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A Congested Outlook:  Integrating Clean Energy 

• Grid Transmission Capacity
− Aging infrastructure needs to be replaced 

or augmented to meet the increased 
power demand.  

• Adding more Clean Energy 
Generation

− Renewable energy will address the need 
for clean and sustainable energy but must 
be integrated into the existing power grid.

• Geography Matters
− Renewable energy sources are often 

located far from load centers, requiring 
extensive transmission infrastructure to 
carry electricity from the generation sites 
to the consumers.

• Slow Rate of Interconnection
− As more renewable generation sources 

join the grid, congestion costs are 
expected to rise substantially.

• Cybersecurity concerns
− Many renewable energy systems haven’t 

yet matured in terms of cyber security risk 
management and operations because the 
generation technologies are still in the 
early stages of deployment and 
operations.  



Transmission Capacity Is Needed Key findings from 

the DOE National 

Transmission Needs 

Study (2023):

• Mountain Region is 

expected to increase by 

90% by 2035 assuming a 

moderate growth in 

demand and high growth 

in renewables. 

• These 2035 deployment 

needs increase even 

more under high load 

growth scenarios, 

specifically for the 

Mountain (173%) region. 



Gridlocked: Clean Energy 
Interconnection Queue

• Interconnection is dictated by 
a complex network of laws, 
regulations, and administrative 
processes

• Over 2,000 gigawatts (GW) of 
total generation and storage 
capacity seeking connection to 
the grid

• Current interconnection 
procedures, however, are not 
designed to accommodate 
the deployment of hundreds of 
gigawatts.

Proposed projects seeking to connect to the grid

https://emp.lbl.gov/sites/default/files/queued_up_2022_04-06-2023.pdf



Only 21% of all 
projects proposed 
from 2000-2017 had 
reached commercial 
operations by the 
end of 2022

 ~ 72% had withdrawn 
from queues

Rising interconnection 
costs and long queue 
delays for renewables 
may impede clean 
energy goals set at the 
federal and state level

Gridlocked: Clean Energy 
Interconnection Queue

https://emp.lbl.gov/sites/default/files/queued_up_2022_04-06-2023.pdf



GETs: Relieving Grid Congestion

https://www.energy.gov/sites/prod/files/2019/08/f66/Congressional_DLR_Report_June2019_final_508_0.pdf

https://www.energy.gov/sites/default/files/2022-04/Grid%20Enhancing%20Technologies%20-%20A%20Case%20Study%20on%20Ratepayer%20Impact%20-

%20February%202022%20CLEAN%20as%20of%20032322.pdf 

• GETs cases provide 
optionality in 
addressing curtailment 
at a fraction of the cost

• Similar story across 
other system economic 
metrics

• Payback period 
appears to be faster for 
GETs

− GETs lifecycle 
shorter than 
traditional 
upgrades

• Range of costs 
identified for each of 
the GETs cases

https://www.energy.gov/sites/prod/files/2019/08/f66/Congressional_DLR_Report_June2019_final_508_0.pdf
https://www.energy.gov/sites/default/files/2022-04/Grid%20Enhancing%20Technologies%20-%20A%20Case%20Study%20on%20Ratepayer%20Impact%20-%20February%202022%20CLEAN%20as%20of%20032322.pdf
https://www.energy.gov/sites/default/files/2022-04/Grid%20Enhancing%20Technologies%20-%20A%20Case%20Study%20on%20Ratepayer%20Impact%20-%20February%202022%20CLEAN%20as%20of%20032322.pdf


Dynamic Line Ratings (and Ambient 

Adjusted Ratings) Utilizes hardware and/or 

software used to appropriately update the 

calculated thermal limits of existing 

transmission lines based on real-time and 

forecasted weather conditions 

Grid Enhancing Technologies (GETs) include, but are 
not limited to:

1. Power Flow Control (PFC) and optimized 
transmission switching 

2. Storage technologies

3. Advanced line rating management

− Ambient Adjusted Ratings (AAR)

− Dynamic Line Ratings (DLR)

4. Advanced Conductors

Power Flow Control is a set of technologies 

that push or shift power away from overloaded 

lines and onto underutilized lines/corridors 

within the existing transmission network.  

Multiple power flow control solutions exist.

GETs definition from FERC Notice to Convene a Workshop on Grid-Enhancing Technologies: https://cms.ferc.gov/media/7198 

Contingency - the loss of a transmission 

component

Monitored Element - the elements 

overloaded when a contingency happens

Flowgate – the contingency and monitored 

element pair that limit power transfer 

across the transmission system (from 

wind/solar to load in this example)

GETs: Relieving Grid Congestion

https://cms.ferc.gov/media/7198


Advanced Power Flow Control

PFC allows system operator to reroute flows across the transmission 

network by changing line impedance 



Topology Optimization

❑ Software finds and 
evaluates reliable 
reconfigurations to reroute 
flow around congestion 

❑ Reconfigurations can be 
implemented by opening or 
closing circuit breakers.

❑ Analogous to temporarily 
diverting traffic away from 
congested roads to make 
traffic flow smoother.

❑ Provides a high-level, 
actionable overview of 
whether there are 
reconfiguration options to 
mitigate the congestion 
patterns. 



Concurrent Cooling Meets Dynamic Line Ratings

Higher Wind Speeds More Power Generated

Higher Wind Speeds Reduced Conductor Temperature



What is a Line’s Thermal Rating?

• Maximum current a line can carry where the resulting line conductor temperature doesn’t 
exceed a specified maximum conductor temperature. 

