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1. Formatting is not complete
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3. Planning Coordinator, Planning Authority(ies) and PAs are all used interchangeably throughout document.
 

Developing Transmission Options for Reliability – Tasks 7 and 8
The work of Tasks 7 and 8 was to identify the incremental transmission reinforcements required to support the new generation, generation deactivations and interregional exchanges of energy for each of the three scenarios identified in Task 6 of Phase 1.  The TOTF was formed as the vehicle for the Planning Authorities,  in collaboration with stakeholders, to develop transmission expansion options focused on the extra high Voltage (EHV) transmission network (230 kV and above).  This analysis considered the transmission facilities required to reliably integrate new resources within a region using a similar high Voltage focus, but did not attempt to resolve potential local transmission issues below 230 kV.  Tasks 7 and 8 did involve ensuring each of the NEEM regions had a reliable EHV transmission system. [footnoteRef:1] The EIPC leveraged the expertise of its membership in considering high-Voltage direct current and advanced technologies in developing expansion options.  This task was not intended to identify specific routing, siting, environmental, or other related issues associated with any potential enhancements to the power grid.   [1:  In Phase 1, as part of the NEEM “pipes and bubbles” analysis, each NEEM region was assumed to have no constraints to the movement of power within that region.] 

Transmission power flow analysis involves developing a model with all transmission, generation and loads for the single hour of the year where the system is the most stressed. Traditionally, this has been the peak hour of the year when the loads on the system are highest. With the advent of more renewable resources, especially wind, transmission planners are looking at additional hours. The complexity of reliability analysis, e.g., running every single contingency individually in that peak hour model to ensure the system remains reliable, makes it impractical to perform power flow analysis on more than a few hours of the year. For this analysis, the TOTF chose one additional hour to model for Scenarios 1 and 2 because of their high wind output.
The objective of Tasks 7 and 8 was to develop conceptual transmission options for each of the three identified scenarios.  These futures represent various policy directions and their resulting impacts, as represented by the year 2030.  The depth of this planning horizon and the inherent high uncertainty levels associated with various input assumptions leads to more focus on higher Voltages and interregional analysis.  The details of more granular level analysis would very likely become more evident as the inherent uncertainties resolve over time.  It must be noted that an examination of the conditions in the year 2030 represents one “snapshot” in time.  Typical transmission planning processes evaluate the power grid on an annual basis over a ten-year period; i.e., every year in the next ten-year period, instead of leaping to a distant horizon year, such as 2030, which may result in grid improvements made on a smaller, more incremental basis. The following process is therefore consistent with this project’s objective and scope and is described in more detail in the [process document developed in Fall 2011]. [Add link.]
[bookmark: _Toc335906487]Formation and Purpose of TOTF
The TOTF was created to provide a forum for stakeholder review and comment on the EIPC development of transmission build-out alternatives that were considered for the infrastructure support of the generation resources and inter-regional flows identified in each of the three scenarios.  The TOTF was not intended to be a decisional body but rather a collaboration of the EIPC Planning Authorities and SSC-appointed experts to facilitate information sharing and the exchange of ideas during Tasks 7 and 8 of the project.  
The composition of the TOTF included up to six members appointed by the States, up to two members appointed by each of the other seven sectors of the SSC, and thirteen members from the EIPC.    There were several elements to the criteria established for membership on the TOTF.  Each member was required to be (1) experienced in transmission planning, (2) willing and able to obtain required Critical Energy Infrastructure Information (CEII) clearance and (3) capable of contributing to the process of transmission alternatives development and discussing the technical characteristics and relative technical merits of alternate solutions.  Generally, it was expected that each member would possess both the expertise and commitment needed to produce and evaluate transmission alternatives and work products of the TOTF.
