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This final report provides a summary of the NOWRDC Project #110: Transmission Expansion Planning Models for Offshore Wind Energy, that includes a high-level project summary, descriptions of project personnel, tasks, schedule, deliverables, and publications.
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[bookmark: _Toc158376351]Project Overview
The NOWRDC Project #110: Transmission Expansion Planning Models for Offshore Wind Energy (NOWRDC-TEP) has advanced the state of the art in the assessment of offshore wind (OSW) transmission and grid integration on the East Coast for generation capacities of up to 200 GW. This project has developed an integrated approach to understanding large OSW injections that includes power systems analysis, HVDC technology, and policy assessment.
Central to this project are the three independent and complementary power systems models, shown in Table 1 and Figure 1, that the research team developed to assess OSW injections and POI capacities. Table 1 and Figure 1 were developed for Deliverable 2.3, which discusses these models in detail.
[bookmark: _Ref156142619][bookmark: _Toc158376303]Table 1. Summary of the three power systems models developed for this study.
	ATTRIBUTE
	Model 1
	Model 2
	Model 3

	Geographical areas represented
	Eastern Interconnection
	Northeast, Southeast US
	Eastern & Western Interconnections

	Model size (no. buses)
	93,520
	1161
	176

	Illustration of geographical area & model size
	[image: ]
	[image: ]
	[image: A map of the united states
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[bookmark: _Ref157866360][bookmark: _Toc158376232]Figure 1. Illustration of integrated use of three-model transmission design approach.
[image: A diagram of a model
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[bookmark: _Ref157866432][bookmark: _Toc158376233][bookmark: _Ref156143116]Figure 2. Typical high voltage test facility.
[image: ]
Figure 2, from Deliverable 4.3, shows a typical high voltage test facility, and gives a sense of the kinds of considerations discussed within the HVDC technology tasks engaged within this project. These technology assessments were critical to developing realistic topologies for multi-terminal HVDC backbone topologies to deliver the US East Coast OSW resource into the Eastern Interconnect (EIC). The integration of the team’s power systems approach with the HVDC technology assessment includes Points of Interconnection (POIs) as well as HVDC technology design and designations for the subject offshore transmission backbone topology.
[bookmark: _Toc158376352]Project Team and Personnel
The NOWRDC-TEP Project Team was led by Dr. Eric Hines of Tufts University. Also at Tufts University, Dr. Kates-Garnick led the project work on policy. Subcontractors included Iowa State University, where Dr. McCalley led the power systems analysis, and Clemson University, where Dr. Enslin led the HVDC technology assessment. Dr. Lof, of National Grid worked with Tufts directly to help integrate the technical work on Power Systems and HVDC Technology with Project Management and Policy Assessment.
[bookmark: _Ref123998490][bookmark: _Toc158376304]Table 2. Project personnel
[image: ]
[bookmark: _Ref157866541][bookmark: _Toc158376234]Figure 3. Project organizational chart.
[image: A diagram of a project management system
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Figure 4 shows the organizational chart for the NOWRDC-TEP project and how the three areas of power systems, HVDC technology, and policy assessment were in communication with one another (dashed lines) throughout the project via weekly project meetings and coordinated formally (solid lines) within a project management approach led by Tufts University.
[bookmark: _Toc158376353]Project Tasks and Schedule
[bookmark: _Ref123998559]The 27-month project commenced in October 2021 and ran through December 2023. Table 3 shows the project tasks. Below Table 3, project tasks are listed according to their statement of work formulation within the project contract. Table 4 shows the final project schedule, including Milestones and the Go / No-Go decision point in Project Month 12.
[bookmark: _Ref124001705][bookmark: _Toc158376305]Table 3. Project Tasks
[image: ]
Task 1 – Interregional Power Flow Model for Existing Network Topology & POI Capacities
1. Subtasks
1.1. Contractor shall develop a GIS model of the existing relevant portions of the EIC with present and future WEAs for 30 GW, 60 GW, and 100 GW build-outs; POIs; and proposed graphic representation of reduced bus power flow model.
1.2. Contractor shall direct ISU[footnoteRef:1] to develop a reduced bus power flow model for the EIC including relevant present and future offshore WEAs and POIs. [1:  Note that in the contract Iowa State University was assigned the acronym IAS. The correct acronym, however, is ISU, as used in this document.] 

