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1. Acronyms and Abbreviations 

 
AC  alternating current 
AI   artificial intelligence 
CERTS  Consortium for Electric Reliability Technology Solutions 
DC  direct current 
DER  distributed energy resources 
DOE  United States Department of Energy 
EMS  energy management system 
EPRI  Electric Power Research Institute 
EV  electric vehicle 
FACTS  flexible alternating current transmission systems 
FERC  Federal Energy Regulatory Commission 
GW  gigawatt(s) 
HVDC  high-voltage direct current 
ICS  industrial control systems  
ISO  independent system operator 
MISO  Midcontinent Independent System Operator 
ML  machine learning 
MW  megawatt(s) 
NERC  North American Electric Power Corporation 
RAS  remedial action scheme 
R&D  research and development 
RTO  regional transmission organization 
SPS  special protection scheme 
T&D  transmission and distribution 
SCADA  supervisory control and data acquisition 
VSC  voltage source converter 
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1. Introduction 

The foundation of the United States Department of Energy (DOE) Transmission Reliability research 
program was established 20 years ago by a series of commissioned white papers. Those white papers 
described the dramatic institutional and regulatory changes that the U.S. electricity transmission grid 
was undergoing at the time and articulated the technical challenges that these changes created. The 
challenges outlined in the white papers were the basis for the initial research goals of the DOE 
Transmission Reliability program. To a large extent, the reliability research needs outlined in the original 
white papers have now been met. As a result, now is an appropriate time to step back and review the 
technical challenges that the industry currently faces and to use those challenges as the basis for 
identifying the next set of targets for DOE’s transmission-related research and development (R&D) 
programs.  
 
To support this process, DOE, supported by Lawrence Berkeley National Laboratory and Pacific 
Northwest National Laboratory, formed small teams of experts drawn from the national laboratories 
and academia to prepare a new set of foundational white papers. These white papers review and assess 
the challenges now facing the U.S. transmission system and focus on the technologies that will be 
required to address the challenges. The white papers define the technical issues that must be 
addressed now to prepare the industry for the transmission system that will be required 10-20 years in 
the future. One key purpose of the papers is to identify technical areas where DOE can take a 
leadership role in catalyzing an orderly transition to the future transmission grid. This includes DOE’s 
roles as a visionary articulating and defending what is needed, as a facilitator bringing together the 
parties that must work effectively together to achieve the goals, and as an investor to spark and guide 
needed R&D investments.  
 
Each of the white papers was peer reviewed by up to five experts from academia and industry. The 
papers were then vetted and discussed formally with a broad, diverse audience of stakeholders at a 
DOE-sponsored Transmission Innovation Symposium entitled “Modernizing the U.S. Power Grid” that 
was held virtually on May 19-21, 2021. More than 450 individuals registered to participate in the 
symposium. This volume is a summary of the presentations and discussions that took place during the 
Transmission Innovation Symposium. This summary volume is accompanied by the white papers, each 
presented in a separate volume. Together, the white papers and the discussions from the symposium 
will anchor the next generation of DOE’s Transmission Reliability R&D programs. 
 
1.1 Background 
In 1999, DOE restarted its Transmission Reliability research program in response to the Secretary of 
Energy Advisory Board’s finding that DOE should address “emerging gaps in public interest R&D created 
by the transition to competitive markets.”1 As a first step, DOE commissioned the newly formed 

 
1 Secretary of Energy Advisory Board. 1998. Maintaining Reliability in a Competitive U.S. Electricity System, Final Report of 
the Task Force on Electric System Reliability. Sep. 28. U.S. Department of Energy.  
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Consortium for Electric Reliability Technology Solutions (CERTS)2 the first generation of white papers to 
assess industry trends, technical challenges, and needs for public interest R&D.3 
 
The 20 years of DOE-sponsored transmission reliability R&D initiated by those first white papers have 
led, or contributed, directly to the following major technical accomplishments: 

1. Creation of software tools now in routine use by the North American Electric Reliability 
Corporation (NERC) to monitor compliance with mandatory reliability rules and to support the 
development and testing of new reliability metrics; 

2. Creation of new, interconnection-wide grid monitoring systems consisting of thousands of high-
speed, time-synchronized measurement devices that provide unprecedented visibility into the 
operation of the grid, supported by significant industry-cost-sharing funding and the American 
Reinvestment and Recovery Act; 

3. Adoption by all regional transmission organizations/independent system operators (RTOs/ISOs) 
of advanced software for real-time co-optimization of energy and reserves to improve both 
system reliability and the wholesale-market efficiency; 

4. Implementation of customer demand-response programs in all RTO/ISO wholesale ancillary 
services markets, on a footing equal to supply-side resources; and 

5. Industry-wide adoption of DOE-led microgrid concepts and first-ever field demonstration of 
grid-forming microgrids, at scale, using commercial hardware. 

 
1.2 The Need for, and Role of, a New Generation of White Papers on 

Electricity Transmission System Research & Development  
As noted above, the reliability research needs outlined in the original Transmission Reliability white 
papers have now largely been met. In addition, the Transmission Reliability research program is now a 
part of a standing DOE Office of Electricity (which did not exist in 1998). Equally important is that 
significant, complementary DOE programs, including Advanced Grid Modeling, Energy Storage, 
Advanced Power Grid Components, Advanced Sensors, and Resilient Distribution Systems, are now also 
conducting research in technical challenges facing the transmission grid. 
 
In view of past Transmission Reliability program accomplishments and the now greatly expanded 
portfolio of grid-related research managed by the Office of Electricity, it is time to revisit and re-assess 
transmission grid research priorities and establish new technical objectives for the office’s transmission-

 
2 The Consortium for Electric Reliability Technology Solutions (CERTS) was formed in 1999 to research, develop, and 
disseminate new methods, tools, and technologies to protect and enhance the reliability of the U.S. electric power system 
and the efficiency of competitive electricity markets. The founding members of CERTS include Lawrence Berkeley 
National Laboratory; Oak Ridge National Laboratory; Pacific Northwest National Laboratory; Sandia National 
Laboratories; the National Science Foundation Power Systems Engineering Research Center; and the Electric Power 
Group. 
 
3 https://certs.lbl.gov/project/certs-grid-future 
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related research, as well as to identify the connections among and between this research and other 
related research activities within the Office of Electricity and DOE as a whole.  
 
White Papers: Scope and Lead Authors  
 

1. Electricity Transmission Systems R&D: Grid Operations  
Thomas Overbye, Texas A&M, and Anjan Bose, Washington State University 

 
2. Electricity Transmission Systems R&D: Distribution Integrated with Transmission Operations 

Emma Stewart, Lawrence Livermore National Laboratory (at time white paper was written; now 
with National Rural Electrification Cooperative Association), and Chen-Ching Liu, Virginia 
Polytechnic and State University 

 
3. Electricity Transmission Systems R&D: Automatic Control Systems 

Jeff Dagle, Pacific Northwest National Laboratory, and Dave Schoenwald, Sandia National 
Laboratories  

 
4. Electricity Transmission Systems R&D: Hardware and Components 

Chris O’Reilley and Tom King with support from Oak Ridge National Laboratory staff 
 

5. Electricity Transmission Systems R&D: Economic Analysis and Planning Tools   
Jessica Lau, National Renewable Energy Laboratory, and Ben Hobbs, Johns Hopkins University  

 
A list of the peer reviewers for each white paper appears in Appendix A. 
 
Transmission Innovation Symposium: Modernizing the U.S. Power Grid 

The final white papers were vetted publicly at the DOE Transmission Innovation Symposium: 
Modernizing the U.S. Power Grid that was held virtually on May 19-20, 2021. The final agenda of 
symposium appears in Appendix B. 
 
Of the more 450 symposium participants, roughly 45% were from industry or industry organizations, 
30% from the national labs, 15% from academia, and 10% from DOE offices. 
 
The symposium keynote speakers were Pat Hoffman, Acting Assistant Secretary of the DOE Office of 
Electricity and Wanda Reeder, CEO of Grid-X, LLC as well as chair of DOE’s Electricity Advisory 
Committee. Following the keynote talks and a detailed question-and-answer session, the symposium 
consisted of five sessions organized around the white papers:  

1. Grid-operations 

2. Distribution integrated with Transmission Operations 

3. Automatic Control Systems 
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4. Hardware and Components  

5. Economic Planning and Analysis Tools 
 
After the authors’ presentations on the white papers, an invited panel of leading industry practitioners 
commented on the papers’ recommendations for future DOE R&D. The panelists’ remarks were 
followed by an open question-and-answer period, and DOE invited additional written comments to be 
submitted following the symposium. 
 
Organization of this Volume 

This volume is a summary of the white paper presentations and discussions that took place at the 
symposium. It is accompanied by stand-alone volumes for each of the five white papers.  
 
This volume is organized as follows: 
 
In Section 2, we summarize the symposium keynote presentations by Pat Hoffman, Acting Assistant 
Secretary of the Office of Electricity, and Wanda Reeder, CEO of Grid-X, LLC, and chair of DOE’s 
Electricity Advisory Committee. The presentation slides appear in Appendix C. 
 
Sections 3-7 summarize each of the white paper sessions. Each summary begins with a synopsis of the 
white paper that draws from the executive summary written by the authors. Next, we summarize the 
prepared remarks offered by the two invited expert panelists on each topic. We conclude with a 
summary of the question-and-answer session that followed the presentation. The presentation slides 
used by the white paper authors appear in Appendix D. 
 
Written comments on the symposium that were submitted to DOE by May 27, 2021 are included in 
Appendix E. 
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2. Opening Session 

2.1 DOE Keynote 
Patricia Hoffman, Acting Assistant Secretary, U.S. DOE Office of Electricity 
 
• The Biden administration has laid out an aggressive strategy for combatting climate change, 

including 100% renewable energy by 2035 and a net-zero-energy economy by 2050. To meet these 
goals, we will need significant investment in electricity infrastructure.  