The Phase 2 timeline provided specific points within Tasks 7 and 8 for stakeholder comment.  This process of “review and comment” defined much of the interaction between the EIPC and stakeholder representatives of the TOTF.  The EIPC Planning Authorities performed the power flow modeling as the TOTF went about its work of identifying a transmission build-out for each of the three scenarios identified at the end of Phase 1.  The results of the analyses, along with proposed solutions, were then presented to the stakeholders of the TOTF via meetings or webinars/conference calls.  TOTF members provided comment on any EIPC proposed solutions and/or proposed alternative solutions to be considered.  
[bookmark: _Toc335906488]Transmission Options Task Force Activities
Initial meetings of the TOTF in November 2011 and January 2012 focused on clarifying the tasks, scope and activities of the TOTF.
Early meetings also focused on the EIPC Planning Authorities’ efforts to develop power flow models for each of the three identified scenarios consisting of the following:
the transmission topology from the SSI model from Phase 1, with a few adjustments
generation data from the Phase 1 NEEM model outputs (including non-location specific generation additions and both location specific and non-location specific deactivations pursuant to each scenario), 
load used per block per NEEM region, system losses assumptions from the SSI model, and 
interchange data from the NEEM model.
Several “passes,” or iterations, of transmission topology options were run for each scenario, and reviewed by TOTF members during, and between, TOTF meetings.  TOTF members also provided input and transmission alternatives for consideration by the Planning Authorities as the various passes were completed for each scenario.  The EIPC PAs continued to run these iterations for each of the three scenarios, taking stakeholder comments into consideration. For each scenario the PAs developed a transmission system that was free of 200 kV and above overloads and low/high voltages and met basic tests for reliability (described below), while remaining consistent with the assumptions inherent to each scenario for the hours modeled.
[bookmark: _Toc335906489]Power Flow Analysis Description
The following section describes the approach to power flow analysis, used by the EIPC Planning Authorities and discussed with the TOTF, to develop the models for the three scenarios.  It contains a brief summary of transmission planning and is followed with more detailed information on the tools, required data, and testing processes used by the EIPC TOTF.
[bookmark: _Toc335906490]Modeling Approach Introduction
Power flow analysis is extremely complex and involves modeling all of the generation, loads and transmission elements (lines, transformers, etc.) in an area.  The analysis involves removing individual transmission elements and individual generators one at a time to determine if the system will remain reliable with different elements simultaneously out of service.  Additional analysis involves taking more elements out of service to determine if the system stays reliable.  Because the modeling is so complex, power flow models typically  modeltypically model only one hour in the year in any particular model run.
The overall modeling approach involves:
1. Building models: choosing modeling tools, cases to run, system tests to perform and developing inputs to the model,
2. Testing the models to ensure they will solve,
3. Running the models to identify constraints on the transmission system,
4. Identifying potential solutions for the constraints,
5. Testing the solutions in the  model, and
6. Iterating steps 3-5 until all constraints are solved.
In order to create a solved power flow model, the following basic equation must be satisfied:
Generation = Load + Losses + Interchange
Results of the NEEM outputs for each of the three scenarios were used to update the SSI model in the creation of the five different scenario models (or cases) – a peak model for each of the three scenarios and less-than-peak models for Scenarios 1 and 2.  Less-than-peak models were needed for Scenarios 1 and 2 because of their extensive reliance on wind resources. NEEM results provided much of the information needed to develop these models.  Information derived from the NEEM scenario results included:
Generation – Installed generation  capacity (MW) and energy (MWh) produced by technology type.
Load – MW demand by load block representative of certain periods in time.  Load Blocks 1 and 13 were utilized in the respective peak and off-peak models.  Differences in load block values between scenarios were driven by assumptions contained in the NEEM runs for each of the three scenarios.  These load values were “generator bus-bar” demands and, as such, include system losses.
Interchange – Interchange between NEEM regions as a function of a specified load block.