• The maximum conductor temperature is calculated to limit cumulative damage to the conductor 
system assuring minimum electrical clearances are maintained.

Dale Douglass, DPC

Maximum Loss of 

Conductor Strength

Maximum Sag to 

Maintain Electrical 

Clearances

Aging of Connectors 

& Hardware by 

Temp Cycling

Suitably Conservative 

Weather Assumptions 

As per CIGRE TB299

Current-Temp Heat 

Balance Calculation

Limits on Conductor 

Temperature & High 

Current Duration 

TB643

Line Ratings [amps or MVA] Static & Transient



Ratings Come Down to Only a Few Things

Roger Renwick, AltaLink



Why Should We Increase Our Ratings?

To safely increase line utilization 

• Power Flow Optimizations

• More access to lower priced generators

• Contingency analysis

DLR accurately reflects the real-world

• Risk mitigations (equipment failure/fatigue)

• Safety & reliability



Industry Driven Literature on GETs Integration and Control 

The Basics The Control

Cybersecurity

https://inl.gov/content/uploads/2024/03/Cybersecurity-Considerations-for-Dynamic-Line-Rating-Deployment.pdf
https://inl.gov/content/uploads/2024/03/POWER_Variable-Ratings.pdf
https://inl.gov/content/uploads/2024/03/Implementation-of-PFC-solutions.pdf
https://inl.gov/content/uploads/2024/03/Shunt-Connected-FACTS-and-Synchronous-Condensers.pdf
https://inl.gov/content/uploads/2024/03/Voltage-Optimization.pdf
https://inl.gov/content/uploads/2024/03/POWER_Grid-Enhancing-Technologies.pdf


Newest Publication!

Nature Reviews Clean Technology
Grid Enhancing Technologies for Clean 
Energy Systems
Su, T., Zhao, J., Gomez-Exposito, A., Gentle, J., et al. Grid-
enhancing technologies for clean energy systems. Nat. 
Rev. Clean Technol. 1, 16–31 (2025).

https://doi.org/10.1038/s44359-024-00001-5

https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.1038%2Fs44359-024-00001-5&data=05%7C02%7Cjake.gentle%40inl.gov%7Ce934147bbc9749510cbb08dd359f42e5%7C4cf464b7869a42368da2a98566485554%7C0%7C0%7C638725680335486297%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=O0iaUgVDf2Ypxnnhl7pufwhxgid2Fof%2Bt0ltaKoYLjw%3D&reserved=0


Transmission Line Ranking for 
PFC Implementation

https://cigre-usnc.org/wp-content/uploads/2024/06/Optimized-Power-Flow-Control-Device-Siting-with-Coupled-Production-Cost-AC-Powerflow-Modeling-Presentation1.pdf 

https://cigre-usnc.org/wp-content/uploads/2024/06/Optimized-Power-Flow-Control-Device-Siting-with-Coupled-Production-Cost-AC-Powerflow-Modeling-Presentation1.pdf


Options for Increasing Line Capacity

Change the Methodology

• Adjust Static Rating Parameters

• Apply Other Ratings

− Seasonal

− Ambient Adjusted

− Dynamic Line Ratings 
(Real-time and Forecasted)

Change the Physical Rating

• Use Clearance Margin 
(if available)

• Allow Higher Temperature

Fix Clearance Limits

• Remove Obstacle

• Adjust Tension

• Modify Insulators

• Modify Structures

• Inset Structures

Reconductor

• TW Conductor

• Larger Conductor

• HTLS conductors

Increase the Voltage

• Structure/insulator 
modification

Rebuild the Line

• New conductor 

• More circuits 

• Larger voltage

Dale Douglass, DPC

Dale Douglass, DPC



Just replace the old wires 
with new ones…

Advantages:

• Simple

• Inexpensive

• Fast

• Low environmental impact

• More capacity (50-150%)

• Better efficiency

Reconductoring with Advanced 
Conductors

Image Source: Pivotal Role: Reconductoring key to strengthening the transmission system - Power Line Magazine

https://powerline.net.in/2021/12/03/pivotal-role/


Traditional & Advanced Conductors

Traditional

Advanced

Stranded copper (legacy technology) All aluminum alloy conductors Aluminum conductor steel reinforced

(most used today)

Twisted pair (used in areas with high wind).

ACSS Conductor ACCR Conductor ACCC Conductor ACCC AZR (left) and ULS-AZR Conductor (right)

TS Conductor C7 Conductor E3X coating on ACSS Cable



Advanced Conductor Scan Report

https://inl.gov/content/uploads/2024/02/23-50856_R8_-AdvConductorszScan-Report.pdf



A Utility Serving 
CO, Deploys 
Advanced 
Conductor!



Endless amounts of resources and expertise at INL 

Grid Enhancing Technologies

Dynamic Line Rating

https://inl.gov/national-security/grid-enhancing-technologies/
https://inl.gov/national-security/dynamic-line-rating/


Battelle Energy Alliance manages INL for the U.S. Department of Energy’s Office of Nuclear Energy. 

INL is the nation’s center for nuclear energy research and development, and also performs research 

in each of DOE’s strategic goal areas: energy, national security, science and the environment.

Email us with your questions!

Jake Gentle: jake.gentle@inl.gov

S M Shafiul Alam: smshafiul.alam@inl.gov

Zach Priest: zachary.priest@inl.gov

Krystal Pratt: krystal.pratt@inl.gov

mailto:jake.gentle@inl.gov
mailto:smshafiul.alam@inl.gov
mailto:zach.priest@inl.gov
mailto:krystal.pratt@inl.gov

