HVDC enables long-distance bulk power transfer with lower

losses, supports weak grids, integrates high renewable penetration,

and provides independent active/reactive power control—capabilities

essential for a modern, resilient grid[8][9]. Multiple analyses

converge on HVDC delivering benefit-cost ratios exceeding 1.75 for

priority corridors, with 35-year net present values of $190–$360

billion in system benefits[7].
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However, HVDC and advanced transmission face supply chain

constraints. None of the world's top seven HVDC cable manufacturers

are U.S.-headquartered, and domestic converter/transformer

production is insufficient, with wait times for critical components

reaching 2–4 years[7][10]. Workforce constraints compound the

challenge: an estimated 4,650+ line workers have retired or left the

industry, while demand for trained technicians, lineworkers, and

manufacturing personnel is surging[11].

This report presents the strategic case that robotics and automation

—deployed across the full HVDC/grid buildout value chain—

constitute the force multiplier required to convert policy intent

and capital availability into steel-in-the-ground transmission

capacity. Robotics can simultaneously address three intersecting

imperatives:

1. Accelerate physical buildout of HVDC lines, substations, and

advanced cabling through automated construction, cable laying,

tower erection, and robotic inspection/maintenance, enabling

the 10× increase in annual transmission deployment required.

2. Strengthen domestic supply chains by automating HVDC

component manufacturing (cables, converters, transformers) in

U.S. facilities, offsetting higher labor costs and reducing import

dependencies that pose national security risks.

3. Support industrial reshoring and load growth by creating a

scalable, resilient grid infrastructure capable of reliably serving

gigawatt-scale semiconductor fabs, AI data centers, battery

manufacturing, and electrified industry—while simultaneously

building the advanced manufacturing base needed to produce

grid components domestically.

The convergence of three trends creates a unique strategic

opportunity: (a) proven need for massive grid expansion, (b) mature

HVDC technology with compelling economics, and (c) rapidly

advancing robotics and automation technologies already

transforming manufacturing and construction. By integrating

robotics into grid modernization strategy, the U.S. can transform its

fundamental constraint—scarce skilled labor and slow physical

deployment—into a competitive advantage through productivity,

precision, safety, and 24/7 operational capacity.



This report synthesizes recent federal policy, grid planning studies,

HVDC technical literature, robotics industry developments, and

supply chain analysis to demonstrate how robotics-enabled HVDC

buildout intersects with and accelerates U.S. energy advancement

and industrial competitiveness. We conclude with strategic

recommendations for policymakers, utilities, and investors.

The U.S. electric grid, largely built in the mid-20th century, is

confronting simultaneous pressures that expose fundamental

capacity limitations. Approximately 70% of high-voltage transmission

lines and large power transformers exceed 25 years of age, operating

beyond their original design life[12]. The American Society of Civil

Engineers' 2025 Infrastructure Report Card assigned the energy

sector a D+, citing chronic underinvestment and growing mismatch

between supply capacity and evolving demand patterns[12].

The Department of Energy's 2024 National Transmission Planning

Study projects that achieving 90% clean electricity by 2035 and net-

zero emissions by 2050 requires transmission capacity expansion of

2.4–3.5 times current levels—equivalent to adding 47,300 to 90,000

GW-miles of new transmission over 25 years[1][2]. Clean grid

advocates estimate this translates to approximately 5,000 miles per

year of new high-capacity (345 kV and above) transmission lines[3].

Current performance lags dramatically. In 2024, the U.S. constructed

approximately 888 miles of 345–500 kV lines, representing less than

18% of the annual requirement[3]. This represents a multi-decade

low; by comparison, the U.S. built nearly 4,000 miles of comparable

transmission in 2013[3]. At current rates, the transmission system

will expand by less than 30% by 2050—far below the 240–350%

expansion required[3].

1. Introduction: The U.S. Grid at an

Inflection Point

1.1 The Scale of the Challenge



Historically, U.S. electricity demand exhibited flat or declining growth

for decades following efficiency improvements and industrial shifts.

This paradigm has reversed sharply. Grid operators now project 3%

annual demand growth—rates not seen since the 1990s—driven by

distinct new load classes[11][13]:

Regional grid operators report that "all remnant capacity on the

transmission system" risks exhaustion in high-growth areas such as

PJM (Mid-Atlantic) and ERCOT (Texas), creating reliability concerns

and constraining further economic development[16][19].

1.2 Explosive Load Growth from "New Demand Classes"

AI data centers: Data center electricity demand is projected to

add 44–65 GW by 2028–2029, with AI workloads representing

50–70% of data center power consumption by 2030[14]. Winter

peak demand projections increased 18%, from 92 GW in 2023 to

149 GW by 2029, primarily due to data center expansion[14].

•

Semiconductor manufacturing reshoring: Major

semiconductor fab buildouts, incentivized by the CHIPS Act,

impose permanent gigawatt-scale baseload demands. Each

advanced logic fab can require 100–200 MW of continuous,

ultra-reliable power[15][16].

•

Battery and EV manufacturing: Over $120 billion in clean

energy manufacturing facilities (batteries, solar, EVs) were

announced in 2023–2024, concentrated in the U.S. Southeast and

Midwest[5][17].

•

Oil and gas electrification: Electrification of drilling, pumping,

and processing operations is contributing approximately 24 GW

of industrial load growth over five years, with oil and gas

representing 45% of new large load in regions such as the

Southwest Power Pool[16].

•

Electric vehicle charging infrastructure: Widespread EV

adoption drives both distribution and transmission upgrades to

support fast-charging corridors and fleet charging depots[18].

•



Federal policy has mobilized substantial capital. The Infrastructure

Investment and Jobs Act (IIJA) allocated approximately $8 billion for

over 100 transmission projects, and the Inflation Reduction Act (IRA)

provides tax credits, loan guarantees, and direct funding for grid

modernization and clean energy[11][20]. Private investment

followed: U.S. sustainable energy technology deployment reached

$338 billion in 2024, up from $303 billion in 2023[5].