Detailed Description of Reliability Modeling 
[bookmark: _Toc335906491]Building Models
Modeling tool – The power flow software used for this effort was the Siemens/PTI Power System Simulator for Engineering (PSS\E) computer program. Generally the PAs used the PSS/E power flow modeling tool for Task 7 & 8 analysisanalyses. For Scenario 1: – Combined Policy, however, given the drastic changes specified to the entire Eastern Interconnection, the PAs first developed models with needed required transmission options to mitigate the EHV constraints caused by the generation additions and deactivations. The Power System Simulator for Managing and Utilizing System Transmission (PSS\MUST) model was used to model the additional transfer capability called for in the scenario. The PSS\MUST tool produces a report of the First Contingency Incremental Transfer Capability (FCITC) and corresponding which was then converted to estimated thermal loadings on of the limiting (thermally constraining) transmission facilities. These thermal loadings were used by the PAs to determine where transmission additions were needed. The other two scenarios (Scenario 2: RPS Implemented Regionally and Scenario 3: Business as Usual) did not require this approach because they were easier to solve.
.  Choosing system conditions (cases) to model – The model used as the starting point for development of power flow models for Phase 2 work was the SSI model created in Phase 1 of the project. The SSI model was developed for the year 2020. The year reflected in the Phase 2 modeling is 2030. A power flow model is capable of modeling only one hour of the year at a time; thus, planners choose the hour that will provide the conditions that stress the transmission system the most. Transmission planners typically assume that if the transmission system can withstand that hour, it can withstand all of the other 8,759 hours in the year. For the vast majority of times, worst case conditions will be experienced under high load conditions, which are typically found during summer peak hours. Traditionally, only these peak load hours have been utilized in transmission planning. With the advent of significant amounts of wind, however, planners realize that there are also hours when there are low loads and simultaneously high production of wind that create significant and different stresses on the system than those typically realized during the peak hours. 
Because of this shift in availability patterns of the system’s major energy resource, planners developed an additional power flow model representing periods of higher wind production than seen in the peak hour for Scenarios 1 and 2, which have very large amounts of installed wind.
The three scenarios chosen by the SSC in Phase 1 of the project for examination in Phase 2 were:
· Scenario 1 – Nationally Implemented Federal Carbon Constraint with Increased Energy Efficiency/Demand Response (Combined Policy)
· Scenario 2 – Regionally Implemented National Renewable Portfolio Standard (RPS Implemented Regionally)
· Scenario 3 – Business as Usual.
In all, five models were developed and employed to evaluate transmission build-out options in Task 7.  A peak and less-than-peak model were used to evaluate both Scenarios 1 and 2.  A peak hour model was used to evaluate Scenario 3.  The transmission solutions for each scenario were based on resolving reliability issues in all of the selected time periods.  
A model (case) identification convention was adopted to readily and simplistically identify each model by its scenario (1, 2, or 3) and load block (1 or 13); e.g., Scenario 1 would be “S1” and Load Block 13 would be “B13”, so the model reflecting off-peak load conditions for Scenario 1 would be known as the “S1B13” case. A detailed description of how Block 13 was chosen is included in the Inputs sections.	Comment by Flygt, Flora: Will spell out in Section numbers.
2.3.3 Testing the Models
To properly integrate generation capacity into the power grid with adequate transmission in place to support that capacity, system performance tests were utilized in the determination of transmission adequacy to support reliable system operation during the two load periods chosen (Block 1 and Block 13).  For purposes of this analysis, an “Element” was defined as a generator, transformer, or transmission circuit; a transmission circuit is any component of a transmission line (including DC) between two substations (i.e., circuit breaker, switch, and conductor).  Regional criteria were applied for generation interconnections by each PA. Consistent with existing and proposed NERC transmission planning (TPL) standards and the description in the SOPO, the following tests were utilized.  
Test 1 (T1):  System Performance with all Elements in Service
The transmission developed for each of the three scenarios was assessed to ensure there are no 200 kV and above thermal loading or Voltage violations identified with all system Elements in service (no contingency).  This test is consistent with all Category A contingencies as defined in the currently approved NERC TPL-001-1 standard.
Test 2 (T2):  System Performance Following the Loss of a Single Element
The transmission developed for each of the three scenarios was assessed to ensure there are no 200 kV and above thermal loading or Voltage violations identified with the loss of a single Element (single contingency).  Additionally, this test provides for the loss of a single component of a 200 kV and above transmission circuit without a fault that results in the open ending of a transmission line.  This test is consistent with all Category B contingencies as defined in the currently approved NERC TPL-002-1B standard.
Test 3 (T3):  System Performance Following Loss of a Single Element under Generator Out Scenarios
The transmission developed for each of the three scenarios was assessed to ensure there are no 200 kV and above thermal loading or Voltage violations identified with any contingency defined in Test 2, in addition to a generator-out scenario (N-G-1).  Each generator across the Eastern Interconnection greater than 500 MW and interconnected at 200 kV or greater will be taken offline individually prior to the N-1 screen of Test 2.  This test is consistent with a subset of Category C3 contingencies as defined in the currently approved NERC TPL-003-1a standard.
Test 4 (T4):  System Performance Following the Loss of Multiple Transmission Lines Sharing Common Towers/Structures
The transmission developed for each of the three scenarios was assessed to ensure there are no thermal loading or Voltage violations identified with the loss of multiple transmission circuits that share common towers/structures.  In general, this does not apply to circuits that only share a minimal number of towers/structures, such as, into and out of substations or other unique situations.  This test is consistent with Category C4 and C5 contingencies as defined in the currently approved NERC TPL-003-1a standard.
Test 5 (T5):  System Performance Following the Loss of Multiple Elements as a Result of a Bus Section Fault on Buses 300 kV and Above
The transmission developed for each of the three scenarios was assessed to ensure there are no thermal loading or Voltage violations identified with the loss of multiple Elements that result from the normal clearing of a fault on a bus section of Voltage of 300 kV or higher.  This test is consistent with Category C1 contingencies as defined in the currently approved NERC TPL-003-1a standard.
. 
These tests were performed on the 200 kV and above system. A full NERC reliability analysis would also include:
0.  elements lower than 200 kV
a. more detailed analyses including more instances of multiple transmission elements out of service, and 
b. additional types of analyses such as generator stability and dynamic analysis.
The planners identified transmission that supports inter-regional transfers, as defined in each scenario, for the projected system peak hour load and, where used, for the “less than peak” hour load.  All thermal loading and Voltage violations identified for facilities at the 200 kV Voltage level and higher were mitigated through transmission expansion and not by applying operating guides or curtailing firm transactions.
Facilities located at lower Voltage level sites less than 200 kV were not monitored and reported in the analyses unless a particular Planning Authority determined they were important to the higher voltage system.  Some select transmission projects were identified at voltages less than 200 kV if the Planning Authority deemed they were necessary for the model. Correction of thermal loading and voltage issues associated with these lower voltage facilities were generally omitted from the work of Tasks 7 and 8, recognizing that this resolution requires specific resource and other detailed configuration information that is typically only known within a near-term planning horizon.  
A summary of the tests performed by the planners is shown in Table 2.