1.3. Contractor shall direct ISU to test the power flow model for offshore wind injections at available POIs and determine reasonable limits for present POI capacity without upgrades.
Task 2 – Transmission Expansion Planning (TEP) Models.
2. Subtasks
2.1. Shall direct ISU to develop the power flow model in Task 1, a Transmission Expansion Planning (TEP) model that includes N-1 reliability and production cost modeling capabilities. Contractor shall use this TEP model to assess transmission upgrades required for a 30 GW offshore wind build-out. Two cases shall be studied: 1) generator lead lines; and 2) an offshore grid.
2.2. Contractor shall direct ISU to expand TEP model to an Adaptive Expansion Planning (AEP) model and assess transmission upgrades for an 85 GW offshore wind build-out. Two cases shall be studied: 1) generator lead lines; and 2) an offshore grid.
2.3. Contractor shall direct ISU to use the AEP model and assess transmission upgrades for a 200 GW offshore wind build-out. Two cases shall be studied: 1) generator lead lines; and 2) an offshore grid with two distinct topologies.
Task 3 – Resource Variability Analysis
3. Subtasks
3.1. Contractor shall establish varying power production levels for offshore wind, onshore wind, and solar renewable resources as well as varying electricity demand levels by region for integration into the TEP model.
3.2. Contractor shall direct ISU to apply variability parameters to TEP models in Task 2.
3.3. Contractor shall direct ISU to conduct a comparative assessment of offshore wind energy storage vs. curtailment from both a reliability perspective and a cost perspective.
Task 4 – HVDC Hardware and System Characterization
4. Subtasks
4.1. Contractor shall direct Clemson to summarize the global state-of-the-practice and state-of-the-art for multi-terminal HVDC networks.
4.2. Contractor shall direct Clemson to establish configuration parameters for a U.S. multi-terminal HVDC offshore network.
4.3. Contractor shall direct Clemson to outline a large-scale testing program and pathway for standardizing HVDC technology for a U.S. offshore network.
Task 5 – Policy & Economic Analysis
5. Subtasks
5.1. Contractor shall summarize the state-of-the-practice for offshore wind transmission markets and Transmission Expansion Planning in ISO-NE, NYISO, PJM, and the Southeast RTO (which is not a market and composed over vertically integrated utilities).
5.2. Contractor shall direct ISU to summarize the state-of-the-practice at the federal level for Transmission Expansion Planning.
5.3. Contractor shall develop future-oriented market concepts and tools including transmission procurement guidelines as well as guidelines for cost allocation and evaluations based on TEP and AEP analyses.
[bookmark: _Ref124001745][bookmark: _Toc158376306]Table 4. Project Schedule
[image: ]
[bookmark: _Toc158376354]Project Deliverables
Project Deliverables for NOWRDC-TEP include 14-technical reports, totaling 469 pages, and submitted according to the Milestones shown in Table 4. Table 5 lists the NOWRDC-OSP deliverables, designated as “DTask. Subtask” (where Task and Subtask are identified numerically) as well as each deliverable’s lead author, lead institution, date, page length and status as to whether the deliverable is currently confidential. Numerical designations for deliverables in Table 5 follow project Tasks, Subtasks and Milestones exactly with the exception of D1.2, which includes both Sub-subtasks 1.2 and 1.3.
[bookmark: _Ref123999518][bookmark: _Toc158376307]Table 5. Project Deliverables
[image: ]
[bookmark: _Toc158376355]Project Publications
To date, the project team has developed one workshop, one full conference session, one conference paper, and three more conference presentations. Table 6 lists these publications, including each publication’s lead author, lead institution, date, and venue. The designation “Venue” refers to the title of the Conference associated with that publication. Note that the June 2023 workshop hosted jointly by Tufts, Iowa State, and Clemson at Tufts University is fully transcribed in a Rapporteur’s Report within the Tufts Digital Library under the OffShore Power Research and Education (OPSPRE) report series (Harris et al., 2023a).
[bookmark: _Ref124000229][bookmark: _Toc158376308]Table 6. Project Publications
[image: ]
[bookmark: _Toc158376356]Project Summary
The project was divided into five major tasks as listed in Table 3. Tasks 1-3 focused on the development of three complementary power systems and transmission expansion planning models as described in Table 1and Figure 1. Task 4 focused on HVDC technology, and Task 5 focused on Policy. Together, all five tasks fit under the three major headings: Power Systems Modeling, HVDC Technology, and Policy Assessment as shown in Figure 4. This section discusses observations and findings, project benefits, and environmental and economic benefits under these three major headings.
[bookmark: _Toc158376357]Power Systems Modeling
Our conclusions and recommendations for further work are as follows. Please refer to the Deliverables listed in Table 5 for Tasks 1.0, 2.0, and 3.0 for further discussion of this work.
[bookmark: _Toc158376358]Modeling
The modeling methods we have developed via Models 1, 2, and 3 are useful for OSW transmission design, where each one provides a different view on the problem; their effectiveness is enhanced when they are used in an integrated fashion, with one tool enhancing results of another tool. Since the best way to mature analytical study tools of this nature is to use them, additional studies using these tools should continue while simultaneously refining and extending them. This work should be done in conjunction with standard analysis tools including AC power flow and stability analysis. 
[bookmark: _Toc158376359]POI selection
Our models indicate that in the ISO-NE region, Maguire Rd. 345, Carver 345, and Millstone 345 kV substations are robust; in the NYISO region, East Farragut 345 and West Farragut 345 are robust; in the PJM region, Larabee 230, Cardiff 230, Indian River 230, and Landstown 230 kV substations are robust; and in the South (Carolina’s), Sutton 230 and Winyah 230 kV are robust. The expression of “robust” in this context is that both Model 1 and Model 2 are indicating these substations accommodate significant OSW injection with relatively low onshore transmission expansion cost, where the onshore transmission expansion cost includes costs for onshore AC transmission expansion, onshore AC substation, HVDC reach circuit, and HVDC converter station located at the POI. Although inclusion in this list of a substation is strong indication the substation has attractive qualities and should definitely receive continued consideration as a POI, the exclusion in this list of a substation does not necessarily mean it should not receive further consideration.
[bookmark: _Toc158376360]OSG design