Despite capital availability, projects face execution bottlenecks:

Critical insight: The U.S. is capital-rich but build-poor. The binding

constraint is not investment willingness but physical execution

capacity—skilled labor, manufacturing throughput, and construction

speed.

1.3 Policy and Capital: Abundant but Insufficient

Permitting and siting delays: Federal environmental review

and state/local permitting processes for major transmission

projects average 5–10 years, with excessive litigation adding

years[21][22]. DOE's 2024 Coordinated Interagency

Transmission Authorizations and Permits (CITAP) rule aims to

reduce federal review to two years, but state and local processes

remain fragmented[23].

•

Interconnection queue backlogs: Over 2.5 terawatts of

generation (primarily solar, wind, and storage) awaited grid

interconnection by end of 2023, with queue processing times

stretching years[11][24].

•

Supply chain constraints: Wait times for large power

transformers average 2–4 years, with 80% of units imported[7]

[10]. HVDC-specific components (cables, converters) face global

supply shortages, with European suppliers unable to fulfill U.S.

orders due to domestic EU demand, and major manufacturers

reporting $30 billion order backlogs[7][10].

•

Workforce shortages: Approximately 12,900 line worker job

openings existed in 2024, while 4,650+ experienced workers

have retired or left the workforce[11]. Specialized HVDC

technician training programs remain limited[25].

•



This confluence creates a strategic imperative: the U.S. must develop

new methods to design, manufacture, and construct transmission

infrastructure at 10× current rates while simultaneously:

1. Integrating intermittent renewables and distributed energy

resources at high penetration.

2. Serving gigawatt-scale, reliability-critical loads for AI,

semiconductors, and national defense.

3. Reducing import dependencies for critical grid components.

4. Maintaining safety and environmental standards.

The remainder of this report demonstrates that robotics and

automation—applied systematically across HVDC and advanced

transmission value chains—offer the most viable pathway to

overcome these execution constraints, thereby accelerating U.S.

energy advancement and industrial competitiveness.

High-Voltage Direct Current (HVDC) transmission converts alternating

current (AC) to direct current (DC) for long-distance bulk power

transfer, then reconverts to AC at the receiving end via converter

stations. Compared to conventional AC transmission, HVDC offers

critical advantages[8][26][27]:

1.4 The Strategic Imperative

2. HVDC and Advanced Transmission: The

Technical and Economic Backbone

2.1 Why HVDC? Technical Advantages for a Modern Grid



Advantage Description

Lower

transmission losses

HVDC exhibits ~3% losses per 1,000 km vs.

6–7% for AC, becoming economically

superior beyond 300–500 miles for

overhead lines and 30–50 miles for

submarine/underground cables[26].

Asynchronous

interconnection

HVDC links can connect AC grids operating

at different frequencies or phases without

synchronization, enabling inter-regional

power sharing (e.g., Eastern/Western

Interconnection)[6][7].

Independent P/Q

control

Voltage Source Converter (VSC) HVDC

provides independent active and reactive

power control, enabling voltage support,

grid forming capability, and operation in

weak grids (short-circuit ratio <1)[8][27].

No reactive power

losses

DC transmission does not suffer reactive

power losses or stability constraints

inherent to long AC lines[26].

Renewable

integration

HVDC facilitates connection of remote

renewable resources (offshore wind, desert

solar) to load centers with minimal

curtailment[1][8].

Black-start

capability

VSC-HVDC converters can energize dead

grids, providing restoration capability after

blackouts[27].

Smaller right-of-

way

HVDC requires narrower transmission

corridors (typically two conductors vs. three

for AC), easing siting challenges[26].

Table 1: Technical advantages of HVDC transmission

Modern Modular Multilevel Converter (MMC) VSC-HVDC technology

offers further refinements: reduced harmonic distortion (0.5–1% total

harmonic distortion vs. 3–5% for earlier designs), elimination of

bulky harmonic filters, modular scalability, and multi-terminal

network capability[27][28].



Multiple independent analyses converge on an HVDC "macrogrid"

overlay as the optimal architecture for U.S. grid modernization[1][6]

[7]. This concept envisions:

The Federation of American Scientists (FAS) and Niskanen Center

analyses identify 32 candidate U.S. HVDC corridors, of which 29

exhibit benefit-cost ratios ≥1.75, demonstrating strong economic

viability[7]. DOE's National Transmission Planning Study estimates

cross-regional sharing enabled by HVDC could deliver $190–$360

billion in 35-year net present value, depending on demand scenarios

and renewable penetration[7].

The global HVDC transmission systems market, valued at $10.85

billion in 2024, is projected to reach $22.47 billion by 2032,

representing a compound annual growth rate (CAGR) of 9.5%[31].

Key drivers include renewable energy integration, grid

interconnection projects, and replacement of aging AC infrastructure.

In the U.S., major HVDC projects under development include:

2.2 The HVDC Macrogrid Concept

A network of high-capacity HVDC lines (±500–800 kV) forming

long-distance interregional corridors, overlaying and

interconnecting existing AC transmission.

•

Converter stations at strategic nodes enabling AC-DC-AC

conversion and multi-directional power flow.

•

Coordination with advanced AC transmission (reconductoring

with composite-core conductors, dynamic line rating) to

maximize existing right-of-way utilization[29][30].

•

Integration with large-scale energy storage (long-duration

storage, pumped hydro) to balance intermittent renewables and

provide grid services[14].

•

2.3 Economic Case and Market Projections

Grain Belt Express: An $11 billion, 600 kV HVDC line spanning

Kansas, Missouri, Illinois, and Indiana, delivering wind power

from the Great Plains to Eastern load centers. Construction

began in 2026, with Siemens Energy supplying converter

•



These projects collectively represent over $20 billion in investment

and will add approximately 10 GW of interregional transfer capacity

—significant, but still a fraction of the 100+ GW of new transfer

capacity needed by 2035[1][3].

While HVDC forms the backbone for long-distance transfer, advanced

AC technologies enhance existing infrastructure:

Studies indicate reconductoring with advanced conductors can meet

over 80% of interzonal transmission needs to reach 90% clean

electricity by 2035, with $180 billion in system cost savings by

2050[29][33]. Combined HVDC and advanced AC strategies offer the

fastest, most cost-effective pathway to required capacity expansion.

stations and Hubbell providing insulators and transmission

assemblies[32].