Table 2.  System Performance Tests and Criteria
	Test
	Description
	Minimum Criteria to Mitigate

	
	
	Thermal Loading
	Voltage

	T1
	No Contingency
	> 100% of Rating
(Rate A)
	< 0.95 p.u.95% of correct voltage
> 1.10 p.u.110% of correct voltage

	T2
	Loss of Single Element
	> 100% of Rating
(Rate B)
	

	T3
	Loss of Single Element in Conjunction with a Generator Outage
	
	

	T4
	Loss of Multiple Transmission Circuits that Share Common Towers/Structures
	
	

	T5
	Loss of Multiple Transmission Circuits that Result from a Bus Fault on Buses Greater than 300 kV
	
	



2.4.2 Determining Inputs to Models – Power flow models must include detailed information on the location of generation, its size, ramp rates, etc.  For this effort, there were many generation additions and deactivations and all of these needed to be specifically placed in the model.  They also need detailed information on the loads or demands that are expected to be served, including locations.  Last, they need the existing transmission topology and transfers modeled correctly. 
A. Load Information
A key input to power flow models is the amount of load (demand) on the system.  Table 23 below shows the loads and amount of demand response in each of the power flow models used in the analysis.
Table 23.  Load and Demand Response	Comment by Flygt, Flora: Comment on bottom will be changed to read, “2030 Power Flow Loads (MW) reflects customer demand at the meter while “2030 EI Peak (MW) with Losses” reflects the customer demand at the meter plus losses on the transmission system.
[image: ]

