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[bookmark: _Toc248680155]executive summary
Today’s technology advances require an ever growing need to power high voltage consumer electronics, appliances, and machinery.  With electricity demand projected to increase over the next 20 years by 26%, it is critical to begin taking the necessary actions to ensure the United States electric power grid will be capable of supplying adequate, reliable electricity to consumers in the future.  The United States expects to transition from its aging, inefficient, and vulnerable power grid to a more robust, efficient, and reliable grid over the next 20 years, as identified in the Department of Energy’s “Grid 2030 Vision” and “Modern Grid Strategy”.  To support the ongoing efforts to modernize the current power grid, our project development team developed a systems engineering methodology that provided a proof-of-concept Future Power Grid Architecture to the Department of Energy.  The proof-of-concept architecture documented in this report considered:
· Stakeholder needs and requirements that influence the project scope and mission
· A concept of operations that focuses on the generation and transmission of electricity
· A technology strategy that adheres to the ideal of technological acceptance as new energy technologies are developed and implemented 
· System architectures that take into account consumer demand, power grid congestion, and interoperability within the existing high voltage grid 
· An analysis of the alternative power grid architectures
· A cost analysis for the lifecycle costs of each power grid architecture 
· Future research extensions that another project team may consider analyzing   
A modified waterfall systems engineering model, which includes a six phase approach, was used to support the design and development of the Future Power Grid Architecture.  By identifying and understanding the primary stakeholder needs, several functional requirements were derived and implemented into the architecture’s design and development.  
Attempting to provide the safest means to transition to an era of clean energy and a path for future energy distribution, a self-balancing extra high voltage grid (to include 756kV transmission lines and 100 MW substations) is recommended to supplement the current power grid.  The project development team suggested three physical layouts and compared their effectiveness to balance the grid, along with the estimated lifecycle costs of each.  To compare the effectiveness of each layout, physical representations of the grid were built using Colored Petri Nets in order to simulate the power grid’s effectiveness.  The costs for the three physical layouts ranged from $6.48 billion to $7.86 billion, where the physical layout that considered consumer demand proved to be the least expensive.
During the analysis of the alternative power grid architectures, a general trend was recognized.  Layouts that required more simulation steps to self-balance were increasingly expensive.  As a result, a model oriented towards transporting power from the sources to consumers was found to show the quickest balancing at the least cost.  Therefore, our project development team recommended that the Department of Energy consider the power source to consumer grid architecture as part of their ongoing efforts in the “Grid 2030 Vision” and “Modern Grid Strategy”.
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1.0 Introduction
The United States Power Grid remains primarily the same as it did 50 years ago.  Unfortunately, the power grid has not progressed congruently with today’s technological advances.  With electric energy demand projected to increase over the next 20 years, there is a need to modernize the U.S. power grid.    
The Department of Energy’s “Grid 2030 Vision”1 calls for the construction of a 21st century electric system that connects consumers to abundant, affordable, clean, efficient, and reliable electric power.  This is currently being achieved through the development of a “smart grid”, which would integrate advanced functions into the nation's electric grid to enhance reliability, efficiency, and security.  The “smart grid” would also contribute to the climate change strategic goal of reducing carbon emissions.  By modernizing the electric grid with information-age technologies, such as microprocessors, communications, advanced computing, and information technologies, the aforementioned functional advancements will be achieved.
The “Grid 2030 Vision” provides the inspiration and foundation for the Nation’s move towards a “bigger, better, and smarter grid”.  However, this project will only focus on a small portion of this vision—the architectural development of an extra high voltage transmission grid.  
[bookmark: _Toc248680159]1.1 Background
The United States Power Grid covers the 48 contiguous states (and parts of Canada and Mexico).  It is subdivided into three interconnected systems: Eastern Interconnected System, Western Interconnected System, and Texas Interconnected System.  Each interconnected system primarily operates independently, but are also redundantly connected by direct current (DC) lines.  Figure 1 illustrates the three interconnections, along with existing transmission lines.