•  The Energy Secretary also announced goals for:  
- 30 gigawatts of off-shore wind by 2030 
- Cutting the cost of solar by 60% in the next 10 years 
- Increasing electrification of transportation, buildings, and industrial sectors to meet 

environmental targets 
• Highlights from the white papers: 

- If we are going to meet renewables targets, we will need an expanded—perhaps 
substantially—transmission grid to deliver the increased volume of renewable energy  

- We will need to be flexible about how we build out the transmission system so that it can 
be reconfigurable to be broken into smaller systems through a process known as 
intentional islanding (from the Grid Operations paper, p. 14) 

- We are going to have to continue to invest in observability and flexible controls through 
sensors and advanced data analytics (machine learning, artificial intelligence [ML/AI]) 

- Regarding cyber security, we need to get into the physics of the system in conjunction with 
the cyber/communications aspects of the system. We need to be able to identify the 
difference between events caused by physical versus cybersecurity issues, as described well 
in the white paper on Distribution Integrated with Transmission Operations 

- Transmission planning is important because we are introducing significant change to the 
system. We are talking to ISOs and independent transmission operators about where the 
most important lines for the system are located. This discussion is going to intensify during 
the next couple months. The concept of multi-value planning is incredibly important as we 
go making investments in the next few years.  

- Markets are going to have to evolve. We need to rethink the energy and ancillary services 
markets (described on p. 25 of the Economic Planning and Analysis white paper)  

- At the end of the day, ramping services, essential reliability services, and capacity are going 
to have more value, and the value of energy services will not be as dominant as it is today.  

• I challenge you all to set a stake in the ground regarding what some of the investment priorities for 
industry should be; we need to think about how to time investments, and how to execute on some 
of our targets and objectives as an industry. 

• How do we set goals to phase investment strategies?  
- R&D technology and cost targets 
- Energy storage technology and cost targets 

• At the same time, how does the DOE define investment priorities from a transmission planning 
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point of view to set the stage for driving additional investment going forward?  
- It is important for industry to have a prominent seat at the table as we look at investments 

and the jobs plan and determine how we collectively drive the investments that are critical 
to our future.  

 
 
2.2 Industry Keynote 
Wanda Reder, President and Chief Executive Officer, Grid-X Partners, LLC and Chair, DOE Electricity 
Advisory Committee. See slides in Appendix C. 
 
• We need to step back and think about how to connect the details and recommendations in the 

white papers to trends, drivers, goals and objectives, so we have a cohesive plan that is outcome 
based.  

• We need to remember how connected electricity infrastructure is to other critical infrastructures.  
• The five white papers are a foundation for transformational change. The white papers discuss 

emerging transmission characteristics and how important they are to planning R&D. 
• The current transmission infrastructure is aging—much of it was built over a half century ago—and 

this is stressing the system. We have a long way to go to update the system. The system is very 
human dependent, and there are opportunities for assisting operators with more automation.  

• In regard to future transmission, the industry is going through change that is orders of magnitude 
greater than ever before. We need to innovate to meet the needs of a future system that will 
require more automation, data, modeling, and investment.  

• We need to look at what we can do with ancillary services at the distribution level to buy time to 
build things on the bulk transmission system. 

• We need to continue industry engagement for strategic planning and execution so we can advance 
together. 

• Transformations needed:   
- We need to cross the barriers posed by institutional siloes and foster communication, 

promote imagination, and anticipate uncertainty. We cannot shy away from addressing 
elephant-in-the-room type concerns. We need to make sure we don’t miss anything.  

- Value increases when there is interoperability with other devices and systems in use. This is 
where grid architecture comes in.  

- If we are to succeed in achieving goals, the work force cannot be an afterthought; it needs 
to be at the forefront and considered throughout strategies for transformational change.  

• We cannot kick the can down the road. We are asking for transformational change, which requires 
cultivation of imagination. 

 
2.3 Discussion 

• What are some of the challenges with simulations in training?  
- Patricia Hoffman: There is value in simulations in training, especially when using good 

sources of data. We can’t only rely on historical data going forward as the system is 
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changing. We need to incorporate cyber security training as well. Need to use real system 
data in order to make realistic training situations and develop simulations that help explore 
how to optimize the restoration process in different situations. All of these can help our 
workforce and develop future operators, as well as even help educate consumers.  

- Wanda Reder: There are so many facets in the workforce beyond just the operational 
workforce. The types of skills will need to evolve so that we will be able to understand and 
set up automation, data flows, and cyber-security aspects. Using real systems is important, 
but we need to think broader.  

• What are the challenges for industrial control systems and supervisory control and data acquisition 
(SCADA) – challenges and possible markets? Where is the technology evolving?  

- Wanda Reder: Lots of opportunity for innovation in this space, and we are moving into an 
era where we are going to need faster communications that are also safe and resilient. 
SCADA is slow, at least compared to some of the new sensors coming on the system. Need 
to make sure new capabilities are integrated effectively. This is particularly true for the area 
of transmission and distribution interface.  

- Patricia Hoffman: Need more tools for operators that include automation. Need to be able 
to segment the system for resilience as well as cyber security. Explore how to structure and 
design control systems that include segmentation for security of these critical systems.  

• What solutions do you see for cyber physical training and tools? How do we secure information 
exchange - maybe bringing together cyber security and telecommunication folks? 

- Wanda Reder: I do think we are going to need to bring together these two groups, thanks 
for bringing the idea forward. We need to be deliberate in putting plans around this area 
since it is one that needs further development.  

• What can DOE do to foster the development of data sets for use in both industry and academics for 
ML and AI innovation?  

- Patricia Hoffman: We do have to help develop data sets. We need to have them available 
for researchers and technology development, but we need to be careful about the sharing 
parameters. Need to allow for sharing, to develop research around evaluation of the 
system, especially when you look at planning infrastructure investments. With cyber-
security and vulnerability concerns, we need to think about access carefully, and this 
certainly will not be easy, but there does need to be a certain level of information sharing 
moving forward.  

• With all the things that need to be done to modernize the grid, is the workforce up to the task, and 
what do we need to improve?  

- Wanda Reder: We need to keep in mind both new employees and existing and how they 
each require different strategies for how to evolve skills, such as different training or 
curriculum. Even in the design of the product, we need to design better screens and 
systems that are easier to use so that we are not relying on as much “tribal knowledge” as 
we have in the past. That said, I am very pleased with the workforce that we have; they 
have been showing their ability to make more out of less, bring in distributed energy 
resources, incorporate new markets. The workforce has shown their ability to be flexible 
and forward leaning these past 10 or so years with the dramatic rate of change we’ve seen 
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on the system. We need to be able to give them the tools they need to continue and make 
the next quantum leap.  

• With distributed energy resources (DER) and goals to increase the ability to segment the electricity 
system with intentional islanding, how can we include distribution technologies in addition to 
transmission-level research?  

- Patricia Hoffman: We are going to have look at transmission and distribution because in 
many ways they are already blended. We need to look at the system holistically and think 
about microgrids and distributed load and what can be automated at the distribution level. 
There are going to be values from DER and customer and local services. How do we think 
about load profiles and load management going forward? There is an opportunity to take 
advantage of tools and resource efficiency as well as automation here.  

- Wanda Reder: Well said.  
• How do we build new transmission lines? They currently take a long time, so how are we going to 

meet the aggressive administration goals? 
- Patricia Hoffman: First, maximize existing capacity through dynamic line rating and power-

flow control, re-conductoring, etc. That’s the low-hanging fruit. Second, use every tool in 
the toolbox for new transmission: how can we use existing rights-of-way from highways or 
rail, or other routes for energy corridors. Bottom line is we need to recognize that more 
transmission is necessary to meet renewable energy targets. We need to think early about 
where to place this transmission, working at the local and state level, and engage the 
community early and often. We need to engage the community to think about where to 
place transmission and where there are opportunities going forward. Third, how can we 
develop tools to think innovatively about transmission siting and permitting, for example, 
thinking creatively about how to address environmental issues around certain land areas 
ahead of project development? 

- Wanda Reder: Historically, we have looked at siting and permitting of transmission and 
distribution separate. Going forward we are going to need to look across these areas 
holistically. For example, what can we do behind the meter and on the distribution level? 
How can we use power electronics on the distribution system for ancillary services? We 
need to look across multiple regions and scales to plan effectively and efficiently for new 
lines.  

• How do we get end uses more engaged (e.g., grid response of buildings, flexible electric vehicle [EV] 
charging, etc.)?  

- Patricia Hoffman: Huge opportunity in the space of electrification of industrial heating loads 
as well. The challenge is with the strain this might put on existing distribution systems and 
required upgrades. Customer awareness of what technologies are out there for existing 
buildings, as well as incorporating advanced technologies into the new building fleet. There 
is momentum building with consumers wanting to get engaged. Consumers are getting 
smarter and are looking for more ways to manage their energy consumption. Starting with 
the education side, to making sure that the buildings are smart to allow automation, and 
then things can become more balanced within the distribution level.  

- Wanda Reder: The electricity industry at large has not done a very good job of engaging 
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customers at large. Need to try and learn from other industries how to engage and get at 
the interests of customers.. I would also say the incentive base needs to be questioned. Just 
time-of-use rates alone are not going to get us there.  

- Patricia Hoffman: Wanda brings up a good point. We don’t want to leave any customers 
behind. We have to think about how to invest in this in a way where everyone can benefit, 
and no one is harmed by changes in rate design. Lots of lessons learned from time-of-use 
block rates and how do we get into dynamic rate designs. This will be an interesting 
discussion, and challenge, going forward.  