Demand response (DR) and energy efficiency (EE) were particularly high in Scenario 1: Nationally-Implemented Federal Carbon Constraint with Increased Energy Efficiency/Demand ResponseCombined Policies. The DR and EE components are described as follows:
Economically achievable energy efficiency, demand response, distributed generation and smart grid resources used to meet power needs. These are the first resources evaluated and deployed by the model.
Overall energy demand is drastically reduced and new technologies are available for customers and utilities to manage demand to meet power needs in real time.
Demand Resources, including Energy efficiency and demand response and energy efficiency, would meet 20% of energy resource needs annually by 2030.
EE would meet 20% of energy resource needs annually by 2030.
Peak load forecast values are “before DR”.  Increased levels of DR directly offset the need for generation resources to meet installed capacity reserve requirements.  In Phase 1, DR was modeled as pseudo-generation.  Each of these DR pseudo-generators had a high variable cost associated with it and thus did not generally assist in meeting energy requirements.  . Thus, DR simply reducedprimarily served to reduce the need for generation expansion and also resulted in fewer transmission additions.

NEEM included DR in the choice the program made for new installed capacity resources, offsetting the need for generation capacity and resulting in a different generation resource mix than if DR were not available. The DR was reflected in the power flow model by having less generation additions due to the DR MWs than would otherwise be needed.   
EE was separated from DR in Phase 1 and in the Phase 2 load flow models.  In order to reflect EE in the model, peak load forecasts were decreased by 1% per year in Scenario 1 and the reductions were done on a load ratio share basis across the entire Eastern Interconnection. DR was specified as a generating resource in the NEEM model, so no adjustments were made to the load in the power flow models. The DR was reflected in the power flow model by having less generation additions due to the DR MWs than would otherwise be needed.
Losses - In order to separate losses from load, as given in the NEEM output, the PAs calculated the system loss percentage for each area modeled in the SSI model and applied that same percentage for each area in the three Phase 2 scenario models.  This was a one-time assumption and was not iterative.
B. Generation Additions and Deactivations Methodology
The overall process in building the five models was to utilize the output information from the macroeconomic NEEM models in the respective power flow models.  One of the first issues that arose was the deactivation of existing generating units and location of new generating units.  The outputs from NEEM indicated how much generation needed to be added, what types of generation (e.g., coal, combined cycle, wind) needed to be added to the model and the NEEM region in which they were added. Similarly, NEEM provided the same information for de-activations – the amount, type and NEEM region for the deactivations. 
A power flow model, however, has the entire transmission system modeled and the generators need to be placed in a specific location (i.e., on a specific “bus”) in the model.   Thus, the Planning Authorities, in collaboration with stakeholders, needed to physically locate the additional generation within the power flow model and to also specify which specific existing units would be deactivated in the model.  
Generation Additions
The Planning Authorities sited incremental generation (beyond that in the SSI model) using the following guiding principles:
1. Non-Renewable Unit Additions
Nuclear generation was located in the model according to regional practice and best available planning information, e.g., if there was space at an existing nuclear station in a particular region and additional nuclear generation was called for, the additional nuclear capacity was located at that site;
Where possible non-renewable generation capacity was sited at existing generation sites where generating units had been deactivated by the Planning Authorities. New generation was added at that site up to the MW capacity of the deactivated generation previously installed at that location. This can be thought of as a MW swap at the existing generation site.
2. Remaining Non-Renewable Resources and Renewable Additions
For all non-renewable resources that could not be located at existing sites and for new renewable resources, each Planning Authority located generating resources in its region based on available regional information, which includes the following:
Current generation queue data
Transmission availability
Renewable resource potential assessments, such as MISO’s Regional Generator Outlet Study
Generation expansion siting studies
Energy zone assessments
Other public information, e.g., where people were proposing to build generation. 