TransWest Express: A 732-mile, ±600 kV HVDC line from

Wyoming wind resources to Southern Nevada and California,

with capacity to deliver 3,000 MW[26].

•

SOO Green: A 350-mile underground HVDC link between Iowa

and Illinois, transferring 2,100 MW of renewable energy[26].

•

2.4 Advanced AC Transmission: Complementary

Technologies

Advanced conductors: Composite-core conductors (e.g., carbon

fiber, aluminum composite) can double transmission capacity

within existing rights-of-way, with reconductoring projects

costing $50,000–$500,000 per mile vs. $1.5–$5 million per mile

for new greenfield lines[29][30][33].

•

Dynamic Line Rating (DLR): Real-time monitoring systems

adjust line capacity based on ambient temperature, wind speed,

and solar radiation, increasing utilization by 10–30% and

costing ~$50,000 per mile vs. millions for new construction[34].

•

Grid-enhancing technologies (GETs): Topology optimization,

power flow controllers, and storage-as-transmission defer or

eliminate need for new lines by maximizing existing asset

utilization[35].

•



Despite compelling economics, HVDC deployment faces significant

barriers:

1. Domestic manufacturing gaps: No major HVDC cable

manufacturer is U.S.-headquartered. The top global suppliers—

Prysmian, NKT, LS Cable, Nexans, Sumitomo—are European or

Asian[10][36]. U.S. converter and transformer production is

limited, with Hitachi Energy, Siemens Energy, GE Vernova, and

Mitsubishi Electric dominating but facing multi-year

backlogs[10][36].

2. Specialized component complexity: VSC-HVDC converters

require advanced power electronics (IGBTs, thyristors),

precision control systems, and specialized manufacturing

processes with tight tolerances[27][28]. Submarine and

underground cables demand unique insulation (XLPE cross-

linked polyethylene) and installation expertise[26].

3. Long lead times: HVDC converter stations require 3–5 years

from order to commissioning, and cables 2–3 years, creating

project scheduling challenges[10][26].

4. Workforce skills gap: HVDC system design, installation, and

commissioning require specialized training beyond conventional

lineworker skills, including high-voltage DC safety protocols,

converter control systems, and cable jointing techniques[25][37].

These constraints underscore the need for domestic manufacturing

capacity expansion and innovative construction methods—precisely

the domains where robotics and automation can provide

transformative impact.

2.5 Technical Barriers and Supply Chain Vulnerabilities

3. Robotics and Automation in

Transmission Infrastructure: Current State

and Emerging Capabilities



Robotic systems have achieved significant penetration in

transmission line inspection and maintenance, demonstrating safety,

efficiency, and cost benefits[38][39][40]:

Key benefits established by field deployments:

3.1 Robotics in Grid Inspection and Maintenance:

Proven Applications

Inspection robots: Autonomous crawlers traverse energized

transmission lines, performing visual, infrared, and ultrasonic

inspections without requiring line de-energization. Systems such

as FlexRover, ModuClimber, and LineScout navigate obstacles

(insulators, spacers, clamps) and adapt to varying line

geometries (110 kV, 500 kV, 800 kV lines)[38][39].

•

Drone/UAV inspections: Unmanned aerial vehicles equipped

with high-resolution cameras, LiDAR, and thermal imaging

inspect lines, towers, and substations at a fraction of the cost

and time of helicopter or manual inspections[41][42]. Advanced

systems use AI/ML for automated defect detection (corrosion,

cracking, conductor damage).

•

Market growth: The power transmission line inspection robot

market is experiencing rapid growth, with hundreds of millions

of dollars in projected revenue through 2034, driven by safety

improvements, cost reduction, and technology maturity[40].

•

Safety: Eliminates worker exposure to high-voltage

environments, heights, and hazardous terrain (e.g.,

mountainous regions, wetlands).

•

Efficiency: Reduces inspection time by 50–70% compared to

manual methods.

•

Uptime: Inspections performed on energized lines eliminate

costly planned outages.

•

Data quality: Consistent, high-resolution data collection enables

predictive maintenance and digital twin integration[41][42].

•



The electrical cable manufacturing industry is undergoing significant

automation, driven by demand for precision, throughput, and quality

in high-voltage applications[43][44][45]:

Benefits realized in advanced manufacturing facilities:

U.S. investment in domestic cable manufacturing is expanding. DOE

announced $28.2 million for TS Conductor (Erie, Michigan) to

establish U.S.-based HVDC conductor manufacturing, creating 162

operating jobs and 425 construction jobs[46]. Prysmian completed a

51,000-square-foot expansion of its Williamsport, Pennsylvania,

3.2 Robotics in Cable and Equipment Manufacturing:

Factory Automation

Automated extrusion and stranding: Robotic handling systems

manage conductor reels, guide wire through extrusion dies with

micron-level precision, and perform automated stranding for

multi-conductor cables. Sensors and machine vision enable real-

time quality control, detecting insulation defects, dimensional

variances, and contamination[43][44].

•

Cable assembly automation: Robotic arms perform cable tray

routing, connector crimping, and harness braiding with superior

consistency compared to manual methods. Systems such as

Fraunhofer IPA's automatic control cabinet cabling coordinate

dual robotic arms in parallel operations, compensating for

component tolerances and ensuring uniform force

distribution[45].

•

Non-destructive testing (NDT): Inline automated inspection

using X-ray, ultrasound, and capacitance measurement verifies

cable integrity during production, eliminating defects before

deployment[43].

•

Higher throughput: 24/7 operation with minimal downtime

increases production volume by 40–60%.

•

Reduced defect rates: Automated processes achieve <0.1%

defect rates vs. 1–3% for manual production[43].

•

Scalability: Modular robotic cells can be rapidly replicated to

scale production in response to demand surges.

•

Workforce leverage: Skilled operators supervise multiple

robotic cells, multiplying labor productivity[45].

•



factory supported by supply agreements with Invenergy, focusing on

advanced HVDC and underground cable production[47].