• There is a perception that the United States is falling behind on high-power technologies such as 
high-voltage direct current (HVDC) and dynamic line rating, power-flow control, etc. Is there 
anything that we need to be doing to get the United States back into a leadership position in high-
power electronics?  

- Wanda Reder: As a part of this R&D effort we need to look at prioritization of investment 
and how do you map it back to objectives. We can come out of this with strong 
recommendations on where the investment and research need to be to either stay in the 
lead or get back in the lead. We know power electronics are going to be a part of the 
solution. The U.S. has been in the lead and we have done a lot, and there is no reason the 
U.S. can’t invest in these solutions. I expect this will be a big part of the R&D portfolio.  

- Patricia Hoffman: Wanda said exactly what I was going to say. I am hoping that this forum 
will highlight what we need to do with power electronics going forward.  

• What can we do to incentivize these technologies? Are some of these problems more regulatory 
and policy based?  

- Wanda Reder: Technology is one leg of the stool. We need a technology vision that brings 
together these elements. The regulatory and policy side are important. Fortunately, DOE is 
in a good position to convene these areas, with its connections to [the Federal Energy 
Regulatory Commission] FERC and NERC and the states. We as an industry have done a lot 
as well.  

- Patricia Hoffman: There is probably going to be a need with some of these new 
technologies for DOE to buy down some of the risk from consumers and utilities. We can 
look at it from an R&D role and how to do demonstrations and pilots to help buy down 
some of the risk associated with new technologies to help accelerate deployment. As we 
move forward, we are going to need to have conversations with regulators for incentives 
and rate mechanisms that allow for the transformation with, and installation of, new 
technologies.  

• What are some things to define the necessary level of reliability and resilience given the trends and 
changes on the system while keeping in consideration different consumer classes and social justice?  

- Patricia Hoffman: The conversation around reliability and resilience is an important one. 
This goes back to the white papers: we need to look at probability analysis and scenario 
analysis to better define boundaries on the system around resilience across different risks. 
We have a lot of lessons learned from events this past year, from cold weather events. We 
as a community must be able to do that analysis around these boundary conditions to drive 
investments to mitigate events. This needs to include climate change considerations with 
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drought, flood, and fire conditions. It is important to engage stakeholders to get the biggest 
“bang for the buck” from a capital investment point of view.  

- Wanda Reder: We need to do “what if” rather than “what now.” Without imagination of 
scenarios and what can happen, it is hard to anticipate challenges and manage uncertainty. 
This is important to consider when we plan the R&D portfolio.  

• Patricia Hoffman: To close out, we are coming out of a time where we had lots of excess capacity on 
the system, which provided flexibility to mitigate uncertainty. The system is tighter and more stiff 
when we look at operations, and we need to take these challenges into consideration as we go 
forward. 
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3. Session 1: Grid Operations 

Authors  

Anjan Bose, Washington State University, and Thomas Overbye, Texas A&M University (presenter) 
 
Abstract 

This white paper addresses transmission grid operations, which are coordinated through SCADA - 
energy management systems (EMSs). The white paper makes recommendations for R&D in the 
following areas:  technologies for support of real-time operations; engineering tools to support real-
time operations; technologies to enhance the use of historical real-time data; engineering tools to 
support transmission planning; training simulators; high-impact, low-frequency events; restoration, and 
coupling with other infrastructure; and research infrastructure. 
 
Synopsis 

This white paper addresses transmission grid operations, how they are evolving especially as more 
renewable and distributed resources are being added to the grid, and what R&D are needed to 
continue operating the power grid in a reliable, economic manner during the coming decades.  
 
The paper starts with a brief history of the evolution of transmission operations from the early digital 
control centers to the present day, including some predictions about expected future evolution. 
Transmission grid operations are coordinated through SCADA-EMSs that are usually housed at the 
overall reliability coordination level of the ISO/RTO, with several underlying control centers operating 
smaller regions of transmission. Tools that support real-time decision making collect measurements, 
process them, and display the results to the operator. As the number and rate of measurements 
increases, these tools need to be enhanced to improve operator situational awareness. Another set of 
engineering tools, such as state estimators and contingency analysis, provides the operator with 
suggestions based on real-time data. These tools need to be expanded to take advantage of the 
increase in available measurement data, such as from synchrophasors. 
 
Control centers are the repositories of streaming real-time data and thus are valuable libraries of 
information for off-line analysis that can be the basis for forecasts, studies of new evolving grid 
behaviors, and updates of the models used in analysis. These repositories can also be the training 
libraries for ML and AI. This kind of analysis is closely related to transmission planning, which has 
become more difficult over time because of the uncertain nature of generation growth. Thus, this paper 
discusses transmission planning in some detail as well as the need for planning tools to deal with 
uncertainties regarding generation. Although construction of generation will remain deregulated, 
transmission planners will still have to calculate and track generation adequacy, which will also require 
new tools. 
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With increasing grid complexity, the skill set needed to operate the transmission system is expanding, 
and operator training is becoming more important. Improvements are needed in training simulators, 
which tend to be quite rudimentary compared to, for example, flight simulators. Recent weather 
incidents that have affected the grid—storms, cold snaps, fires—are pointing toward the need for 
greater focus on grid resilience. These kinds of high-impact, infrequent events need much more study 
with improved tools to understand preparedness as well as the costs of decisions about grid-hardening 
efforts.  
 
The paper concludes with a discussion of the infrastructure needed for the types of research and 
development mentioned above. There is only one grid, which operates 24/7. Research on improved 
operational tools requires realistic simulation of transmission operations. We underscore the need for 
real, synthetic data sets and models of every grid component along with compatibility of tools based on 
standardized data format and management. 
 
First Invited Panelist 

Ken McIntyre, Executive Director, System and Operations Integration, Midcontinent Independent 
System Operator (MISO) 
 
The perspectives articulated in the white paper are well aligned with the changes that grid operators 
continue to witness and also plan for. We must be deliberate and take new and different approaches to 
address the problems facing our industry because “business as usual” is not an option when moving 
forward. The balancing equation that underpins all grid operations has become exponentially more 
complicated with greater uncertainty both on the supply and the demand sides. 
 
The author used four key words to describe the grid: “impressive,” “diverse,” [potentially] “opaque,” 
and “vital.”  While these descriptions are generally accepted, opaqueness, in particular is most 
recognizable by potential partners (regulators, vendors, researchers and manufacturers) who are 
working together, with sufficient but limited RTO/ISO insight, to address key challenges. 
 
In addition to these characteristics, the 2019 MISO Forward report highlighted the following three areas 
for consideration:  

• Availability – refers to the need for resources (including knowing where they are) to address 
uncertainty 

• Flexibility – refers to the need to recognize that traditional assumptions about the grid (e.g., inertia) 
and how to operate it (e.g., with fully dispatchable resources) no longer hold 

• Visibility – which is always a priority for operations but now must also account for what’s taking 
place within distribution systems, which (by design) may never be fully visible to transmission 
operators 
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Three areas of recommendations from this white paper are singled out for special attention: 
 
1. Operations Real-Time and Engineering Support (People, Processes, and Technology) 

The industry must begin furthering technology and intelligence in the area of state estimation and 
forecasting (advanced tools such as linear state estimation), along with the more granular visibility 
across the grid. Because of the nature of renewables, geographic information system modeling 
becomes a must (geography matters) along with shared data/information/modeling and more common 
tools across grid operators. We also must:  

• Optimize and provide solutions, both corrective and preventative actions, for predicted 
conditions, including load profiles and capacity location to maintain flexibility.  

• Develop visualization with underlying AI, ML, and automation. Think Autopilot!  
• Focus on restoration and black start, managing into and out of emergencies by leveraging all 

resources, including renewables and demand-side resources. 
• Optimize forecasting during normal and emergency conditions, including forecasting and 

predicting uncertainty and grid performance risk factors, anticipating market behavior, and 
forecasting unplanned outage alerts. 

Other areas may need to be discussed that may be inherent in some of the other tools already 
listed, such as outage coordination. Transmission owners/operators also need to maintain their 
equipment and have a good understanding of the history of components, how often their 
maintenance cycles are performed, and how often they experience break/fix cycles.  

o With less flexibility in the system and as we continue to maximize and optimize existing 
transmission assets, transmission outages will become increasingly more difficult to 
manage and pose greater risk (given the increased uncertainty about availability and 
flexibility in the grid).  

o Another aspect to underscore is the time it will take to understand the impact of 
planned and unplanned behaviors of the new technology and how we assess that risk 
when operating the grid.  

• For planning next-day operations as well as up to a year into the future, we need to think about 
how we assess risk and approve maintenance outages. The approach today is mainly reactive or 
“as needed,” based on operator experience because of a lack of information and tools.  

• In the future, we will need to leverage AI, ML, and automated studies to continually analyze the 
planned future system topology, resources, and load profiles in order to identify potential risks 
and offer solutions.  

• System operators will need to work closely together, providing windows of opportunity to 
support reliability, and meet transmission owner/operator maintenance requirements. 
 

2. Transmission Planning 

• Integrated planning must support availability and flexibility on the grid.  
• Dynamic representation must be modeled as new technologies are integrated into the grid, 

load characteristics change (responding to frequency perturbations on the grid), and 
automated actions are incorporated in the field and at control centers (think overseeing 
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Autopilot function). We need to study and plan for availability but also flexibility. We must 
mitigate transmission limits so ancillary or responsive reserves are not stranded between areas 
of the grid. This supports the need to look into flexible alternating current transmission systems 
(FACTS), static volt-ampere-reactive compensators, and synchronous condensers, to improve 
flexibility as the grid decentralizes. 

• Long-term forecasting is imperative as we move from peak studies to every-hour studies and 
can incorporate variables such as human behavior (full electrification) and social impacts (for 
example, a post from Twitter can impact bitcoin mining behavior!).  