Generator Deactivations

1. For specific large coal units (200 MW or larger), MRN-NEEM indicated whether the specific unit was active or needed to be deactivated. 
2. For smaller units (below 200 MW for coal as well as other fossil units) the MRN-NEEM model indicated the amount, type and NEEM region of generation that needed to be deactivated. Rather than choose specific power generators within the NEEM region to deactivate, the Planning Authorities reduced all generation of a specific type by the same percentage. For example, if 500 MWs of combined cycle plants were to be deactivated in a NEEM region with 2,000 MWs of combined cycle plants, each plant’s capacity would be reduced by 25% in the power flow and production cost models.  
3. To the extent steps #1 and #2 above did not provide sufficient specific deactivation information the following process was used:
a. First Stack of Unit Deactivations: units greater than 40 years old and less than 400 MWs, 
i. Units withWith no pollution controls (starting with the smallest plants and working up to the larger plants) did not have any pollution controls
ii. Units without SO2 controls and Fabric Filter (FF) baghouses for particulates (in order of smaller MW  to larger MW size)
iii. Units without Selective Catalytic Reduction (SCR) and FF (in order of smaller MW to larger MW size)
iv. Units that only needed one of the three controls to be compliant (in order of smaller MW to larger MW size).
b. Second Stack of Unit Deactivations: units less than 40 years old and greater than 400 MWs, 
i. Units withWith no pollution control retrofits. The “no control” units were deactivated starting with the smallest plants. 
ii. Units lacking SO2 control but having one other control such as SCR or FF. Order the “no SO2 control” units from smallest to largest retiring deactivating the smallest first.
iii. Units lacking one of the remaining controls:  Units that have SO2 control but lack either SCR or NOX controls.  Order the “SO2 controlled” units from smallest to largest retiring deactivating the smallest units first.
c. Third Stack of Unit Deactivations
Units with all of the above retrofits. Smaller units in this group are assumed to have the least economy of scale.  Order the units from smallest to largest retiring deactivating the smallest units first.
Exceptions for data issues, or other agreed upon justification, were addressed case-by-case.
Choosing the “Less Than Peak” Case
As described above, transmission planners examine the system under anticipated “worst case” conditions.  A summer peak hour power flow model was developed for use with the SSI transmission topologymodel as the starting point.  Load Block 1 (B1) loads from the NEEM results were used in the development of the three summer peak hour transmission models used in Task 7. For Scenarios 1 and 2, the TOTF also developed a “less than peak” case, using Load Block 13 of the NEEM results. This block had low loads and high wind generation, creating significant and different stresses on the system. Below is a detailed description of how Load Block 13 was chosen.
The most significant factors considered in selecting the “less than peak” model were:
High renewables resource penetrationgeneration
Delivery of renewable resources
High output of renewable resources in the West when load is increasing in the East
Consistency with NEEM results
Degree of system stress created by combination of higher wind and lower loads.
Because power flow models only model one hour of the year, one NEEM output hour needed to be chosen.  However, NEEM does not deal in single hours but works with groups (“blocks”) of hours.  The hour for the power flow model was selected by choosing a representative (“Shoulder”) load block within the “Shoulder” season with its typically lower loads and choosing an hour within that block with a large amount of wind dispatched.
“Shoulder” hours occur during the months of March, April, October and November. Winter hours are in December through February and summer hours include May through September.  In NEEM, the hours were sorted by season and by the amount of load into tiers within that season, with the top tier being the highest loads and the bottom tier being minimum loads.  Load blocks for the Shoulder season are shown in Table 1.  
To choose the representative load block within the Shoulder season, the ratio of the average load in each block to the total system peak was calculated.  The average percentage of load to peak across all regions and Shoulder blocks is 0.625 (or 62.5% of total system peak load, which is 100%).  Block 13 is closest to the overall average, and experiences this load 600 hours of the year; therefore an hour from Block 13 was selected to represent the less than peak case.  The hour with the highest wind generation within Block 13 was chosen as the less-than-peak case.	Comment by Flygt, Flora: Checking on this statement.
Table 1.  Load Block Characteristics
	Shoulder Load Blocks
	Number of Hours in Load Block
	% of Total Shoulder Hours in Load Block
	Average pu-of-Highest Load Across All Regions