The backbone transmission design is where one or more HVDC submarine bipole transmission lines are run offshore for parts of, or possibly all of the coast from Maine to the Carolinas, interconnecting wind plants with landfalls and POIs. For high East Coast OSW growth this design offers significant benefits in terms of cost, reliability, and expandability. We have used our Model 2 to explore various OSG transmission topologies, and we believe we have in this report identified a reasonable one. Although our Model 2, an LP, identifies appropriate segment capacities for a given multi-segment topology, the LP calculation must be repeated for different topologies explored. This motivates the application of a mixed integer linear program (MILP), because such an optimizer is capable of making integer decisions, which are the kind of decisions needed for transmission design problems that are topological. However, MILPs are much more computational than LPs, i.e., they require much longer compute times, and so the question here is whether we can develop a MILP for the East Coast transmission design problem that is computationally tractable, i.e., that solves in hours and not weeks or months. The other extreme is to use an LP heuristically, essentially what we have done in this project, by iteratively solving it, adjusting constraints based on the solution, and resolving it. There are various other approaches that may be of interest here, including limiting the number of integer variables and iteratively running an LP and a MILP in sequence.
[bookmark: _Toc158376361]Macrogrid
The Macrogrid, a multiregional high capacity HVDC transmission grid overlaying the existing US high voltage AC grid, is shown using Model 3 to provide a net benefit, i.e., it provides savings (mainly due to fuel, operations and maintenance, operational reserves, and generation investment) that are significantly higher than its cost. This feature is observable with or without high levels of East Coast OSW. There are two subtle but overridingly important influences of the Macrogrid on East Coast OSW. 
[bookmark: _Toc158376362]Number of AC onshore expansion projects
The first influence is that the Macrogrid significantly reduces the amount of AC onshore expansion cost for a given level of OSW. The importance of this influence is not as much related to a dollar savings as it is complexity, and perhaps, feasibility. If cost is directly related to number of projects, then without the Macrogrid, the number of onshore AC transmission expansion projects will be 40% higher than what they would be with the Macrogrid. In essence, the Macrogrid translates a very large number of relatively small capacity projects to a very small number of very large capacity projects. This makes the task of onshore AC transmission expansion much less complex. Indeed, given the difficulty of building new onshore AC transmission, for large OSW levels, the Macrogrid may convert what is otherwise an infeasible onshore AC transmission expansion task into a feasible one.
[bookmark: _Toc158376363]Sharing of energy and services
The second influence is that the Macrogrid enables resource sharing throughout the nation, so that built resources everywhere can operate together, in a complementary fashion (e.g., Midwestern wind and East Coast OSW), both under normal conditions and especially under conditions following extreme events (e.g., extreme temperatures, hurricanes, derechos, floods, droughts, wildfires, extreme snow/ice, earthquakes, geomagnetic disturbances, cyber events, and cascading outages). There are significant economic benefits that accrue from this, but only under the condition that sufficient transmission. i.e., the Macrogrid, is available to facilitate the sharing.
[bookmark: _Toc158376364]Single-source contingency limits (SSCL)
SSCL limitations on the East Coast have been and are now at or below 2000 MW. This restricts the level of capacity that can be brought to landfalls and to POI substations by the offshore HVDC network. We recognize the risk associated with outage of such single sources, where loss of a single piece of equipment can cause an instantaneous loss of a large injection at that bus, causing immediate change in power flows throughout the network, resulting in network performance risk - the potential of overload, voltage depression and possible collapse, and transients that cause out-of-step, unstable conditions. However, adhering to SSCL causes OSG transmission design to utilize a large number of landfalls and associated POIs, with each landfall requiring infrastructure development at or near the coast – typically an environmentally sensitive area. In this work, we have assumed a SSCL of 6000 MW to enable landfall capacities to be that large and thus reduce the number of landfalls. Doing this without incurring the above-described risks is work that is needed, and we think we are well-positioned to do. Our approach is to utilize so-called remedial action schemes (RAS), including, for example, generation tripping, shunt capacitor insertion, and HVDC converter controls. The effect of RAS to mitigate network performance risks is enhanced by the OSG HVDC backbone transmission design, which provides all OSW plants with multiple paths to the onshore grid. We would explore RAS to mitigate network performance risks using PSS\E power flow and transient stability analysis to examine the performance of various RAS following the trip of a 6000 MW landfall interconnect. RAS has been extensively used in the US Western Interconnection; the fact that RAS has not been so heavily used in the US Eastern Interconnection reflects a cultural difference in engineering perspectives. In performing RAS design and testing, we will need to be sensitive to this difference.
[bookmark: _Toc158376365]HVDC Technology
Picking up on the SSCL discussion in the previous section, one of the concerns about interconnecting bulk offshore wind power at only a few POIs, SSCL requirements from several ISOs around 1.5 GW. This implies that the N-1 limit of the loss of generator or major interconnection should be limited to 1.5 GW for on-shore connections. 
We recommend the 2 GW modular bi-pole HVDC connections will result in a single pole trip SSL of only 1 GW (50% of 2 GW) that is a key feature of these bi-pole designs. In addition to a bi-pole MTDC backbone design of around 4 GW, the added backbone will provide an additional path of interconnection and can thus limit a single POI loss to 1.33 GW (4 GW/3) which is still well within existing SSL limits. If these SSL limits are upgraded to 1.7 or 2 GW in the future the backbone may be strengthened to support a 6 GW backbone. The POI power limits and backbone may even be uprated further to 8 GW if Remedial Action Schemes (RAS) for protection coordination are implemented. 
The proposed modular and upgradable bi-pole MTDC 4+ GW backbone provides an option for future expansions that is highly desirable to interconnect states and existing land-based RTOs with offshore wind resources through a possible future offshore independent system operator (O-ISO). This modular and expandable design also has the advantage to provide a standardized design for multi-vendor systems that can operate together on the same backbone.   
From all the above discussion, we propose that the offshore MTDC grid for the United States Atlantic Coast should have specifications listed in Table 7.
[bookmark: _Ref157249559][bookmark: _Toc158376309]Table 7. Proposed specifications for MTDC OSG for North America
	Parameter
	Value