• To design and build a resilient and reliable grid, we need to look at extreme events and 
understand the limitations and characteristics of the grid during normal and emergency 
conditions. 
 

3. Training Simulators 

• Digital twin simulators are needed for testing of applications and systems; think Pilot Simulation 
and Autopilot. 

• Operators of the future will be monitoring more automated systems but will still need to 
understand grid characteristics and dynamics and expected outcomes.  

• Simulation needs to advance to more scenarios and extreme conditions and allow for testing of 
automated processes to ensure that desired outcomes are achieved under certain scenarios. 
Operators cannot only be focused on following procedures, logging, and meeting compliance 
requirements.  

• Training needs to extend beyond operators if this is not already being done. This is imperative 
as support roles and planning tools become critical for planning the grid and preventative 
actions. 

• Let’s change the mindset from “playback” to “play-forward.” 
 
Second Invited Panelist 

Sandra Ellis, Interim Director, Transmission Grid Operations, Pacific Gas and Electric Company 
 
Essential takeaways: 

• The authors provided thoughtful and insightful observations. 
• The assessments of the current state of transmission grid operations – engineering tools and 

situational awareness – are accurate. 
• The proposed future research recommendations align with the increased complexity of 

transmission grid operations. 
• Improved collaboration among industry (utilities, EMS & operational technology vendors) 

/academia/government is critical.  
 
Perspectives on recommendations: 
 
All recommendations are noteworthy for ensuring reliable and safe future grid operations. 
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My relative ranking of the recommendation areas based on immediate concerns for the present and 
future state of the transmission grid are as follows:  

1. Engineering Tools to Support Transmission Planning  
2. Operator Support of Real-Time Operations, in a tie for second place with Engineering Tools to 

Support Real-Time Operations 
3. High-impact low-frequency events; restoration; coupling with other infrastructure 
4. Research Infrastructure consideration 
5. Training simulators 

 
Final thoughts: 
 
Next-level research that is essential to address challenges in grid operations includes: probabilistic 
transmission planning, dynamic models, synthetic models, and operational procedures based on risk 
assessments.  
 
Improving cross-collaboration among academic/industry/ government is critical. e.g., data exchange 
and realistic test environments. 
 
There is a need to ensure research areas/recommendations will support the educational pipeline for 
future engineers/operators. 
 
Discussion  

• Opaqueness and information sharing, information sharing between organizations or even 
between different departments within the same organization: 

o Operations information doesn’t flow well to planning. The concept is to ensure it is 
available to those who have legitimate needs for it, but operations information is 
sensitive and should be restricted. This is an area for DOE to address. There are 
differences in different regions. 

o Visibility of operations is a question as the system becomes a lot more complex:  How 
much visibility do we need to share between the different regions?  Especially at high 
speed, this is a technical question. 

o There needs to be a value proposition for why people will share information between 
organizations. With a value proposition, the data will flow more easily. Need to look at 
regulatory requirements, ownership issues. 

o Building confidence across different teams is necessary to break down silos. 
 
Additional Questions and Comments Received through the Chat that were not Discussed by the Panel 

• With decreasing number of large synchronous generators, how do you propose to keep the 
remaining synchronous generators from falling out of synchronism? 

• How about more interactive information exchange between non-utility-owned stakeholders in 
operations and the system operators? Who needs to know what? Some info will not be known; 
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what is the protocol for minimal information exchange instead of the transmission operator 
asking for very high-granularity models? 

• Must focus on bridge building between academia/research/national Labs. Clarification: bridge 
between those entities and industry (manufacturers, software developers, utilities, etc.). 

• There are silos between system planners and system operators in utility industry. Any thoughts 
on how to improve the communications between planners and operators. Is DOE’s research 
addressing these issues as [they are] critical for future grid planning and operations? 

• Do you expect to see future grid operation planning tools/software [that] will have analytical 
capability on probability-based system operation assessment in the next 1-2 decades? To get 
there, what are the key R&D areas industry and academia should focus on?   

• Policy changes are driving operations of the grid into a space where operators and planners 
generally react to changes in the grid. In the past changes to the grid were very much proactive 
and seemingly well studied well in advance. The recent close calls in [Western Electricity 
Coordinating Council] WECC and elsewhere are surely signs of the reactive (i.e., non-proactive) 
nature of studies and analysis. 
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4. Session 2: Distribution Integrated into Transmission 
Operations 

Authors  

Chen-Ching Liu, Virginia Polytechnic and State University  
Emma M. Stewart, National Rural Electric Cooperative Association (formerly of Lawrence Livermore 
National Laboratory) (presenter)  
 
Abstract 

This white paper presents a vision of a future grid in which distribution systems are integrated with, and 
play a supporting role in, transmission grid operation. In our vision of a future integrated transmission 
and distribution (T&D) system, DER provide collaborative, coordinated operational support for both 
transmission and distribution operations. The white paper makes recommendations for R&D in the 
following areas:  enhanced data/information; data analytics and protection/control technologies; grid 
decision-support environment, tools, and communications; operators and control centers; and cyber 
security and privacy. 
 
Synopsis 

This white paper presents a vision of a future grid in which distribution systems are integrated with, and 
play a supporting role in, transmission grid operation. In our vision of a future integrated T&D system, 
DER provide collaborative, coordinated operational support for both transmission and distribution 
operations. An increase in renewable electricity and energy storage will facilitate reduction in climate 
impacts through retirement of major greenhouse-gas-producing assets. In the grid of the future, non-
wire alternatives will be commonplace. Large-scale trading in electrical energy and ancillary services will 
be carried out in an integrated T&D environment where distribution system operators will also serve as 
distribution system reliability coordinators. DER and data on demand will be widely available through a 
networked information environment that will enable operation, control, and trading. Computational 
tools, including optimization and AI/ML, will be available to support this integration. A hybrid, 
intelligent decision-support environment will combine human operators and AI tools. Cyber and 
physical system security and privacy will be ensured by comprehensive procedures and advanced 
monitoring, detection, and mitigation technology. The integrated T&D system will have the capability to 
recognize and mitigate threats from extreme events such as major hurricanes, earthquakes, wildfires, 
and cyber intrusions. Training and development will be in place to prepare a workforce well versed in 
advanced optimization and AI/ML tools and able to function effectively in the future integrated T&D 
environment. 
 
We present our R&D recommendations in the form of themes organized around five layers of the 
operation and control architecture envisioned for the integrated T&D grid of the future: 
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1. Enhanced Data/Information 
R&D themes: DER/load information such as energy and control capacities, availability for scheduled 
trading, operational or control actions, location of connection with the distribution grid, protection 
design, status/analog data, and measurements from meters and sensors 
 

2. Data Analytics and Protection/Control Technologies 
R&D themes: (1) Control devices and systems installed on the grid and at DER and locations with 
significant load (2) Computational tools to be used by DER owners and loads in an electricity market 
environment 
 

3. Grid Decision-Support Environment, Tools, and Communications 
R&D themes: (1) Decision-support and analytical tools used by distribution operators to schedule 
operations and support reliable, resilient, cyber-secure transmission grid operation (2) Computational 
tools to determine the ancillary services necessary to maintain system reliability and resilience, 
including advanced distribution management systems, outage management, and service restoration 
 

4. Operators and Control Centers 
R&D themes: (1) Means for distribution grid operating centers and DER/microgrid operating centers to 
coordinate with energy control centers in the transmission system, including data sharing; field-crew 
dispatch; and planning, operational, control, and restoration tasks (2) Workforce development 
 

5. Cyber Security and Privacy 
R&D themes: A holistic strategy for cyber-physical system security and stakeholder data privacy 
 
First Invited Panelist 

Leonard Kula, Chief Operating Officer and Vice-President, Planning, Acquisition and Operations, 
Independent Electricity System Operator  
 
Three foundational premises underlie my remarks on this white paper: 
 
First, DER penetration will grow significantly, but it will not, and likely will never, be the dominant 
source of generation on the grid. DER will provide capacity, but it must be supplemented by 
transmission-level resources for energy. 
 
Second, not all DER will participate in providing resources to the grid. [DER that does not provide 
resources to the grid] will operate autonomously behind the customer’s meter and act as a negative 
load when seen from the grid’s perspective. 
 
Third, growth in the measurements required to provide observability of DER will be difficult to maintain 
as DER increase in number. Complete observability of DER should not be expected. 
 
From these premises, the following observations are made on this white paper: 
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The white paper does a good job describing the evolution of distribution system operations, but it does 
not describe the parallel evolution of transmission system operations as completely. For example, 
outage management and reliability coordination by transmission system operators are not discussed, 
yet they will also need to evolve to recognize and account for growth in DER. 
 
The white paper does not adequately describe what and how responsibilities can, should, or will be 
divided between the transmission system operator and the distribution system operator. For example, 
how would operational actions that improve transmission system reliability yet also create distribution 
system reliability problems be resolved/harmonized? 
 
Second Invited Panelist 

Matthew Gardner, Director – System Protection, Power Delivery Group, Dominion Energy 
 
There is a danger in relying on the “old” ways that transmission thought of distribution (distribution is 
just passive load) and that distribution thought of transmission (transmission is simply an infinite bus). 
The danger lies in thinking of distribution as a monolith. There are a number of distribution-specific 
considerations that need to be accounted for in planning R&D that addresses distribution operations 
integrated into transmission. These considerations include: 
 

• Scale – The circuit miles of distribution are an order of magnitude greater than the circuit miles 
of transmission. The number of monitoring points within distribution are two orders of 
magnitude greater.  

• Regulation – Transmission is regulated by a single federal agency. Distribution is regulated 
separately by each state or oversight board. 