	Block 11
	25
	0.9
	0.698

	Block 12
	200
	6.8
	0.656

	Block 13
	600
	20.5
	0.622

	Block 14
	900
	30.7
	0.580

	Block 15
	1,203
	41.1
	0.568

	
	Total Hours 2,928
	
	Average = 0.625



[bookmark: _Toc335906492]Testing the Models
Power flow models identify overloads on the system and Voltages that are too high or too low. All of these conditions, if they are severe enough, can cause the system to collapse. To do the tests listed above, the PAs first needed to create models that would “solve” or “converge”. The models use an iterative process to come to a solution that balances all generation and loads with flows along individual transmission lines.  In some cases, if the transmission system is too stressed in the model, the model will not converge.  
[bookmark: _Toc335906493]Run Models to Identify Constraints
Once the models solved with the generation additions and deactivations, the large scale inter-regional transfers specified by the NEEM model were incrementally added to the load flow case. The PAs added additional transmission, upgraded and re-conductored lines, or added voltage support to address any congestion or voltage problems on lines above 200 kV. Transmission constraints on elements less than 200 kV were monitored. Typically constraints on the lower voltage system were not addressed unless the issues were severely affecting the 230kV and above system and/or the area did not have the necessary supporting 230kV and above infrastructure.


[bookmark: _Toc335906494]Identify Solutions for Constraints
Transmission planners develop solutions based on what transmission lines/elements are overloaded or have Voltage issues and how significant the overload or Voltage issue is. The objective is to “right-size” the solution to the issues in the model and there are times when it is more cost-effective to choose a larger solution that solves more issues rather than many smaller solutions.
1. System Performance Tests 1 and 2 were used in the Task 7 evaluation of Scenarios 1, 2 and 3.  These tests performed an N-0 and N-1 contingency analysis of the scenario models.  In Scenarios 1 and 2, where two power flow models were employed to represent each of the scenarios, a combined analysis was performed such that one transmission build-out option would be identified.  The results of these tests, as used in Task 7 to (1) interconnect new generation resources and (2) test for, and relieve, constraints created by these added resources, can best be conveyed and visualized through the use of EI maps that display the end result of multiple passes in each Scenario’s analysis.
The transmission planners added transmission to solve the largest constraints first and then examined the results of that model run to see what constraints were left. Each of these runs is known as a “Pass.” Each subsequent pass solved more and more constraints until no constraints were left. Transmission elements are supposed to be loaded at no more than 100% of their carrying capacity. In some cases, transmission elements were overloaded by hundreds of percentmany times their carrying capacity.  Typically, not all of the constraints can be solved in a single model run. 
Scenario 1 needed the most passes to eliminate all of the identified constraints because it had the largest amount of additional transfer capability needed. Scenario 3 needed the fewest passes to solve all the identified constraints.
2. High Voltage Direct Current (HVDC) Consideration Process
The three scenarios selected for Phase 2 analysis were initially evaluated contemplating AC line solutions as the need for transmission improvements were identified.  Following this initial evaluation, HVDC solutions were evaluated as potential solutions based on the following guidelines:
The solution identified is a long overhead transmission line (typically over 400 miles) carrying a large amount of power.  This is the most likely situation to arise in this study.  
The solution is an underground or undersea cable longer than 30 miles. Underground or undersea AC conductors have significantly higher losses than HVDC lines; if the cable is underground or undersea and is longer than 30 miles, it becomes more cost-effective and reliable to choose HVDC lines over AC lines even with their higher cost.
Power transfer between asynchronous systems is identified as a possible solution.  This would require a back-to-back HVDC system, in which there is no transmission line, but the HVDC connection acts as a control between the two AC systems.  Hydro-Quebec and ERCOT are systems that use back-to-back HVDC to connect with other systems. 
There are, however, a number of considerations to evaluate in determining whether HVDC or EHV AC is the preferred solution.
 As stated previously, HVDC systems can transmit large amounts of power over long distances with no taps very well.  There are no reactive losses, and the line length is limited ultimately only by resistive losses.  The HVDC power transfer can be controlled precisely, which is a desirable feature when injecting large amounts of power into a system from a far distance.  HVDC systems can directly transfer the intermittent nature of renewable resources to a remote region, allowing the operational flexibility and reserves of that region to help follow the swings in renewable generation output. They can improve the stability of the AC network, particularly in significant renewable exporting regions. Additionally, HVDC transmission line conductor costs are less, since only two conductors are needed, vs. three for AC lines. HVDC systems require strong AC systems at both ends to work properly.
EHV AC transmission can deliver equivalent amounts of power the same distances, using switching stations every 200 miles to provide reactive compensation.  An AC transmission line integrates well with the existing power system, and power can easily be tapped from the line where needed.  
[bookmark: _Toc335906495]Test Solutions
Once potential solutions are identified, transmission planners run the load flow models with the potential solutions to determine if they mitigate the constraints and to ensure they don’t cause additional constraints. 
[bookmark: _GoBack]Steps 2.3.4 through 2.3.6 were repeated until all the constraints being addressed in this analysis were eliminated. 