	Converter technology
	Bi-pole VSC-HVDC

	Rated voltage
	525 kV DC

	Rated power (Upgradable & Modular)
	· 4 GW 

	Offshore/Onshore Converter station power rating
	Modular 2 GW, Bi-pole HVDC converter stations



0. [bookmark: _Toc115535968][bookmark: _Toc158376366]TenneT 2 GW OSW Standard
The majority of the HVDC projects (onshore and offshore) across Europe were initially built as point-to-point links. However, Europe has vigorous plans to transform these links into multi-terminal networks for enhanced reliability, resiliency, and efficiency as it advances towards its goal of carbon neutral by 2050 (See Deliverable D4.2). The TenneT is a transmission system operator (TSO) in Netherlands and Germany who is working on aggressive plans to standardize the HVDC offshore grid in parts of Europe. For cases where more power transmission demand exists than that can be handled by a single HVDC network, the TenneT 2GW standard suggests utilizing multiple identical blocks thus forming a cluster of similar offshore systems. This standardization helps to achieve reliability, redundancy, and facilitates in operation and maintenance, thus optimizing capital expense (CAPEX) and operational expense (OPEX). This standard also suggests 2 GW standardized grid-connected system blocks capable of transferring 2 GW of offshore wind power from offshore to onshore converter station utilizing 525 kV HVDC transmission line.  It is important to mention that voltage source converters (VSCs) are already available in this range for onshore HVDC systems. A single 2 GW offshore HVDC system as suggested by TenneT is shown in 
[bookmark: _Ref157248170]Figure 4. These standardized designs are capable of handling HVDC equipment from multiple vendors that includes HVDC transformers, auxiliary power system, protection devices including AC/DC switchyard, gas-insulated system (GIS), and harmonize automation, network architecture, cooling concepts, and systems operations. 
[bookmark: _Toc158376235]Figure 4. TenneT 2 GW offshore HVDC grid connected system.
Next Generation Offshore Grid Connection Systems: TenneT’s 2 GW Standard, [Online]. Available: https://electra.cigre.org/321-april-2022/technology-e2e/next-generation-offshore-grid-connection-systems-tennets-2-gw-standard.html#:~:text=With%20the%202%20GW%20standard,Sea%20in%20the%20near%20future.
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From a technological perspective, the 2 GW standard employs bi-pole HVDC configuration with a metallic return as shown in Figure 5. Non-metallic options may be more cost-effective using grounding electrodes but concerns about stray currents in underwater structures and pipelines need to be addressed.   
All the sub-components of this 2 GW standard are commercially available from multiple vendors. 
This configuration has its inherent advantage of being able to work at half power transmission capacity in case of loss of one pole either due to a fault or for maintenance purposes. Another interesting feature of this design is the cross-coupling arrangement at the offshore grid side that enhances energy availability. Also, the bi-pole with metallic return is a modular design and expandable that provides an option for future expansions. This modular and expandable design can enable interconnection between states and existing RTOs with offshore wind resources through a future offshore independent system operator (O-ISO). This modular and expandable design also has the advantage of providing a standardized design for multi-vendor systems that operate together.   
The clusters of 2 GW groups connected to onshore network via single HVDC line were also suggested by PROMOTioN (Progress on Meshed HVDC offshore transmission networks) to be the most cost-effective solution (PROMOTioN, 2024). PROMOTioN was a European Union (EU) funded project within the time duration 2016-2020. The project addressed technical, legal, regulatory, economic, and financial challenges related to OSW energy in Europe. The project analysis involved 200 GW of offshore wind energy in North Sea by 2050. The project suggested 525 kV bi-pole HVDC for the North Sea and 325kV monopole HVDC for the Irish Sea. This also highlights the significance of clusters of 2 GW groups for OSW power transmission to onshore power networks. 