While inspection and factory automation are mature, robotics for

field construction of transmission infrastructure remains

underutilized—representing the highest-impact opportunity for

acceleration[41][42][48]:

3.3 Emerging Robotics for Field Construction: The

Untapped Frontier

3.3.1 Cable Laying and Trenching

Autonomous trenchers and guided plows: GPS-guided

trenching equipment with centimeter-level accuracy can

excavate and lay underground/HVDC cables with minimal

human intervention. Offshore cable-laying vessels already

employ robotic systems; adapting these for onshore

underground corridors offers significant potential[49].

•

Cable-laying crawlers: Tele-operated or autonomous tracked

vehicles feed cable into trenches, managing tension and

alignment. Current applications focus on submarine cables;

extension to long-distance underground HVDC corridors is

technically feasible[49].

•

3.3.2 Tower Erection and Assembly

Robotic bolt-tightening: Automated torque-controlled systems

ensure uniform bolt tensioning, critical for structural integrity.

Drones assist in stringing pilot lines between towers, reducing

manual labor at heights[41][42].

•

Exoskeletons and lifting assist: Powered exoskeletons

augment lineworker strength and endurance during tower

assembly, conductor stringing, and hardware installation,

reducing fatigue and injury risk[41][42].

•

Modular tower-raising systems: Semi-automated systems

position and secure tower sections using coordinated hydraulics

and sensors, reducing crew size and erection time[41].

•



The convergence of AI-assisted planning and robotic field deployment

creates a seamless digital-to-physical workflow:

Deploying robotics across the HVDC/transmission construction value

chain offers compelling advantages:

3.3.3 Substation and Converter Station Construction

Robotic heavy equipment placement: Autonomous cranes and

positioners handle transformers, reactors, and converter

modules weighing hundreds of tons, with precision placement

on foundations[50].

•

Cable tray routing robots: Guided vehicles lay out and secure

cable trays and conduit runs within substations, following

digital twin blueprints[45].

•

Automated bus bar welding and inspection: Robotic welding

ensures consistent, high-quality electrical connections;

automated visual and X-ray inspection verifies joint

integrity[43].

•

3.3.4 Digital Integration: AI Planning + Robotic Execution

AI-optimized route planning: Machine learning algorithms

analyze terrain, environmental data, land use, and regulatory

constraints to identify optimal transmission corridors,

minimizing permitting challenges and construction costs[51].

•

Digital twins: High-fidelity virtual models of corridors,

substations, and converter stations enable pre-construction

simulation, clash detection, and robotic task planning[41][42].

•

Real-time adaptive control: Robotic systems equipped with

LiDAR, cameras, and GPS adapt to field conditions (terrain

variations, obstacles, weather) in real time, maintaining

schedule and quality[38][39].

•

3.4 Value Proposition: Robotics vs. Conventional

Construction



Dimension Conventional Robotics-Enabled

Safety

High-risk: heights,

energized lines,

heavy equipment

Reduced human

exposure; remote

operation for

hazardous tasks

Speed

Limited by crew size,

shifts, weather

24/7 operation;

faster task

execution; weather

resilience

Labor scalability

Constrained by

workforce

availability and

training lead times

Workforce

augmentation;

skilled operators

supervise multiple

systems

Quality consistency

Variable; dependent

on individual skill

and fatigue

High repeatability;

sub-millimeter

precision;

automated QC

Cost structure

High per-mile labor

cost; rework

Higher capex, lower

opex; reduced

rework; faster

project completion

Workforce leverage

1:1 operator-to-task

ratio

1:many operator-to-

system ratio;

exoskeletons

multiply individual

productivity

Data generation

Limited; manual logs Continuous: digital

twin updates,

predictive

maintenance data,

as-built models

Table 2: Comparative value proposition of robotics in transmission

construction

Critical insight: Robotics does not eliminate the need for skilled

workers; it multiplies their productivity and safety. A single



experienced lineworker supervising robotic tower erection, or an

operator managing autonomous trenching systems, can accomplish

the output of 5–10 conventional crew members[45][50].

Despite clear benefits, robotics adoption in transmission construction

faces barriers:

Strategic interventions to overcome these barriers include:

1. Federal funding for robotics demonstration projects via DOE's

Grid Deployment Office.

2. Tax incentives or accelerated depreciation for utilities adopting

robotic construction systems.

3. Development of industry standards in partnership with IEEE,

CIGRE, and the National Institute of Standards and Technology

(NIST).

4. Workforce transition programs positioning robotics as

augmentation (not replacement), with training for robotic

system operation and maintenance[25][37].

3.5 Barriers to Adoption and Strategic Interventions

High upfront capital costs: Robotic systems require substantial

initial investment, deterring risk-averse utilities and contractors.

•

Lack of standards and certification: No unified standards exist

for robotic construction methods, complicating regulatory

approval and insurance.

•

Workforce concerns: Labor unions and workers may resist

automation perceived as job displacement.

•

Limited pilot projects: Few demonstration projects exist to

validate performance and ROI in real-world transmission

construction.

•

4. Industrial Reshoring and Load Growth:

The Demand and Supply Chain Nexus



U.S. industrial policy, catalyzed by the CHIPS Act, IRA, and supply

chain resilience imperatives, has triggered a reshoring wave in

advanced manufacturing[5][17][52]:

Geographic clustering creates regional "energy hubs" where reshored

industry, data centers, and existing load centers converge, straining

regional transmission networks[16][19].

AI-driven data center expansion represents the single largest source

of new electricity demand[14][15][16]:

4.1 The Reshoring Wave: Scale and Geographic

Concentration

Semiconductor fabs: Intel, TSMC, Samsung, and others have

announced over $200 billion in U.S. fab investments,

concentrated in Arizona, Ohio, Texas, and New York[15][16].

Each advanced logic fab requires 100–200 MW of continuous,

ultra-reliable power with <0.01% downtime tolerance[15].

•

Battery and EV manufacturing: Over $120 billion in battery

gigafactories and EV assembly plants announced 2023–2024,

primarily in the Southeast (Georgia, Tennessee, Kentucky) and

Midwest (Michigan, Ohio)[5][17]. These facilities impose multi-

hundred-megawatt loads with high power quality requirements.