• Pace – It has taken 25 years for microprocessors to become ubiquitous in transmission 
equipment; it will take even longer for them to become ubiquitous in distribution equipment. 
Bolt-on solutions and backward compatibility with existing distribution technologies should be 
recognized as a more practical approach for introducing new technology into distribution 
operations. 

• Modeling – Development and maintenance of a complete or perfect model of distribution 
systems is an illusory goal. Instead, data-driven, scenario clouds are the only feasible approach. 

• Communications – Communication technologies will play an essential role. The focus should be 
on incremental improvements to existing approaches, for example, moving away from low-cost 
but stand-alone sensors to focus instead on integrated sensors. 

• Market Size – The market size for distribution technologies is much larger than it is for 
transmission technologies. This is an advantage for introducing new technology into 
distribution. For example, there are greater opportunities for open-source approaches. 

• Work Force – New entrants are drenched in technology in ways that the old guard may not fully 
appreciate. We should work with gamers to design control interfaces and to develop training 
simulators. 

• Pilots – Fail-fast pilots are desirable.  
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• Data – We should bring researchers to the sources of the data, not provide data sets (or 
synthetic data) for them to work on. 

 
Discussion 

• HELICS and NAERM:  please expand on what these are because not everyone on the call is 
familiar with these DOE projects and elaborate on how you envision that they may help address 
the issues raised in your paper. 

o HELICS stands for Hierarchical Engine for Large-scale Infrastructure Co-Simulation, a 
DOE Grid Modernization co-simulation project to bring transmission and distribution 
together, including buildings, DER, and other analysis. 

o NAERM is the North American Energy Resilience Model, bringing transmission-level 
models together with information from different regions for a heads-up view of how 
the whole country is operating and how interfaces are working together. 

o The future vision isn’t necessarily that DER does everything. We need to enable the 
various levels of renewable resource penetration that may occur at different locations. 

 
Additional Questions and Comments Received through the Chat that were not Discussed by the Panel 

• The authors should be aware that IEEE Standard 2030.11™ IEEE Draft Guide for Distributed 
Energy Resources Management Systems Functional Specification was approved as a new 
standard by the IEEE Standards Association Board on 9 May 2021. A copy of the document was 
forwarded to the Standards Publications Department. In the meantime, the approved standard 
in draft form is available from the IEEE Standards Association now. That guideline is highly 
pertinent to the idea of distribution/transmission interfaces. 

• Is there an official DOE definition of "non-wire alternatives"? In some forums seems like these 
exclude traditional FACTS devices. Shouldn't these also be considered as non-wire alternatives? 

• With increased direct current (DC) loads and DC generation with photovoltaics, the need for DC 
distribution makes sense in the future distribution grid. Is DOE’s research considering DC 
distribution as an option for future? 

• Is transmission-distribution integration potentially making systems more vulnerable to cyber 
attacks? 

• Who can be some early adopters for an integrated T&D paradigm? Will the vertically integrated 
utilities take a key role first? Also, what role will the National Rural Electric Cooperative 
Association and electric co-ops take? 

• All DER must be dispatched through a security-constrained dispatch method. 
• Do you have examples (models? institutional processes?) of how you are starting to consider 

distribution-side resources in transmission planning and operations?  Do you have any DER in 
your resource adequacy (even small overall)? 

• Do we have an estimate for the infrastructure investment in the distribution system that will 
support a full transition to a transactive energy paradigm with multi-directional flows, peer-to-
peer market etc., and how do you envision the changes in the structure and business models of 
the distribution companies in such a future scenario? 
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• If we can envision a faster distribution system evolution, would there be any “leapfrog” 
technologies that would help leap over the need for slow evolution of 50-year-old technology?   
Much as African countries leaped over the need to install telephone infrastructure in the 
ground to widespread use of cellphones? If we are going to integrate intermittent renewables 
into the system writ large, it seems that demand response will need to be embraced 
throughout the industry and customer base. Communications technologies perhaps? Home 
automation? 

• Biden administration announced on April 22, 2021 a pledge to reduce U.S. economy-wide 
carbon emissions to around 50% of 2005 levels by 2030. Do you see any changes in the DOE’s 
white papers in terms of prioritizing / reprioritizing the R&D topics to meet the clean energy 
goals? 

• At the current time, we do acquire DER in our capacity auction and then dispatch them in our 
real-time energy markets. We have about 1,000 megawatts (MW), on a 25,000-MW system. At 
this time, the 1,000 MW is small enough that we're not materially impacting the distribution 
system. There are more DER installed in Ontario that are not participating in market and system 
operations: missed opportunity. We are grappling with the way forward. Do we (1) understand 
the location, quantity, and characteristics of all DER and model/forecast/dispatch them like 
transmission-connected resources, or (2) specify the performance requirements for DER 
(capacity, energy, ramp etc.) and require aggregators to meet those requirements, putting the 
onus on the DER aggregator/virtual power plant to support reliability? 

• DER aggregation must be within a single balancing authority. You cannot aggregate rooftop 
solar in Florida with those in Iowa and sell the package to Ontario. Remember the power-flow 
equation. 

• I would offer that DER aggregation might need to be on a single node within the power system, 
or maybe within the same small electrical region where power flow is understood and similarly 
impacted by dispatch of the aggregated DER resource. 

• Another aspect of the greater integration between T&D is the effect of customer/end-user 
preferences; load flexibility from loads (especially EV and heating, ventilation, and air 
conditioning would invariably depend on customer choices, etc. Do the panelists see value for 
integrating customer behavior for next-gen transmission operations? 

• Considering transmission system operators and distribution system operators are busy with 
their own problems on a daily operation basis and may not have bandwidth or incentives, 
coordinating transmission system operators and distribution system operators may need a 
federal or FERC-level organization (or alliance) with some well-agreed regulation/standards in 
place. What is your perspective on such regulatory effort to expedite this T&D coordination 
progress? 
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5. Session 3: Automatic Controls 

Authors  

Jeff Dagle, Pacific Northwest National Laboratory 
Dave Schoenwald, Sandia National Laboratories (presenter) 
 
Abstract 

This white paper describes technologies that can be deployed to improve real-time control of the U.S. 
electricity grid during both normal and off-normal conditions and to improve the grid’s operational 
efficiency and resilience. The white paper makes recommendations for R&D in the following areas: 
remedial action schemes (RASs); power electronic devices for control; simulation tools; grid 
architecture; DER for control; adaptive islanding; grid hardening against threats; and grid restoration 
(black start). 
 
Synopsis 

This white paper describes technologies that can, with prioritized R&D investment by DOE, be deployed 
to improve real-time control of the U.S. electricity grid during both normal and off-normal conditions 
and to improve the grid’s operational efficiency and resilience. In addition to describing these 
technologies, we provide a list of recommendations for DOE research and development investment, 
prioritized by timeliness and focused on the grid of the next 20 years. 
 
This paper addresses the following topics: 

• The evolution of digital controls 

• Coordination among RASs and special protection schemes, including adaptive islanding, an 
advanced system integrity protection scheme that reduces the impact of an uncontrolled 
cascading failure during an emergency by deliberately breaking an interconnection into smaller 
segments  

• Planning for and managing frequency response, voltage stability, small signal stability, and 
transient stability on a grid that has a significant penetration of inverter-based generation 

• New requirements for generator (and load) capabilities to support the grid, including leveraging 
the faster capabilities that are enabled by power electronics 

 
Other emerging technologies that are discussed include wide-area, real-time control involving high-
speed time-synchronized measurements; and expanding control actuation capabilities to include 
inverter-based generation, energy storage, and other power electronics-enabled resources. We focus 
on how these technologies will enable enhanced system-wide control. 
 
We also address supporting technologies, such as the need for creating advanced simulation tools to 
design and deploy the capabilities listed above, and discuss considerations for developing controls and 
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protection schemes that are robust to natural or man-made threats. This includes threats that may be 
directed at the control systems themselves, especially cyber threats. We examine the opportunity for 
increased automation, or alarming/cuing and intelligent analytics, to improve operator performance 
during emergencies or times when staffing is short. 
 
First Invited Panelist 

Ryan D. Quint, Senior Manager, BPS Security and Grid Transformation, North American Electric 
Reliability Corporation 
 
There is a need to more clearly articulate the value proposition for, or business needs served by, 
automatic controls. Today, the grid needs flexibility while ensuring reliability and security more than 
anything else. How do automatic controls address this need? 
 
Response-based RAS is a sensitive issue. The San Diego blackout was caused (in part) by automatic 
controls (i.e., a response-based RAS). Design and deployment of automatic controls requires accurate 
models, precise measurements, and lots of studies. There is great promise, yet it is difficult to anticipate 
every possible means by which something could go wrong. Should we find ourselves operating in an 
unstudied state, having an automatic control unexpectedly operate is a great risk to reliable operations.  
 
Modeling is one of the biggest challenges. All of our planning (including that for automatic controls) 
depends on the accuracy of the modeling studies. Yet the accuracy of modeling is currently limited. For 
example, studies following the Blue Cut Fire event illustrated that we did not have adequate 
information on how inverters perform and still do not have accurate models to for many bulk power 
system-connected resources in the interconnection-wide base cases. 
 
The white paper does not fully discuss the operational coordination issues that arise when generation is 
dominated by inverter-based sources. We know that inverters can be programmed to provide voltage 
control, and primary and fast frequency response. But we have not thought through how, specifically, 
we want them to participate in control of the grid particularly under low-short-circuit-strength 
conditions or extremely high penetration levels (as seen in present operating conditions such as the 
90+% renewables penetration levels that the California Independent System Operator is experiencing 
today). 
 