[image: grid pic.jpg]
[bookmark: _Toc248386398]Figure 1. U.S. Power Grid2
The transmission and distribution of electrical energy began with the use of direct current in the late 19th century.  However, it was inefficient due to the power loss in conductors3.  Alternating current (AC) offered greater efficiency, given that it could easily be transformed to higher voltages, with far less power loss.  AC technology was soon accepted as the only feasible technology for generation, transmission, and distribution of electrical energy3.  
Although a majority of the current U.S. electric power grid implements AC transmission lines at 60 Hz (in which current changes direction 60 times per second), DC transmission lines (in which current flows in one direction) have been used in certain applications4.  DC lines have several advantages over AC lines that make them preferable in certain circumstances.  DC lines serve both positive and negative transmission, thus making them controllable.  They are able to function as the equivalent to power generation plants by possessing the capability to send electrical power from point A to point B.  AC transmission lines however, cannot direct power, which simply follows the path of least resistance.  DC lines require two cables, while AC requires three.  Partially for this reason, DC lines can be less expensive per mile than AC lines4.  
DC lines are subject to several limitations. They are primarily designed for point-to-point power transmission.  It is expensive to build the converter stations needed to connect a DC line to a power plant or substation, as well as to the AC transmission grid3.  The difficulty to build high voltage DC circuit breakers restricts the feasibility of implementing DC in a grid as some mechanism must be included in the circuit breaker to force current to zero, otherwise arcing and contact wear would be too great to allow reliable switching.  All of the connected DC lines must also be taken out of service when an outage occurs or when a segment needs repairs or modifications.  Unlike AC lines, power does not automatically reroute itself to avoid blackouts when there is a fault on a DC line3. 
The critical issues regarding the U.S. power grid is that it is an aging, inefficient, and congested electro-mechanical electric grid, which cannot keep pace with innovations in the digital information and telecommunications network2.  It continues to have power outages and power quality disturbances that cost the U.S. $25 to $180 billion annually2.  Many of the grid's components are near the end of their functional lifecycle2.  Furthermore, the future electric demand is expected to exceed electric generation after 2024 as illustrated in Figure 2.  It will be vital to take action now to prevent, or at a minimum, alleviate this problem from occurring by ensuring there is enough energy storage in place to support peak demand.     
[image: ]
[bookmark: _Toc248386399]Figure 2. U.S. Electricity Supply and Demand5
[bookmark: _Toc248680160]1.2 Purpose
In February 2003, former President Bush stated that there is a need to modernize our electric delivery system, for both economic and national security2.  In the American Recovery and Reinvestment Act of 2009, Congress approved $11 billion for a “bigger, better, and smarter grid that will move renewable energy from the rural places it is produced to the cities where it is mostly used”6.  The purpose of this project is to provide a high-level systems engineering solution that will address the concerns of the past and current U.S. Administrations, as well as top-level stakeholder needs.  
[bookmark: _Toc248680161]1.3 Problem Statement
The current U.S. power grid is aging, inefficient, congested, and vulnerable to power outages and power disturbances.  With the consumer power demand expected to increase by 26% over the next 20 years, there is a need to upgrade the current U.S. power grid.  
[bookmark: _Toc248680162]

1.4 Mission Statement
The project development team will serve as an energy consulting firm to the DOE, where an architectural solution will be sought to support the ongoing efforts to improve the current U.S. power grid.  The objective of the development team is to implement a systems engineering methodology that will result in a completed, proof-of-concept Future Power Grid Architecture.