•

Clean energy equipment manufacturing: Solar panel, wind

turbine, and energy storage component production is expanding

domestically to comply with IRA domestic content

requirements[5][46][47].

•

4.2 AI and Data Centers: The Dominant Driver

Data centers will add 44–65 GW of demand by 2028–2029,

accounting for 44% of U.S. electricity demand growth[14].

•

AI workloads will represent 50–70% of data center power

consumption by 2030, with generative AI contributing 40–60%

of this increase[14].

•

Winter peak demand projections increased 18% in one year

(2023 to 2024), reaching 149 GW by 2029, primarily due to data

center expansion[14].

•

Corporate clean power purchase agreements (PPAs) reached 28

GW in 2024 (+26% vs. 2022), with tech companies representing

•



AI data centers impose unique grid challenges:

Regional grid operators report unprecedented challenges. PJM (Mid-

Atlantic) observed "all remnant capacity on the transmission system"

at risk of exhaustion due to data center load growth, requiring

identification of "necessary long-lead extra-high voltage

reinforcements"[19][53]. ERCOT (Texas) and SPP (central U.S.) report

similar constraints[16].

HVDC's technical characteristics align uniquely with reshored

industry and AI data center requirements:

84% of deals, largely for AI/data center load[5].

High power density: Modern AI facilities require 50–100 MW

per building, vs. 5–15 MW for traditional enterprise data

centers[14][15].

•

Baseload, non-interruptible demand: AI training runs cannot

be paused without losing computational work, requiring

99.999% uptime[14][15].

•

Site flexibility constraints: Co-location with hyperscale cloud

infrastructure, fiber optic networks, and cooling resources limits

siting options, concentrating demand in regions like Northern

Virginia (Loudoun County), Dallas-Fort Worth, and Silicon

Valley[19].

•

4.3 Intersection with HVDC: Serving Reshored and AI

Loads Reliably

Reliability and controllability: VSC-HVDC provides

independent active/reactive power control, voltage support, and

fault ride-through capability, ensuring stable power delivery to

critical loads even during disturbances[8][27].

•

Long-distance bulk transfer: HVDC enables siting of data

centers and fabs near low-cost renewable resources (wind-rich

Great Plains, solar-rich Southwest) while maintaining reliable

connection to load centers via efficient long-distance

transmission[6][26].

•

Grid forming capability: VSC-HVDC converters can operate as

voltage sources, forming local grids for industrial parks or

•



Strategic coupling: Reshored semiconductor fabs, battery plants,

and AI data centers create concentrated, gigawatt-scale loads that

economically justify HVDC infrastructure investment. Conversely,

availability of reliable, high-capacity HVDC transmission influences

industrial site selection decisions, creating a virtuous cycle.

Dependence on foreign suppliers for critical grid components poses

economic and national security risks[7][49][52]:

National security implications:

critical facilities, with black-start capability for restoration after

outages[27].

Multi-terminal networks: Advanced MMC-HVDC systems

support multi-terminal DC networks, enabling flexible

interconnection of multiple generation sources (offshore wind,

solar, nuclear), storage, and loads within a resilient mesh

topology[27][28].

•

4.4 Supply Chain Resilience and National Security

Transformers: 80% of large power transformers are imported,

with 2–4 year lead times and concentration of suppliers in Asia

and Europe[7][10].

•

HVDC cables and converters: No major HVDC cable

manufacturer is U.S.-headquartered; converters rely on

advanced power electronics (IGBTs) primarily manufactured in

Japan, Germany, and Switzerland[7][10][36].

•

Specialized materials: Rare earth elements for permanent

magnets (wind turbines, motors), silicon and silicon carbide for

power electronics, and advanced composites for conductors are

predominantly sourced abroad[52].

•

Department of Defense bases rely on the civilian grid for >99% of

their electricity; grid vulnerabilities directly threaten military

readiness[7][49][52].

•

Cybersecurity risks proliferate with imported grid control

systems and communications hardware, potentially containing

backdoors or vulnerabilities[49].

•

Geopolitical disruptions (e.g., Taiwan Strait conflict, trade

embargoes) could sever supply of critical components during

•



Robotics role in supply chain resilience: Automated manufacturing

of HVDC cables, converters, and transformers in U.S. facilities

addresses supply chain vulnerabilities by:

1. Offsetting labor cost differentials: Robotics reduces per-unit

labor cost, making U.S. manufacturing competitive with lower-

wage regions.

2. Enabling rapid scaling: Modular robotic production lines can

be quickly replicated to meet surge demand (e.g., post-disaster

rebuilds, wartime contingencies)[43][44][45].

3. Reducing lead times: Domestic production eliminates

transoceanic shipping delays and simplifies supply chain

logistics[46][47].

4. Enhancing quality and security: Automated production with

embedded inspection ensures component quality and eliminates

risks of counterfeit or compromised hardware[43].

Recent U.S. investments demonstrate this pathway:

Scaling HVDC deployment and robotic construction requires

workforce training across three dimensions[25][37][54]:

1. Traditional lineworker skills: High-voltage safety, rigging,

climbing, equipment operation remain foundational. Projected

12,900 job openings annually, with median salary $92,500[11].

crises[52].

DOE awarded $28.2 million to TS Conductor (Michigan) for U.S.-

based HVDC conductor manufacturing with advanced

automated production lines[46].

•

Prysmian expanded its Williamsport, PA, facility (51,000 sq ft) to

produce underground and HVDC cables with robotic extrusion

and quality control systems[47].

•

National Grid (UK) established a £59 billion ($76.4 billion) HVDC

supply chain framework, awarding contracts to six cable

suppliers and four converter suppliers, demonstrating large-

scale commitment to supply chain buildout[36].

•

4.5 Workforce Development: Training for the Energy

Transition



2. HVDC-specific technical skills: Converter station operation, DC

switchgear, cable jointing, power electronics troubleshooting

require specialized training beyond conventional AC

systems[25][37].