[bookmark: _Ref157248321][bookmark: _Toc158376236]Figure 5. 2-GW Bi-pole HVDC system.
Next Generation Offshore Grid Connection Systems: TenneT’s 2 GW Standard, [Online]. Available: https://electra.cigre.org/321-april-2022/technology-e2e/next-generation-offshore-grid-connection-systems-tennets-2-gw-standard.html#:~:text=With%20the%202%20GW%20standard,Sea%20in%20the%20near%20future.
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[bookmark: _Toc158376367]Large-Scale Testing Facilities
To realize the offshore HVDC infrastructure in the U.S., several technical barriers need to be addressed including HVDC equipment upgrades, lowering the cost and size of HVDC converter stations, and protection and control of MTDC networks (see Deliverable D4.3). One of the HVDC high voltage testing, research, and demonstration model facilities that Clemson University intends to realize in the near future is discussed in more detail in this section to provide an initial set of guidelines for the development of similar centers across the U.S.

The Clemson University in North Charleston intends to upgrade its existing energy innovation facility for wind turbine drivetrain research, demonstration, and testing from 15MW/24kV to 30MW/66kV to satiate growing demands from wind, PV inverter manufacturers and customers. The existing research and testing facility is shown in Figure 6.

[bookmark: _Ref157247707][bookmark: _Toc158376237]Figure 6. Existing research and testing facility at Clemson University in North Charleston, SC [14].
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This center will be carrying out research, development, demonstration and certification in the areas of grid forming (GFM) and grid following (GFL) inverter-based resources (IBRs) that are essential to realizing the offshore MTDC grid in the U.S. In addition, the center is committed to continuing research in the following related fields: Hydrogen (H2), PV, wind turbines, combined heat, and power (CHP), storage, and charging infrastructure development, smart transformer and substation technology research and development, compacting HVDC converter and DC protection technology, and standards development for offshore HVDC technology. Similar hybrid testing and research centers need to be developed across the U.S. to satiate the requirement of a trained workforce and advanced equipment, topologies, and strategies essential to realize the offshore HVDC backbone in the U.S.

The capabilities of the HIL Grid Simulator and its significance for OSW grid development in the U.S. are presented below.
[bookmark: _Toc158376368]35MW Hybrid Grid Simulator at 66kV 
The 35MW HIL Grid Simulator will have powerful grid simulation capability that mimics real‐world transients such as wide‐area power disruptions, frequency fluctuations, voltage drops, cascading accidents, and cyber or physical attacks without ‘real‐world’ risk. This simulator is needed to test and validate new renewable energy technologies to reduce the risk of new market introduction and to integrate into the transmission and distribution infrastructure. The state‐of‐the‐art 35MW HIL Grid Simulator will be utilized for grid compatibility testing of multimegawatt devices through a ‘shared facility’ model open to all innovators to promote the rapid introduction of new technology in the energy market to lower the cost of energy delivered. The mission of this facility is to (1) accelerate the introduction of new renewable energy products into the market, (2) reduce the risk of new product integration, (3) allow collaboration between academic and industrial partners for new technology development and market needs, and (4) lower the cost of energy delivered.