We should especially think about leveraging capabilities of DER. For example, EVs could provide 
frequency response to grid-level events; however, we need to ensure those resources are providing 
grid-friendly behavior before even considering them for grid services. We need to communicate grid-
level issues/needs to the end-use communities. There is a need for R&D to bring these parties together 
to discuss needed reliability technology developments. 
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Second Invited Panelist  

Greg Zweigle, R&D Fellow Engineer, Schweitzer Engineering Laboratories 
 
The paper is well-written and does a nice job of outlining research needs and goals in this area. 
The goal of research should be to make operation of the power system simpler, not more complex. It is 
easy to make things more complex; it is much harder to make them simpler. “Simpler” means more 
understandable, easier to de-bug, and more reliable to operate. “Complex” means harder to 
understand, harder to de-bug, and more likely to be unreliable in ways we cannot anticipate. 
 
There are already many factors introducing new complexities into power system operations, such as 
gas-electric interdependencies, distributed resources, and software interdependences. Layering 
complexity upon complexity introduces new risks. We therefore should avoid introducing further 
complexities. 
 
In this regard, we must always ask ourselves whether automatic controls are a step in the right 
direction. As the authors state, new controls “must not introduce unnecessary complexity.” 
We should move away from a stance from which we develop complex control schemes for which we 
conclude that there are no obvious deficiencies to instead develop (and embrace) simpler (inherently 
stable) control schemes with obviously no deficiencies. 
 
This simplest way means the most cyber secure, most reliable, safest, and best return on investment. 
 
Discussion 

• Primary control was never designed or tuned for stabilizing the wide-area system; how do we 
better understand the fundamental design challenges of fast-acting controls for solving wide-
area problems? 

o Control design challenges: using storage, or the Pacific HVDC Intertie, to dampen 
oscillations. The control design needs to incorporate simplicity. Start with a 
proportional control, then add a supervisor for situational awareness, to gracefully 
disarm the control if necessary. 

o Using different kinds of sensors and actuators to modularize the control design:  
Flexible and portable to address issues of damping, small signal stability, and transient 
stability without impacting the function of primary control. Making the grid more 
stable. 

There is still a long way to go, but this is not currently changing rapidly. There are cyber-
security concerns. 

• RASs: a lot of different scenarios; how do we vet those, keep them up to date, document, 
ensure that human operators understand the schemes?  Will adaptive RASs help some of the 
challenges with traditional RASs? 

o Adaptation abilities will be important because it is difficult to have a specific response 
to an event when there is uncertainty about the nature of the event as it is occurring. 
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RASs have been well studied and well documented, but as they proliferate there is a 
risk that they may interact with each other in unanticipated ways. 

o Industry has good experience with other types of emergency controls (e.g., under-
frequency load shedding), that are coordinated with other controls but automatically 
take action during specified conditions without needing to enumerate every possibility 
in a complex decision tree. Our concept of adaptive RAS is similar; it is programmed to 
take action, based on an observed response, which is determined to be the right action 
regardless of the specific events leading up to that condition. 

• Modeling, and bringing in human behavior: what is the role of digital twins for modeling these 
responses? 

o The challenge of the model. There are pros and cons. It has a lot of potential. The 
challenge is having the humans keep up with the transfer of information, making sure 
the model is updated; compiling models is challenging. Basic database management 
problem is keeping models updated. We have a long way to go. 

• Proprietary nature of inverter-based resources and manufacturers not wishing to disclose 
details of how their controls work. How do we increase transparency for system operators? 

o There is a big push for generic electromagnetic transients program models. There is a 
need for higher-resolution models. The details of the controller implementation are 
important. We need help from the vendors to provide the details. The responses from 
original equipment manufacturers are mixed. Our message is consistent:  transmission 
planners should be asking for a positive sequence model, a detailed electromagnetic 
transients program model, and assurance that the models accurately depict how the 
controller will operate. We need to rethink what it means to have model verification. 

o After the models are documented, don’t update the firmware. 
 
 
Additional Questions and Comments Received through the Chat that were not Discussed by the Panel 

• Increased computational capabilities enable the use of more granular models that can 
accommodate dynamic operating strategies such as topology control through transmission 
switching, dynamic line rating that enables higher rating for limited durations, etc. Such 
strategies will enable more efficient use of the transmission infrastructure and increased use of 
computational power to replace transmission investment.  Should system operators be 
equipped with supercomputers to enable such development? 

• Application of digital twin simulation technologies to simulating power systems including 
human behavior may be needed to study the power system behavior with increased 
renewables. 

• There are two ways of making sure feedback works: millions of scenarios, or a fundamental 
approach to having provable stable response in closed loop. 

• The Electric Power Research Institute has pioneered the increased transmission capacity of the 
existing infrastructure using dynamic ratings, FACTS, and converting alternating current (AC) 
lines for DC operation. These options will certainly meet the short-term needs for increasing 
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transmission capacity; however, DOE should be considering a long-term outlook in their R&D 
efforts where there is a need for new transmission and distribution to meet the future low-
carbon clean energy goals. 

• How many universities teach courses on automatic controls for changing industry? 
• On the emphasis of "do no harm," like the quote "all models are wrong; some are good," in 

control, we say "all controls do harm; good controls do more good than harm."  Is "do NO 
harm" realistic in control designs? 

• Making regulatory pushes for technology adoption vs. doing commercial deployment first and 
then developing standards: how do you strike the balance between keeping adopters happy to 
use good technology without making them feel like they're being dragged into the future? 
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6. Session 4: Hardware and Components  

Authors    

Chris O’Reilley, Oak Ridge National Laboratory  
Tom King, Oak Ridge National Laboratory (presenter) 
Edgar Lara-Curzio, Oak Ridge National Laboratory 
Zhi Li, Oak Ridge National Laboratory 
Madhu Chinthavali, Oak Ridge National Laboratory 
Lingwei Zhan, Oak Ridge National Laboratory 
Travis Smith, Oak Ridge National Laboratory 
Mike Marshall, Oak Ridge National Laboratory 
 
Abstract 

This white paper focuses on transmission technology hardware and components, not including energy 
storage, and makes recommendations for R&D in the following areas:  power-flow control devices; 
high-power delivery systems to transmit over long distances; advanced sensors; and advanced 
protection systems. 
 
Synopsis 

This white paper focuses on transmission technology hardware and components to help ensure the 
reliability and resiliency of the future grid. To prioritize transmission technologies for public-private 
partnerships and federal investment, our team analyzed multiple potential pathways that the future 
grid could take. We grouped those pathways into four scenarios and identified technology solutions 
that could address the challenges outlined in each scenario. The technology solutions that rose to the 
top in the largest number of scenarios were evaluated in this white paper. 
 
The four future scenarios, which were defined to capture major trends that would have significant 
implications for future grid infrastructure and operations, are: 

1. A more distributed grid 

2. Increased clean energy with high penetration of variable renewable energy 

3. Increased load growth with re-establishment of manufacturing base 

4. Cyber and physical vulnerabilities and threats to the nation’s grid 

Several key technologies consistently emerged from our analysis that addressed the conditions of these 
extreme scenarios. Our recommendations for future R&D investment are centered around these key 
technologies:  
 
Power-flow control devices: Transmission-scale reactive power devices, low-cost hybrid systems and 
energy storage, power electronic building blocks for multiple applications such as FACTS devices and 
solid-state transformers 
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High-power delivery systems to transmit over long distances: Ultra-conductive systems, smart 
materials (constructed using advanced manufacturing techniques), transformers, wireless power 
transfer, superconductivity 
 
Advanced sensors: High-fidelity sensors, asset monitoring (non-destructive evaluation, drone survey of 
lines), and alternative timing 
 
Advanced protection systems: Model-driven adaptive protection systems, negative sequence source 
and alignment to advanced sensor and communication technologies 
 
First Invited Panelist 

Andrew Phillips, Vice President, T&D Infrastructure, Electric Power Research Institute  
 
Achieving a 100% carbon-free economy will require significant and rapid investment in new 
transmission. These transmission assets must be both reliable and resilient. Hardware is hard because 
all hardware has to work all the time. 
 
This perspective has direct implications for R&D on transmission hardware. The R&D timelines in the 
paper focus only on developments up to the point of creating prototypes. To this, we must add the time 
required to full adoption. These additional steps, which include accelerated aging tests and extended 
field demonstrations, should be recognized. 
 
In fact, many promising technologies won’t be able to make a significant contribution to the expected 
rapid build-out of transmission because it takes 7-15 years to build new transmission lines. 
 
A portfolio approach to R&D should be pursued that balances short, medium, and long term; and low 
risk vs. high risk. In the short run, develop test beds and run pilots to lower their costs. In the medium 
term, vet prototypes with manufacturers so that technologies can be tested in final configuration in 
pilots. In the long term, focus on game-changers; recognize that only one out of 10 will work. 
 
Increasing the capacity of existing rights-of-way is an important focus. In addition to the areas identified 
in the white paper, there is also a need to look at a broader range of technologies. These technologies 
include voltage upgrades, AC-to-DC conversion, multi-circuit conversion, and adding conductors. These 
are not yet considered mainstream because there is significant utility uncertainty (or unfamiliarity) 
regarding their performance.  
 
Finally, we need to address concerns about whether vendors will have access to needed raw materials 
and will we have the right workforce? Can we upgrade it or add robotics? 
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Second Invited Panelist 

Jeffrey G. Hildreth, Electrical Engineer, Diagnostics, Metrology and Laboratories, Bonneville Power 
Administration 
 
Coordination among researchers is important. There are many research providers in this space (the 
Electric Power Research Institute, Advanced Research Projects Agency-Energy, utilities, etc.). The Office 
of Electricity’s programs should proceed with a good understanding of what these other providers are 
doing. 
 
The white paper emphasizes technology “push.” There is a need to also focus on market “pull.” That is, 
we should consider how markets and policies influence utility technology decisions. In other words, we 
should evaluate R&D based on how well it incentivizes and de-risks market adoption by utilities. 
 