3. Robotics operation and maintenance: Technicians must

operate, program, and maintain robotic systems (drones,

crawlers, autonomous equipment), integrating mechanical,

electrical, and software expertise[54].

Federal and industry initiatives:

Robotics as workforce multiplier: Rather than displacing workers,

robotics enables the existing workforce to accomplish dramatically

more. Training programs should position robotics as augmentation

tools—exoskeletons that reduce physical strain, drones that perform

dangerous inspections, and autonomous systems that extend reach—

thereby attracting new talent and retaining experienced workers

through safer, higher-productivity roles[54][56].

DOE's Energy Workforce Initiative aims to inspire a national

strategy for workforce development, prioritizing job creation,

quality, and access[54].

•

Joint Office of Energy and Transportation provided $9.9 million

for seven workforce development projects, including EVITP

certification for electricians and EV-related job training[55].

•

Energy Workforce & Technology Council offers Executive

Leadership Programs, FrontLine Leadership Training, and

technical courses (Oil and Gas 101, Well Control Certification)

[56].

•

Lineman Central and community colleges launched four new

lineman training programs in 2024, but capacity remains

insufficient relative to demand[11].

•

5. Strategic Case: Robotics as the Force

Multiplier for U.S. Energy Advancement



Previous sections establish:

Yet progress remains bottlenecked by execution capacity: insufficient

workforce, supply chain constraints, slow construction methods, and

permitting delays[7][10][11][21][22].

Core thesis: Robotics constitutes the force multiplier that converts

policy intent and capital availability into physical grid infrastructure

at the required pace.

Robotics-enabled HVDC buildout addresses three strategic

imperatives simultaneously:

Mechanism: Robotic systems enable 24/7 operation, faster task

execution, and workforce augmentation, directly increasing

transmission miles constructed per year.

Evidence:

5.1 The Macro-Constraint: Execution Capacity, Not

Capital

The U.S. transmission system must expand 2.4–3.5× by 2050[1]

[2].

•

Current buildout achieves <10% of the required annual rate[3].•

Federal policy has mobilized $338 billion+ in investment[5].•

Load growth from AI, semiconductors, and reshoring is

accelerating[14][15][16].

•

HVDC offers the most economically and technically viable

backbone for grid modernization[6][7][8].

•

5.2 Three Intersecting Value Streams

5.2.1 Accelerate Physical Deployment

Automated cable manufacturing increases throughput by 40–

60% and reduces defect rates to <0.1%[43][44].

•

Robotic inspection reduces inspection time by 50–70% while

improving data quality[38][39][40].

•

Exoskeletons and robotic assist systems can double individual

lineworker productivity[41][42].

•



Projection: If robotics increases effective construction workforce

productivity by 2–3×, combined with accelerated component

manufacturing, the U.S. could realistically achieve 2,000–3,000

miles/year of new high-capacity transmission by 2030—a 4–5×

improvement over 2024 levels, moving toward the 5,000 miles/year

target.

Mechanism: Automated manufacturing of HVDC cables, converters,

and transformers in U.S. facilities offsets higher domestic labor costs,

reduces import dependency, and improves supply chain resilience.

Evidence:

Strategic impact:

Mechanism: Reliable, high-capacity HVDC-enabled grid infrastructure

becomes a competitive advantage for attracting and retaining

advanced manufacturing (semiconductors, batteries, AI data centers),

while robotic manufacturing capabilities position U.S. firms as leaders

in grid technology production.

5.2.2 Strengthen Domestic Supply Chains

Robotic cable manufacturing achieves cost parity with Asian

producers by reducing labor cost per unit and improving

yield[43][44][45].

•

DOE-funded TS Conductor facility (Michigan) demonstrates

viability of domestic HVDC conductor production with advanced

automation[46].

•

Prysmian's Williamsport expansion leverages robotics for

advanced cable production, supported by domestic customer

agreements[47].

•

Reduced wait times for transformers and HVDC components

from 2–4 years to 6–12 months.

•

Elimination of $30 billion supplier backlogs through domestic

production scaling[7][10].

•

Enhanced national security by securing critical infrastructure

supply chains[49][52].

•

5.2.3 Support Industrial Reshoring and Economic

Competitiveness



Evidence:

Virtuous cycle:

1. Robotics accelerates HVDC buildout → Creates reliable, high-

capacity grid.

2. Reliable grid attracts reshored semiconductor/battery/AI

facilities → Generates concentrated load justifying HVDC

investment.

3. Reshored facilities create demand for domestic HVDC

components → Justifies automated manufacturing facilities.

4. Automated manufacturing produces HVDC components faster

and cheaper → Further accelerates grid buildout.

Cost comparison (per mile of 500 kV HVDC transmission):

Semiconductor fabs and AI data centers cite transmission

reliability and capacity as top three site selection criteria[15][16]

[19].

•

Clustering of battery/EV manufacturing in Southeast and

Midwest correlates with grid modernization investments[5][17].

•

Corporate clean energy PPAs (28 GW in 2024) demonstrate

willingness to co-invest in grid infrastructure when paired with

reshored facilities[5].

•

5.3 Economic Analysis: Robotics Investment vs. System

Benefits



Component Conventional
Robotics-

Enabled

Labor cost
$800,000–

$1,200,000

$400,000–

$700,000

Equipment/materials
$2,000,000–

$3,000,000

$2,000,000–

$3,000,000

Robotic system capex

(amortized)
$0

$200,000–

$400,000

Rework/delays
$200,000–

$500,000

$50,000–

$150,000

Total per mile
$3,000,000–

$4,700,000

$2,650,000–

$4,250,000

Construction time
12–18

months/100 miles

6–12

months/100

miles

Table 3: Cost and time comparison of conventional vs. robotics-

enabled HVDC construction (estimates)

System-level benefits (from literature):

ROI framework:

If robotics reduces HVDC construction cost by 10–20% and

construction time by 30–50%, the incremental investment in robotic

systems (estimated $5–$10 billion nationally for full-scale

deployment) yields:

HVDC macrogrid: $190–$360 billion net present value over 35

years[7].

•

Advanced conductor reconductoring: $180 billion in system

savings by 2050[29][33].