This center needs to conduct research and test offshore and onshore grid events such as wide-area power disruptions, power quality issues, frequency fluctuations, voltage drops, cascading accidents, and cyber or physical attacks that may impact utility, system operators, developers and companies. These dynamic events can be emulated in a safe environment in such facilities, that could be used to validate dynamic contingency models, smart-grid technology, energy storage, and converters, to integrate distributed clean energy resources more efficiently into the transmission and distribution infrastructure. Having HIL capability will allow testing of current and new technologies to generate models to duplicate actual performance and certification of technology. Previous experience at Clemson University Energy Innovation Center shows that an individual equipment testing result might be different from the on-field results. The reason behind that is mainly the equipment interaction with the power grid and other equipment connected to the grid. In the HIL environment, the grid can be virtually modeled, and grid integration can be achieved by combining hardware with the virtual environment. An example application of the HIL system is shown in Figure 7, where the physical power system is simulated in a simulator that interacts in real-time with a Photovoltaic (PV) inverter.
[bookmark: _Ref157247760][bookmark: _Toc158376238]Figure 7. P-HIL System Application.
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Another significant application of the proposed grid simulator is offshore/onshore wind turbine testing.  Coupling mechanical and full electrical testing for the next generation of wind turbines is important to the wind industry to reduce the risk of new product introduction, accelerate the introduction of new technologies to the market, and lower the cost of energy delivered. The grid simulator test bed can allow electrical testing of other devices (inverters, motors, drives, etc.) when the wind turbines are under mechanical testing in the adjoining existing test beds. This flexibility will allow such facilities not only to be of value to the wind industry but also to provide valuable testing services for innovations in solar, energy storage, smart grid, grid security, and other distributed energy devices as well as verification of existing transmission models and investigation of unique transient events.
[bookmark: _Toc158376369]Power HIL and HPC Facility 
There is a dire need for new simulation tools and high-performance computing (HPC) facilities for large system simulations of hybrid AC/DC (that involves parallel operation of onshore and offshore energy networks) and hydrogen (H2) networks. The EMT simulations for AC/DC protection and transient studies are also critical for the reliable operation of these systems. These HIL, simulation, and emulation facilities are essential for low-scale, low-cost, and safe operational testing, and controls verification for offshore HVDC systems.
The above-discussed efforts will be helpful to realize the following objectives:
Impact		=> Large-scale interconnection of on- and offshore renewables.
Transform	=> De-risking Affordable and Reliable Technology
Bridge		=> Scalable Interconnections for Energy Transition
[bookmark: _Toc158376370]Policy Assessment
In this section, we will review principles we proposed in Deliverable D5.3 for building the modern electricity market for renewables including offshore wind. 
0. [bookmark: _Toc148456894][bookmark: _Toc158376371]The Role of the Federal Government
Federal leadership is critical for offshore transmission development. For instance, national standards for HVDC, as discussed in the previous section, need to be established so that projects built in the next few years are “future-ready” – that is, designed to be compatible with future projects. This requires expandability, compatibility, and interoperability in HVDC technology. To make a multi-terminal grid, future projects must be physically able to make a connection to the HVDC system. Even if current projects are not interconnected right now, adding expandability creates the option for these projects to interconnect in the future. For a multi-terminal system to work, the various HVDC systems connected to it must have the same voltage rating. Furthermore, the systems must be interoperable. A functional multi-terminal system requires individual systems to be able to communicate with each other. The U.S. DOE can motivate the development of standards in this industry to ensure that new projects will be future-ready.
The DOE currently has several mechanisms in place to assist with the development of transmission and offshore wind. Funding is available through the Transmission and Grid Modernization divisions, and from the Grid Resilience and Innovation Partnerships (GRIP) program. Historically, DOE funding has been very effective in motivating both states and developers. It should be noted that DOE can only fund a project once. The larger benefit of DOE funding projects is the gain in political capital. DOE can also use its funding to invest in the research, development, and demonstration of technologies related to the HVDC offshore grid. This investment will promote advancement of the HVDC supply chain.
The DOE has an opportunity to play a convening and backstop role in OSW development. Some of the larger questions on OSW development impact multiple ISOs at once, such as how to integrate 85 GW of OSW on the East Coast. To answer these questions, ISOs need to be incentivized to communicate and collaborate more directly with each other under the aegis of DOE and/or FERC. The development of a transmission backbone is an example of a future area of focus for the appropriate DOE offices, as it is hard for individual states or ISOs to create it. 
As a new market and its corresponding set of OSW owners evolve around the offshore grid, there should be an organization similar to an offshore power authority to oversee the offshore grid. The DOE, which is currently the federal entity most closely connected to the oversight of a future offshore grid, has limited regulatory authority on this issue and so may not be able to fulfill the needs of such a role. Therefore, the federal government, perhaps with federal legislation, should consider creating a new entity endowed with the necessary authority. 
There have been detractors from doing so. The September 2023 Action Plan for Offshore Wind Transmission Development in the US Atlantic Region (DOE/DOI, 2023) recommends against forming such an authority. The Action Plan claims that the jurisdictional complexity, time, and cost of creating an authority would be far greater than any benefit it would provide, as existing entities already operate in the needed fashion. Rather, the Action Plan recommends implementing reforms to ensure joint planning among existing entities. That approach is more limited in scope and could prove inadequate for the ultimate task and complexities.
Our opinion is that these jurisdictional challenges will motivate the eventual formation of a new offshore power authority. Existing ISOs have their own land-based operational zones. The offshore grid will be built in either state or federal waters; the grid will not fall under the jurisdiction of a single ISO. If the offshore grid is designed as a backbone corridor, as our group has suggested and modeled, it will interconnect onshore with multiple ISOs. While it is certainly useful for ISOs to coordinate on planning, each ISO is primarily concerned with its own area. The offshore grid needs its own authority, a new entity whose primary focus is the offshore grid. 
[bookmark: _Toc148456895][bookmark: _Toc158376372]Interconnection Queue Process Reforms
The interconnection queue process must enable participation on equal footing. In the current process, developers are incentivized to submit early for interconnection consideration via the queue. Developers who submit projects that are not ready to move forward may benefit, because projects receive consideration and advance based on queue position. Therefore, developers who wait to enter the queue until they are ready to interconnect their projects are at a distinct disadvantage. In addition, the current rules have created large queue backlogs; the sum the country’s queues is the largest in history (over 2 TW at the end of 2022). This has also led to great uncertainty with regard to the timing for bringing projects online. The current queue system is a significant component in how long it takes for offshore wind projects to be completed. 
In July 2023, FERC issued Order No. 2023, which begins to address these issues through reforms to the queue interconnection process. Note, the discussions in the June 2023 workshop (listed in Table 6) preceded the issuance of this FERC order. The Order introduces a new first-ready, first-served cluster study process. In the current system, interconnection requests are studied sequentially. The new system will allow a group of interconnection requests to be studied at the same time. All of the requests will be assigned the same queue priority. As part of this reform, FERC is increasing both financial commitments and withdrawal penalties. The Order was published to the federal register in September 2023.
Order No. 2023 removes the “reasonable efforts” standard, which requires transmission providers to use “reasonable efforts” to complete the interconnection process, but it does not impose any consequences if the providers do not meet their deadlines. Instead of this standard, the reform introduces firm study deadlines and significant financial penalties if the providers do not meet their deadlines. Finally, the Order incorporates technological advancements into its process, such as requiring transmission providers to allow more than one generation facility to co-locate and share a single POI. 
All of these reforms seek to increase efficiency in the interconnection process. By removing some of the incentives for developers to join the queue early, the Order may result in a more open playing field for transmission providers. 
The September 2023 Action Plan (DOE/DOI, 2023), developed by DOE in partnership with BOEM, addresses the interconnection queue process with an eye to aligning the state solicitation processes already underway. The Action Plan recommends enabling soliciting entities (such as states who solicit offshore wind bids) to join the interconnection queue as a holding pattern. The concept behind this suggestion is for soliciting entities, such as states, to be able to ensure that a winning project has a queue position .As support for this approach, the Action Plan refers to a 2004 compliance filing of Xcel Energy (FERC, 2004).  Based on the discussion in the June workshop, attendees support reforms embodied in FERC Order No. 2023 (FERC, 2023) and policies that enable projects to move forward while relieving backlogs efficiently and equitably. It should be noted that offshore wind projects make landfall at beachheads and may face a range of interconnection challenges that will require additional planning considerations. See Section 6.4 for further discussion of this concept of beachheads in the context of recommended procurement processes.
It is clear from both the Action Plan and FERC Order No. 2023 that the federal government is aware of and addressing the issues in the interconnection queue process. There will need to be a reconciliation moving forward between the outcomes of the Action Plan and the Order. While the FERC Order has been issued, and we anticipate the process moving forward, there is an implementation process yet to come.
[bookmark: _Toc148456896][bookmark: _Toc158376373]Community Benefits with Accountability
When planning a project, the importance of stakeholder engagement at the local level cannot be overstated. Developers cannot simply come into an area and begin building; they must garner community support for their projects. Because of this, developers and policymakers must engage with the community, demonstrating that the project will have actual community benefits. Quantifiable benefits may include new jobs and economic growth in the local community. Environmentally, developers must do no harm and perhaps provide certain improvements to local areas of concern. There also has to be accountability so that the benefits promised to the local communities are actually delivered in the expected time frame and meet the level of community expectation. Energy facility siting is a complex task, often under the oversight of state siting boards. Community participation in the specifics of siting is critical for the local acceptance of the infrastructure associated with OSW. Input and high-quality communication with key local and community officials improves the ease of the development process, especially when there is construction impacting traffic and noise. If siting and local input is not included from the early stage of the process, more serious opposition can develop, which will at a minimum delay projects or lead to legal intervention with dissatisfied local communities.
[bookmark: _Toc158376374][bookmark: _Ref158897539]Recommendations for an Offshore/Onshore MT-HVDC System
Drawing from our work under the three major headings of power systems analysis, HVDC technology, and policy assessment, we offer the following DRAFT System Specifications and DRAFT Procurement Process as outlined in Figure 8, Figure 9, and Figure 10 on the following page. The three models developed in this project and outlined in Table 1 and Figure 1 have the potential to be used together to construct and explore use cases upon which to base and evaluate potential offshore grid designs. These use cases could integrate both the power systems modeling tools developed within this project and the recommended procurement and development strategies posited below.