[bookmark: _Toc335906502]Results – Task 7
Scenario 1
The integration of capacity resources derived from the Scenario 1 NEEM output necessitated the addition of over 280365 generation interconnection projects in the scenario models.  These interconnections are seen in Figure 1.  Constraints on the system caused by the generation changes can be seen in Figure 2.  Six passes of power flow analysis were performed for Scenario 1 to evaluate the integration of new generation into the power grid and to alleviate constraints as determined by System Performance Tests 1 and 2.  Over 400Five hundred (500) constraint relief projects were required to mitigate constraints in the power grid realized from these interconnections. The resulting transmission build-out for Scenario 1 included the addition of six HVDC lines as shown in Figure 3.
[bookmark: _Ref335906109][bookmark: _Toc335906520]Figure 1.  Scenario 1:  Generation Interconnections
[image: ]

The significant amount of wind in this scenario in the MISO and SPP regions necessitated the development of large 345 kV and 765 kV collector systems in those regions.  A 345 kV collector system was also needed in the northeast. All of these reinforcements were needed to solve the model with the generation additions and deactivations, particularly the wind located in the MISO and SPP regions. These additions were needed before the transfers were added to the model.
[bookmark: _Ref335906179][bookmark: _Toc335906521]Figure 2.  Scenario 1:  Task 7 Constraints



[bookmark: _Ref335906185][bookmark: _Toc335906522]The generator interconnections allowed the model to solve, but resulted in significant constraints on the system as the system tried to transfer the power as specified by the NEEM model.  The most constraints show up in the MISO, SPP and Entergy regions with some in the northeast. 	Comment by Flygt, Flora: Will add more detail on the worst constraints and where they were located. To the extent possible will identify their cause.
Figure 3.  Scenario 1:  Task 7 Constraint Relief
[image: ]
In solving the significant constraints in the model, the EIPC Planning Authorities found that building a larger AC system was not going to be sufficient. To move the large amounts of power from the Midwest over long distances to the east, HVDC lines were needed.  HVDC lines were added until the most significant constraints were solved. Extensive time and effort was spent to determine the right number of 500 kV HVDC lines and their end points. Each of the lines was removed from the model to determine whether other lines would overload if it were not there. Ultimately, it was determined that six HVDC lines, each capable of carrying 3,500 MWs, were needed for a reliable system. In addition, there were still significant amounts of 765 kV, 500 kV and 345 kV AC lines that were needed to maintain reliability. The additions in the model were required to get both reliability cases (peak and off-peak) to solve. 
The maps above shows only the new facilities added to the system. In addition, over 4,300 miles of lines ranging from 115 kV to 345 kV also needed to be reconductored or upgraded; these are not depicted in Figures 1 andboth new and reconductored/upgraded lines are depicted in Figure 3. 
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