•

Dynamic line rating: $50,000/mile deployment cost vs. $1.5–$5

million/mile for new lines, with 10–30% capacity increase[34].

•

$50–$100 billion in direct construction cost savings over 10

years (assuming 50,000 miles of new/upgraded transmission).

•

$100–$200 billion in indirect benefits: accelerated renewable

integration, reduced curtailment, improved reliability, deferred

•



Conclusion: Robotics investment offers >10:1 benefit-cost ratio at the

system level, independent of the core HVDC infrastructure ROI.

Grid modernization intersects with national defense and critical

infrastructure protection[7][49][52]:

Robotics contribution to national security:

1. Domestic manufacturing: Automated production of grid

components eliminates foreign dependencies and potential

supply disruptions.

2. Rapid deployment: Robotic construction enables accelerated

buildout of critical defense infrastructure (base microgrids,

backup transmission corridors).

3. Surge capacity: Modular robotic systems can be quickly

replicated for disaster recovery or wartime contingencies.

4. Quality assurance: Automated manufacturing with embedded

inspection reduces risk of counterfeit or compromised

components.

Recent policy developments underscore government focus on grid

resilience:

generation investment[7][29].

Non-monetized benefits: enhanced national security, workforce

safety, supply chain resilience.

•

5.4 National Security and Resilience Dimensions

Military dependency: Department of Defense installations rely

on civilian grid for >99% of electricity; grid failures compromise

defense readiness[7][49].

•

Cyber vulnerabilities: Increasing digitalization expands attack

surfaces for adversaries; industrial control systems (ICS) face

proliferating threats[49].

•

Physical resilience: Extreme weather, wildfires, and

geomagnetic disturbances threaten transmission infrastructure;

HVDC's controllability enhances resilience[49][52].

•

Supply chain security: Import dependency for transformers,

converters, and cables creates single points of failure during

geopolitical disruptions[7][52].

•



Robotics can accelerate environmental compliance and permitting

processes:

DOE's 2024 CITAP rule aims to reduce federal transmission

permitting to two years[23]; combining this with robotic construction

methods that minimize environmental impact could further

compress total project timelines from current 7–10 years to 3–5

years.

White House Executive Order (February 2026) emphasizes grid

resilience as foundation of national defense and economic

stability[57].

•

DOE 2024 Grid Modernization Strategy prioritizes transmission

expansion, cybersecurity, and domestic supply chains[58].

•

Bipartisan permitting reform efforts recognize transmission as

critical infrastructure requiring expedited federal review[21][22]

[23].

•

5.5 Environmental and Permitting Synergies

Precision siting: AI-optimized route planning integrated with

robotic construction minimizes environmental footprint,

reducing regulatory challenges[51].

•

Right-of-way efficiency: Advanced conductor reconductoring

with robotic installation occurs within existing corridors,

avoiding new permitting for greenfield lines[29][30][33].

•

Reduced construction disturbance: Robotic systems enable

narrow construction footprints, faster project completion, and

lower ecosystem disruption[41][42].

•

Automated environmental monitoring: Drones and robotic

sensors provide real-time compliance data during construction,

demonstrating adherence to environmental commitments[41]

[42].

•



Recommendation 1: Establish a National Robotics for Grid

Modernization Initiative

Recommendation 2: Incentivize Domestic Manufacturing with

Automation

Recommendation 3: Develop Standards and Certification

Frameworks

6. Strategic Recommendations: Policy,

Investment, and Implementation

6.1 Federal Policy Recommendations

Create a DOE-led program providing $2–$5 billion over 5 years

for robotics demonstration projects in HVDC construction,

advanced conductor installation, and substation automation.

•

Fund 10–15 pilot projects in partnership with utilities,

contractors, and technology companies, covering diverse

geographies and project types.

•

Establish performance metrics: cost reduction, construction time

compression, safety improvement, workforce productivity gains.

•

Expand IRA manufacturing tax credits (45X) to explicitly cover

robotic manufacturing systems for HVDC cables, converters, and

transformers.

•

Provide accelerated depreciation (2–3 years) for capital

investment in robotic production equipment for grid

components.

•

Use Defense Production Act authorities to prioritize domestic

production of critical grid components with national security

implications.

•

NIST, in partnership with IEEE and CIGRE, should develop

standards for robotic construction methods, inspection systems,

and automated manufacturing of grid components.

•

Federal Energy Regulatory Commission (FERC) should establish

streamlined approval processes for transmission projects

employing certified robotic construction methods.

•



Recommendation 4: Integrate Robotics into Workforce

Development Programs

Recommendation 5: Accelerate Permitting for Robotic-Enabled

Projects

Recommendation 6: Launch Utility-Led Robotics Consortia

Occupational Safety and Health Administration (OSHA) should

develop safety protocols for human-robot collaboration in

transmission construction environments.

•

DOE's Office of Energy Jobs should fund community college and

technical school programs training workers in robotic system

operation, programming, and maintenance for grid applications.

•

Partner with unions (IBEW, utility workers) to develop

apprenticeship programs positioning robotics as workforce

augmentation, ensuring worker buy-in.

•

Target veterans for training in robotic grid construction and

manufacturing, leveraging transferable military technical

skills[7][56].

•

Expand DOE's CITAP program to prioritize projects utilizing

robotic construction methods that demonstrably reduce

environmental impact.

•

Create "fast-track" permitting categories for reconductoring with

advanced conductors using robotic installation, given minimal

new right-of-way requirements[29][33].

•

Establish federal-state-tribal coordination mechanisms to align

reviews and minimize duplicative processes[21][22][23].

•

6.2 Utility and Industry Actions

Major investor-owned utilities, public power authorities, and

transmission developers should form regional consortia to co-

invest in robotic construction equipment, sharing capital costs

and learnings.

•

Consortia can negotiate volume purchasing agreements for

robotic systems, reducing per-unit costs.

•

Joint pilot projects enable knowledge sharing and accelerate

technology maturation.