[bookmark: _Ref157252438][bookmark: _Toc158376239]Figure 8. Step 1: Multi-Project Connections.
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[bookmark: _Ref157252444][bookmark: _Toc158376240]Figure 9. Step 2: Regional Connections.
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[bookmark: _Ref157252446][bookmark: _Toc158376241]Figure 10. Step 3. Interregional Connections.
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The DRAFT Recommended procurement process for offshore wind transmission shown in Figure 8, Figure 9, and Figure 10 on the preceding page outlines three specific aspects of offshore wind transmission. 
0. [bookmark: _Toc158376375]Step 1: Multi-Project Connections (Figure 8)
The Beachheads, shown schematically as a yellow circles with black outlines, are landings at shore or within state waters that marks the transition point between offshore HVDC transmission and connection to the onshore grid. Our understanding from conversations with multiple utilities and developers is that there seems to be fairly strong consensus around the idea that land-based upgrades should be separated from offshore generation and transmission procurements. From the beachhead, entities in charge of land-based upgrades would develop reach circuits, as described in Deliverable D2.3, to relevant POIs which would be upgraded along with relevant onshore grid assets both to convert DC to AC power and to increase the headroom well beyond establishes SSCLs in 2-GW increments according to the TenneT 2-GW standard. The development of a beachhead and the separation of land-based upgrades from offshore wind generation and transmission is exemplified by the New Jersey State Agreement Approach (NJ-SAA) (Pfeiffenberger at al., 2022). It is also contemplated by the Massachusetts Clean Energy Transmission Working Group (CETWG) final report (MA, 2023).
The Collectors/Energy Islands, shown schematically as blue circles with black outlines, are offshore converter stations that collect power from multiple OSW projects, and bundle them together in 2-GW increments to send the beachheads via HVDC lines. In our opinion, offshore wind developers should be required only to connect their transmission into these independent Energy Islands, which are in-turn designed to connect to land and to one another in a Multi-Terminal HVDC System that is modular and expandable. Objections to this approach have cited “project-on-project risk,” however, as general understanding of OSW generation project timeline has become more clear to a larger number of stakeholders, it should also be clear that there are several years available to plan and construct these facilities as part of state OSW procurements. Northern European countries such as Denmark are already planning energy islands in the North Sea. Please refer to Harris et al. (2023) for the keynote presentation by a representative from the Danish TSO, Energienet, at the June 2023 Transmission Workshop at Tufts University.
[bookmark: _Toc158376376]Step 2: Regional Connections (Figure 9)
Once the beachheads and energy islands have been established, the energy islands may be connected to one another when a region decides it is appropriate to increase the reliability of the growing offshore grid. Up to this point in the process, federal involvement can focus primarily on setting technical standards for the MT-HVDC system and providing funding and tax-credits for the early build-out.
[bookmark: _Toc158376377]Step 3: Interregional Connections (Figure 10)
At this step, regionally connected offshore systems may be connected inter-regionally, as shown in Figure 10 for a connection between the New England and New York/New Jersey regions.[footnoteRef:2] This will require action by and authority of the U.S. federal government both to plan, build, and operate these connections. From the near-term perspective, these connections will not likely be necessary until the Atlantic offshore wind build-out reaches levels in excess of 30 GW, providing time for appropriate authorization and regulatory frameworks to be developed through a whole-of-government approach. Nevertheless, according to members of this project’s advisory board, even within the next few years there will be more power on existing rights of way than ever before. Considering the risk of a large source loss from an extreme event, regional interties will become more important within a few years, and the possibility of building such ties offshore should be seriously considered in the near term. These interregional connections, combined with the success of creating high capacity (6+ GW) MT-HVDC beachheads and energy islands will allow the Atlantic offshore wind build-out to reach scales on the order of 200+ GW, as contemplated within this project. We see this Atlantic OSW transmission build-out as the first leg of the North American macrogrid, which will be required to economically and reliably deliver the U.S. energy transition. [2:  We acknowledge that what we call the New York/New Jersey region contains two separate RTOs: NYISO and PJM. Were such a procurement and implementation process to be adopted, it would be possible to consider Step 2 as isolated to specific regions (ISO-NE, NYISO, PJM) or integrated between these regions depending on timing, technical-policy feasibility and opportunity, and political will.] 
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DRAFT System Specifications