Decarbonization is going to be a big driver. Maximizing use of existing assets is the low-hanging fruit. 
Power-flow control and HVDC technology, therefore, should be emphasized. 
 
There are big advances in power electronics. We are not building HVDC, but we are pursuing the 
underlying research. 
 
We should explore how market designs can incentivize adoption of new technology. 
 
Electrification of transportation needs to be recognized. There will soon be lots of storage on the grid. 
We need to explore how to incentivize EV charging to minimize strain on the grid. We need to 
determine how to design/control charging so that it is grid friendly. 
 
Finally, there is a critical need for high-power, in-grid test beds at the transmission level, especially for 
power-flow control devices. There is no substitute for real-world demonstration as a principal means of 
“de-risking” a technology. All utilities want to be first to be second. This is an expensive undertaking. It 
requires utility partnerships. DOE should encourage development of test beds as national resources. 
 
Discussion 

• Are the scenarios mutually exclusive, independent, or can you get combinations of these 
scenarios? 

o The idea of combining the scenarios was discussed, but for the purposes of the paper 
they were considered separately. 

• Converting existing AC lines to DC 
o Already discussed during the panel session. 

• Wireless transmission 
o The recommendation is to monitor for any advancements (this idea has been around 

for a long time). There remain feasibility challenges. There are niche applications, but 
bulk power transmission is likely not feasible for the foreseeable future. 
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• Technical or logistical barriers to adopting sensor technologies 
o Installation is a challenge. If an outage is required, there are additional installation 

challenges. Ease of use is a key consideration. It is not just developing the transducer 
but need to consider as a system. The complete installation is typically 2x the sensor 
cost. Also, accuracy of the information. 

o It is not just about making a sensor easy to install. It is still expensive. Labor costs can 
be significant. Should multiply sensor cost by π, or maybe even π². 

o More sensor data are not necessarily a good thing from a utility perspective. The data 
need to be reliable, and the analytics need to provide actionable information. That is 
the real challenge. 

o There is a good role for DOE: multiple utilities sharing their experiences. Because 
failures are rare, they are good opportunities to exchange information. 

• Sensitivity and precision, or specifically quantum sensors 
o As engineers, we like to measure with a vernier, mark with a chalk, and cut with a 

chainsaw. We need to understand what actionable information is needed, then take 
measurements accordingly. 

o Quantum sensors were not specifically covered in the white paper. 
• Superconductors, specific use case offshore wind 

o DOE has been investing in this for decades. The challenge is reliability/resilience. 
Dependent on refrigeration system. Redundant refrigeration adds significantly to the 
cost. A lot of the technology has migrated offshore. Can we conduct longer-term R&D?  
Can we achieve room-temperature superconductivity?  Scientific barriers. Maybe other 
parts of DOE can investigate this. 

o Transmission lines already have good efficiency. There is a relatively small benefit for 
bringing on a highly complex technology. Maybe there are niche applications. 

• Hardware for power-flow control vs. smarter dispatch with power injections (generation and 
load control at the nodes) 

o There would need to be comparisons between what you can do from operations vs. 
what you can do with advanced hardware. Test beds allow better understanding of the 
benefits and value proposition. 

o Look at where DOE is best able to add value. Hardware is hard; there is unique role for 
DOE. On the operations side, academia is contributing a lot (papers addressing these 
issues). The challenge there is data sharing. 

• Power electronics, other applications beyond solid-state transformers (e.g., solid-state 
breakers) 

o Yes, the white paper addresses these applications. Also, power electronics can be 
hybrid with transformers. 

• The role of 5G associated with sensor communications 
o There is a communications section, but it did not specifically address 5G. There are R&D 

challenges related to security and reliability that are associated with integrating 
wireless data. 

• What are sensor deployment weakest links? 
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o We have long battery life and power harvesting, and other challenges have been 
overcome. We are expecting long-lived assets. We are monitoring assets that are 
expected to operate for many decades. We need to be confident of multi-decade life of 
these sensors. Communications remains a challenge, understanding the protocols and 
the medium. We need to understand obsolescence time frames, be immune to wireless 
jamming. 

o New components need to integrate with legacy systems. 
o Data need to be available and sure.  

• Low-frequency AC? 
o Not included in the white paper. 
o It relates to the maturity of power electronics. 
o There is a significant barrier to utilities implementing new technology that requires 

training and poses other workforce issues. 
o Would be converted with power electronics, not transformers.  

• What DOE effort would be most useful to industry? 
o Test beds – not just HVDC, but anything that needs to be tested on the grid. Need 

utilities that will make their grid available for field testing. Need the infrastructure 
available for the testing, but also protection and redundancy available so that 
customers are not impacted as a result of the testing. 

o Portfolio approach – increased power in rights-of-way (existing or new), including 
current upgrade, voltage upgrade, HVDC, new compact transmission line design, low-
frequency AC. That will be the bottleneck in reaching the low-carbon future. 

 
Additional Questions and Comments Received through the Chat that were not Discussed by the Panel 

• Can DOE labs provide a national grid digital twin? Instances of this environment could be used 
for planning, testing, implementing, and operations training for the future grid while providing 
an avenue for stakeholder and regulatory input. 

• Given that the U.S. is not utilizing the higher-voltage AC or DC transmission available 
commercially, why are we recommending doing R&D in superconductivity, wireless, etc.? 

• Can the panelists comment on the importance, if any, of edge processing of sensor data to 
extract actionable information to drive the selection of the communication infrastructure? 

• Could you comment on the technical readiness of voltage-source converters (VSCs) for multi-
terminal HVDC in the U.S.? Is there any reason to build new line-commutated converters, or 
should we go all in on VSC? 

• VSC HVDC is technically ready to implement in multi-terminal HVDC environments. Multi-
terminal DC grid with VSCs was implemented in China already. It can be done in the U.S. as 
proposed in macro grid concepts by MISO and others. There is still a need for line-commutated 
converters for ultra-HVDC (800 kilovolts and above with 8,000 to 12,000 MW power levels) as 
VSCs have not been demonstrated at ultra-HVDC levels. 
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7. Session 5: Economic Analysis and Planning Tools 

Authors  

Jessica Lau, National Renewable Energy Laboratory (presenter) 
Benjamin F. Hobbs, Johns Hopkins University (presenter) 
 
Abstract 

This paper describes ongoing and future needs for concepts, methods, data, processes, and 
technologies to support comprehensive planning for the U.S. electricity transmission system. The white 
paper makes recommendations for R&D in the following areas: multi-value planning; workforce 
development; behavioral underpinnings of economic valuation and market designs; market simulation 
and planning models with flexibility and scalability; and adaptive transmission resource planning under 
profound uncertainty. 
 
Synopsis 

This paper describes ongoing and future needs for concepts, methods, data, processes, and 
technologies to support comprehensive planning for the U.S. electricity transmission to meet reliability, 
economic, sustainability, and other policy goals.  
 
The paper first identifies universal themes that transmission tools and concepts will need to account 
for. These include facilitation of reliable, economic operations and resource investment, as well as 
support of social and environmental goals such as addressing greenhouse gas and air pollution 
reduction and landscape preservation. There is also a need for more data and greatly enhanced 
computational abilities to simulate operations and evaluate resource and grid investments. This need is 
driven by the explosion of new devices and assets on the grid, by rapidly improving optimization 
methods, and by greater recognition of the profound uncertainties involved in long-run planning. 
Additionally, new research should be founded on social-science-based understanding of market 
responses to network enhancements, transmission investment impacts on resource investments, and 
facilitation of inter-regional cooperation to make trade more efficient. Finally, to effectively harness this 
understanding and use those tools to design a grid that effectively addresses multiple goals, there is a 
need for an appropriately trained planning and engineering workforce. 
 
The white paper elaborates on these themes by outlining specific requirements for transmission tools. 
For instance, future tools will need to recognize that grid reinforcements can both substitute for and 
enhance the value of supply, storage, and demand-management investments. Thus, an anticipative 
transmission planning paradigm should be more widely used than is the case day. In this paradigm, grid 
planners consider the ways in which grid investments would affect not only how resource investments 
are operated, but also what technologies are built and where. In addition, a comprehensive view of 
grid, supply, demand, and distribution-transmission relationships is necessary to correctly value and 
appropriately plan grid reinforcements. Correct valuation and appropriate planning will also require 
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advances in technology modeling, economic theory, numerical optimization methods, and the design of 
institutions to align private incentives with overall market and social benefits and costs. Besides these 
complementary and substitutive relationships among bulk and distributed resources, storage, and grid 
reinforcements, future planning methodologies must account for several other analytical and practical 
challenges, including, among others: 

• compensation for the value that grid reinforcements provide not just to energy markets but 
also capacity and ancillary services 

• recognition that this value depends strongly on market designs and efficiency of trade and 
coordination among balancing authorities 

• decision making in the face of increasing short-term variability and long-run uncertainty  

• coordination of markets and infrastructure planning, as well as the increasing roles for assets, 
such as storage, that can receive both regulated and market revenues 

• the need to provide incentives for participation in inter-balancing authority projects so that all 
participants benefit 

 
The white paper outlines five research areas and 23 specific topic areas that the authors recommend 
that DOE consider as responses to the above challenges, to be pursued over the next 10 to 20 years. 
The five research areas are: 

1. Multi-value planning: enabling assessment and planning of a variety of concurrent power 
system goals  

2. Workforce development: training and empowering workers to support electricity consumers 
through education, learning, and experiences 

3. Behavioral underpinnings of economic valuation and market designs: deepening of social 
science research to understand consumers, markets, operations, and non-techno-economic 
drivers 

4. Market simulation and planning models with flexibility and scalability: expanding realism, 
flexibility, and scalability to appropriately model and plan for the grid of the future, including 
developing models with greater fidelity to actual physical and market systems as well as 
simplified models that are accessible to regulators and stakeholders who can use them for 
education and insight into the tradeoffs inherent in transmission planning 

5. Adaptive transmission resource planning under profound uncertainty: advancing robust 
planning through risk assessments and scenario planning, considering the full range possible 
futures 

 
These research efforts should involve not only power engineers, but also computer scientists, empirical 
economists, and human factors specialists. 
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First Invited Panelist 

John Buechler, Executive Director, Eastern Interconnection Planning Collaborative 
 
Comprehensiveness vs. Complexity 

• The report is comprehensive and has a broad-ranging scope. 
• System reliability is recognized as the core principle (page 1). 
• The basic transmission planning needs are recognized: input data, fidelity, flexible modeling 

tools, computational improvements, better forecasting methods The challenges to meet these 
technical requirements are significant in themselves. 