•



Recommendation 7: Integrate Robotics into Long-Term Capital

Plans

Recommendation 8: Partner with Technology Companies and

Startups

Recommendation 9: Recognize Robotics as Grid Investment

Multiplier

Recommendation 10: Fund Domestic Manufacturing Capacity

Utilities should incorporate robotics acquisition and training into

Integrated Resource Plans (IRPs) and capital expenditure

forecasts.

•

Public Utility Commissions should recognize robotics

investments as prudent expenditures that reduce ratepayer

costs long-term through efficiency gains.

•

Establish clear cost recovery mechanisms for early-adopter

utilities to mitigate investment risk.

•

Utilities should establish innovation partnerships with robotics

companies (e.g., Boston Dynamics, ABB Robotics, Fraunhofer

IPA) and startups developing specialized grid construction

robots.

•

Offer field test sites and co-development opportunities in

exchange for preferential access to emerging technologies.

•

Leverage corporate venture arms to invest in early-stage

robotics companies addressing grid-specific challenges.

•

6.3 Investment Community Actions

Infrastructure funds, pension funds, and institutional investors

should evaluate transmission projects not only on route

economics but also on construction methodology and timeline

risk mitigation via robotics.

•

Projects employing robotic construction should receive

favorable risk ratings due to higher schedule certainty, lower

labor risk, and reduced safety liabilities.

•

Establish specialized investment vehicles focused on robotics-

enabled grid infrastructure, capturing both infrastructure

returns and technology value creation.

•



Recommendation 11: Expand Research on Robotic Grid

Construction

Recommendation 12: Develop Open-Source Platforms and Data

Sharing

Private equity and strategic corporate investors should target

HVDC component manufacturing facilities utilizing advanced

automation.

•

Co-investment with federal programs (e.g., DOE Loan Programs

Office) can de-risk initial capital requirements.

•

Long-term off-take agreements with utilities provide revenue

stability justifying large-scale robotic manufacturing buildout.

•

6.4 Academic and Research Priorities

National laboratories (NREL, Sandia, Oak Ridge) should

establish research programs on robotic transmission

construction, addressing technical challenges: harsh outdoor

environments, high-voltage safety, autonomous decision-

making.

•

Universities should offer graduate programs and research

centers focused on robotics for infrastructure, attracting top

engineering talent.

•

Industry-academic partnerships can pilot emerging technologies

in controlled environments before field deployment.

•

Create open-source repositories for robotic construction

algorithms, digital twin models, and AI planning tools to

accelerate industry-wide adoption.

•

Establish data-sharing agreements among utilities for robotic

system performance data, enabling continuous improvement

and benchmarking.

•

Develop simulation environments where robotics companies

can test and validate systems virtually, reducing development

costs.

•



Recommendation 13: Learn from Global Leaders

The United States stands at a critical juncture. The energy transition,

industrial reshoring, and explosive growth in AI and advanced

computing demand a transmission infrastructure capable of

supporting a fundamentally different economy—one requiring 2.4–

3.5× current grid capacity by 2050, with reliability standards orders

of magnitude higher than legacy systems[1][2][14][15].

HVDC and advanced transmission technologies offer the technical

and economic pathway to build this infrastructure. Benefit-cost

analyses, grid planning studies, and field demonstrations consistently

validate HVDC's superiority for long-distance bulk power transfer,

renewable integration, and grid resilience[6][7][8][26][27].

Yet the U.S. is currently building transmission at less than one-tenth

the required rate[3]. This is not a failure of policy, capital, or

technology—federal legislation has mobilized hundreds of billions,

and HVDC systems are commercially mature[4][5][31]. The binding

constraint is execution capacity: insufficient workforce, constrained

manufacturing, and slow construction methods.

6.5 International Collaboration and Technology

Transfer

Study HVDC deployments and advanced construction methods in

Europe (National Grid UK's HVDC framework[36]), China

(Zhangbei multi-terminal project[27]), and other regions.

•

Facilitate technology transfer agreements and joint ventures

with leading HVDC equipment suppliers (Hitachi Energy,

Siemens, GE Vernova) to establish U.S. manufacturing with

robotics integration.

•

Participate in international standards bodies (IEC, CIGRE) to

ensure U.S. requirements shape global robotics and HVDC

standards.

•

7. Conclusion: Robotics as the Catalyst for

U.S. Energy Leadership



Robotics and automation constitute the force multiplier that

breaks this constraint. By deploying robotics systematically across

the HVDC/transmission value chain—from automated component

manufacturing to robotic field construction to AI-assisted planning—

the U.S. can achieve three strategic objectives simultaneously:

1. Accelerate grid buildout to the 5,000 miles/year pace required,

leveraging 24/7 robotic operation, workforce augmentation, and

precision construction.

2. Strengthen supply chain resilience by automating domestic

manufacturing of HVDC cables, converters, and transformers,

offsetting labor costs and eliminating foreign dependencies that

threaten national security.

3. Enable industrial competitiveness by creating the reliable,

high-capacity grid infrastructure that attracts and retains

semiconductor fabs, AI data centers, and advanced

manufacturing, while building the robotic manufacturing base

that positions U.S. firms as global leaders in grid technology.

The investment case is compelling: estimated $5–$10 billion in robotic

system deployment yields >10:1 returns through construction cost

savings, accelerated project timelines, and system-level benefits from

enhanced grid capacity and reliability[7][29][33][34]. Non-monetized

benefits—workforce safety, environmental impact reduction,

national security enhancement—further strengthen the strategic

imperative.

The path forward requires coordinated action across federal

agencies, state regulators, utilities, investors, technology companies,

and the workforce. Key enablers include demonstration projects,

manufacturing incentives, standards development, workforce

training programs, and permitting reform that recognizes robotics-

enabled construction as lower-risk and faster[21][22][23][54][56].

The United States has consistently led global technological

transitions—from rural electrification to the Interstate Highway

System to the Internet. Robotics-enabled HVDC buildout offers the

next chapter: leveraging American innovation in automation,

artificial intelligence, and advanced manufacturing to construct the



21st-century energy infrastructure that powers economic leadership,

national security, and a sustainable future.

The capital is ready. The technology is proven. The demand is urgent.

The strategic imperative is clear.

The question is not whether to deploy robotics for grid

modernization—but how quickly we can scale.
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