+ Design beachheads and collectors for near-term 2-6 GW capacity.

+ Collectors and shore connectors are multi-terminal HVDC,

+ On-shore grid designed to ensure full deliverability of clean energy
resources consistent with state climate targets.

+ Strive to maximize consistency in the 30 GW by 2030 system.

DRAFT Procurement Process:

Establish a Regional Collaboration Entity 1o select beachheads.
State / Regional procurement of generation with connection 1o collector
State / Regional procurement o collectors and shore connectors.

Direct Transmission Owners and RTOs to co-optimize and develop land-
based upgrades that meet the volume and schedule of demand additions
and clean energy ntegration requirements,

mwne
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DRAFT System Specifications

+ Design beachheads and collectors for near-term 2-6 GW capacity.
Collectors and shore connectors are multi-terminal HVDC.
On-shore grid designed to ensure full deliverability of clean energy
resources consistent with state climate targets

+ Strive to maximize consistency in the 30 GW by 2030 system
Network connectors will not be required prior to 2030.

DRAFT Procurement Process:

Actions 1through 3 happen together, 4 happens later

1. Establisha Regional Collaboration Entity to select beachheads.

2. State / Regional procurement of generation with connection to collector.

3. State / Regional procurement of collectors and shore connectors.

4. Direct Transmission Owners and RTOs to co-optimize and develop land-
based upgrades that meet the volume and schedule of demand additions
and clean energy integration requirements,

5. Federal procurement of network connectors.

Need not happen until connectivity is required.
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DRAFT System Specifications

+ Design beachheads and collectors for near-term 2-6 GW capacity.
Collectors and shore connectors are mult-terminal HVDC.

+ On-shore grid designed to ensure ful deliverabilty of clean energy
resources consistent with state climate targets,

Strive to maximize consistency in the 30 GW by 2030 system.
Network connectors willnot be required prior to 2030,

DRAFT Procurement Process:

Actions 1through 3 happen together, 4 happens later

1. Establisha Regional Collaboration Entity to select beachheads.

2. State / Regional procurement of generation with connection to collector.

3. State / Regional procurement of collectors and shore connectors.

4. Direct Transmission Owners and RTOs o co-optimize and develop land-
based upgrades that meet the volume and schedule of demand additions
and clean energy integration requirements,

5. Federal procurement of network connectors,

Need not happen until connectivity is required
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