• The addition of externalities will add uncertainty and complexity, not necessarily improving the 
accuracy of results and possibly resulting in increased risks to system reliability. 

• As noted, “…simpler models ...can produce very important insights for regulators and 
stakeholders” (pages 3 & 12). 

 
“Transmission Resource Planning” 

• Proposed definition (page 1): “Transmission Resource Planning” = transmission planners will 
anticipate how supply, storage, load, and distribution are intertwined and can provide grid 
reinforcements and respond to pricing.” 

• While somewhat modified, this definition implies that transmission planners must “anticipate” 
the factors that drive supply resources, market prices, and consumer response in order to plan 
a reliable grid. 

• This is contrary to traditional transmission planning practice and historical experience. 
• Resource expansion is driven by technology, public policies, and regulatory requirements (page 

2). 
• Transmission planners then respond by providing a reliable and economic delivery system to 

meet these needs (page 23). 
 
Technical vs. Non-Technical Aspects 

• Government policies and regulations as well as consumer behavior pose significant risks and 
uncertainties for energy planning. 

• Workforce development and education are also important. 
• R&D on socio-economic issues can aid in understanding these factors. 
• However, the R&D recommendations for these topics have little to do with the core aspects of 

transmission or resource planning. 
• Attempting to force these non-technical considerations directly into the transmission planning 

models will add needless complexity to already daunting technical and data challenges. 
• Such R&D can and should be conducted separately, and DOE has the expertise to perform 

and/or coordinate such efforts. 
o Please clarify if this was, in fact, the authors’ intent 

 
Focus on Markets & Economic Planning 
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• The Eastern Interconnection Planning Collaborative’s membership is composed of entities with 
ISO/RTO structures as well as vertically integrated private utilities, the Tennessee Valley 
Authority, and several municipal/cooperative members. 

• Maintaining and improving bulk system reliability is the universal objective of the Eastern 
Interconnection Planning Collaborative’s members, and many of the analytical tools used are 
the same, other aspects of planning may differ, but some of the collaborative’s members 
believe that market-faced methods may have less significance in systems where the majority of 
generation and transmission is owned in common. 

• These diverse views should be recognized by DOE when conducting market-based R&D. 
 
Linkage to Other DOE Initiatives 

• Although there are many linkages proposed among the various R&D initiatives recommended in 
the white paper, other existing or ongoing DOE initiatives are not mentioned, e.g.: 

o DOE Grid Valuation Project – This project provides a good foundation for integrating 
various technical and non-technical perspectives into the planning process. 

o North American Energy Resilience Model Project – Our understanding is that this multi-
Lab Project is also investigating multi-sector interdependencies in planning of the 
electric system (e.g. natural gas, water, & communications). 

o DOE “Near Term Reliability & Resilience Analysis” – This project will study the 
implications of the changing resource mix in various regions of the country  in relation 
toextreme weather events. 

• It is recommended that DOE incorporate these initiatives into consideration of the 
recommended R&D. 

 
Authors’ Recommendations 
In the context of the above comments, the authors’ recommendations have appropriately prioritized 
the subject matter, for example: 

• High-Priority Topics 
o Multi-value planning 
o Multi-sector interdependencies 
o Larger-scale production cost models 
o Fidelity improvements 
o Extreme events modeling 
o Improved forecasting methods & data needs 

 
Second Invited Panelist 

Tim Heidel, Chief Technology Officer, VEIR, Inc. 
 
It is essential that transmission planning processes work effectively and that new transmission is built in 
order to meet the challenge of decarbonizing the power system. Yet transmission planning is only going 
to get harder because it must now also take into account of delivery of ancillary services, energy 



   

Transmission Innovation Symposium: Proceedings │36 

storage, aesthetics/visual impacts, equity considerations, and other political factors. 
 
Aspects of the white paper that are notable/laudable:  
 

• Anticipative transmission planning – Not only must building of transmission anticipate what will 
happen in the future, but building of transmission also changes or influences what will happen 
in the future. 

• Recognition of value/role of grid flexibility in grid operations – This is important for example 
with respect to the deliverability of ancillary services. 

• T&D interface – This interface is critical. There could be more emphasis placed on how the 
growth in DER will create more needs for coordination for distribution network expansion to 
enable delivery into the transmission network. 

• Recognition of the significance of inter-regional trade and the price and non-price barriers to 
trade and of the importance of empirical research to better understand these barriers. 

• Emphasis on importance of social science expertise more generally, e.g., market response to 
network enhancement, the effects of investments in network upgrades on market behaviors, 
and the opportunities for inter-regional coordination. 

• Emphasis on the importance of research on forecasting, not just applied to natural events and 
load, but also applied to changes in policy and technology. How do we assign probabilities to 
these events/scenarios? 

• Cross-cutting issues including the need for interdisciplinary teams, the importance of diversity 
in complexity of modeling approaches/fidelity, and the value of transparency in models and 
data, recognizing need for security of sensitive information. 

 
Areas on which more emphasis/focus is suggested: 
 

• Recognizing and taking more explicit account of R&D needs of the many stakeholders who now 
participate in the transmission planning process, not just the “traditional” entities we think of 
as the transmission planners. Relationships among parties and institutional design are aspects 
of these processes that are worthy of study. Social science methods will be required. 

• More emphasis on metrics, decision criteria, treatment of aspects that can be quantified as well 
as those that are also important but difficult to quantify. How do we justify investments? How 
do we avoid litigation? 

• The focus on tools should be balanced by a focus on analysis of institutional designs/the 
processes by which transmission planning decisions are made and the role of tools in informing 
these processes and decisions. 

 
Discussion 
 

• Given that transmission has substitutes, what are the implications for regulating and pricing 
transmission?  Also, what mechanisms are available to shift, long term, some stranded cost risk 
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from rate-makers to investors?  In other quasi-monopoly markets, principles from the theory of 
contestable markets have been used to at least partially supplant rate-of-return-based pricing. 
What theories and incentive mechanisms can be used to price transmission efficiently and more 
equitably to share downside risks between ratepayers and investors or provide ratepayers (who 
are de facto investors) a share of the up side? 

o When these are our societal objectives, we start moving in these directions. Grid 
planning can self-regulate. Look at the possibilities of doing something different. 

o FERC, the ISOs, and others recognize that transmission has roles to play in markets, as a 
regulated resource subject to cost recovery and as a resource that also competes with 
others. For example, think of storage: is it a regulated asset, or should it be incentivized 
to operate efficiently?  This is a key issue. We will be grappling with this issue for years. 

• What types of studies should DOE be investing in relating to these institutional design and 
decision-making process and the roles of various stakeholders? 

o Understanding what the national strategy looks like, understanding jurisdictional 
boundaries. Near-term strategies, e.g., transmission for integrating offshore wind. 
Early-stage theoretical studies. We have seen many instances of things that we thought 
were unlikely have unexpectedly occurred. 

o Looking carefully at what happened to the power system over the past several decades. 
For example, deregulation turned out differently than expected. Other positive lessons 
from things like regional interconnections, energy imbalance markets can serve as 
inspirations for future reforms. Understanding how transmission infrastructure 
investment can facilitate cooperation and positive development. 

 
 
Additional Questions and Comments Received through the Chat that were not Discussed by the Panel 

 
• Decomposition vs. aggregation models? The decomposition is top-down, aggregation is 

bottom-up clustering. The two must interact. 
• Stochastic dynamic programming has hit its limits for several reasons (pricing allocation, 

computational jamming). We need to embed much more ML/AI when bidding. 
• What tools are available/recommended today or efforts under way to achieve co-simulation of 

transmission/distribution/resources? 
• How do innovators with technologies for the "future grid" get access to this process? It seems 

like there is some difficulty. For example, secure communications for both sensors and end-to-
end nodes would have prevented the recent oil pipeline hack, but they can't seem to get an 
audience because they are thinking "too far" outside the box. 

• Are the workforce shortages described in this paper aimed just at transmission planning 
engineers or utility workers, in the office and the field? Do you have recommendations for 
development of the field workforce? 

• Any thoughts on how to utilize retired professionals (e.g., planners) in the future with the 
assumption they are interested in the industry? 
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• How about valuing non-transmission solutions and comparing relative to cost/value brought 
about by new transmission investments? Need a study to introduce interactive transmission 
planning that evaluates these tradeoffs. 

• Today transmission is viewed as a constraint. It should become an enabler. 
• The UK introduced performance-based regulation.  How about this? 
• Transmission Resource Planning:  An all-inclusive tool & process to conduct holistic planning is 

not literal co-optimization but supporting investment decisions that coordinate interactions 
among resource and transmission, economics, and how the market will respond. 

• Technical & non-technical aspects:  The technical and non-technical R&D are more 
appropriately conducted separately to avoid overloading the technical planning models that 
already face numerous challenges in response to needs of the future resource mix. 
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