This report serves as an informal submission that provides an alternative conceptual approach to addressing the many current grid problems.  Deliverables will include:
· Documentation of the methods used to develop multiple grid architectures
· An evaluation of each architecture
· A Business Case that will recommend a specific architecture
[bookmark: _Toc248680163]2.0 Strategy & Approach
[bookmark: _Toc248680164]2.1 Project Development
The project development team created a Project Development and Design Plan (PDDP) to structure and plan the development process of the Future National Power Grid architecture.  The PDDP is based on a modified waterfall model, which resembles a prototype iterative development model.  The model was developed to account for the possibility of a large project scope, but is constrained by the course timeline.  This restriction would not allow the spiral development process to be performed; therefore, shortened iterative loops were implemented as time progressed toward project completion.
The main components of the PDDP are divided into phases.  These phases are as follows: Analysis, Requirements, Design, Implementation, Testing/Integration, and Delivery.  The phased development process is illustrated in Figure 3.  Deliverables produced during each phase are noted within the corresponding colored boxes.

[image: ]
[bookmark: _Toc248386400]Figure 3. PDDP Model
The iterative loops that occur between each phase consist of stakeholder validation/verification as outputs from each phase are produced with recursive input occurring when the development requires validation changes and/or corrections to address project deficiencies.  Close stakeholder coordination and quick, responsive corrections are critical during this process due to the limited time available for project execution.  Each phase is composed of multiple processes that produce products, which support project development.  The full description of the phases and the associated processes and products are described in Appendix B.
[bookmark: _Toc248680165]2.2 Defense Architecture Framework (DoDAF)
The project development team selected the Department of Defense Architecture Framework (DoDAF)24 for the design and development of the Future National Power Grid Architecture.  DoDAF was selected due to its feasibility and widespread use throughout the enterprise architecture community.  An architecture modeling tool, MagicDraw7, was implemented to create 12 primary DoDAF 1.5 products.  The products associated with the DoDAF are used to develop a robust description of the system.  The following DoDAF products were developed: 
· OV-1: High-Level Operational Concept Graphic
· OV-2: Operational Node Connectivity
· OV-3: Operational Information Element Exchange Matrix
· OV-4: Organizational Relationships Chart
· OV-5: Operational Activity Model
· OV-7: Logical Data Model
· SV-1: Systems/Services Interface Description
· SV-2: Systems/Services Communications Description
· SV-3: Systems-Systems, Systems-Services, Services-Services Matrices
· SV-6: Systems Data Exchange Matrix / Services Data Exchange Matrix
· SV-7: Systems Performance Parameter Matrix/Services Performance Parameters Matrix
· SV-11: Physical Schema
Detailed explanations of each DoDAF product can be seen in Appendix G.  
[bookmark: _Toc248680166]3.0 stakeholder identification
[bookmark: _Toc248680167]3.1 Stakeholder Definition
By exploiting the stakeholders involved in the development of the DOE’s “Grid 2030 Vision” and the “Modern Grid Strategy”8, the pertinent stakeholders that would influence the mission of this project were identified.  The stakeholders are as follows:
· Federal Agencies – this group includes the DOE, Department of Defense (DOD), and Department of Homeland Security (DHS), who provide the “executive-level” guidance to the energy community
· Policymakers – this group is responsible for establishing energy laws and policies
· Regulators – this group is responsible for developing energy regulations and standards
· Power Producers – this group is responsible for generating power
· Transmission Organizations – this group is responsible for transmitting electricity
· Utility Companies – this group is responsible for supplying electricity to consumers
· Energy Equipment Manufacturers – this group develops the power grid components and equipment
· Environmental Organizations – this group advocates for energy that has minimal damage to the environment 
· Consumers – this group includes the end users of electricity 
· GMU Systems Engineering & Operations Research (SEOR) Faculty – this group will evaluate the project presentation and final report to ensure it adequately addresses the systems engineering and/or operational research curriculum objectives 
[bookmark: _Toc248680168]

3.2 Stakeholder Needs
Stakeholder needs/wants play a critical role in the development of system requirements.  By using the six major goals from the National Energy Technology Lab’s “Modern Grid Strategy”, the following stakeholder needs were identified:
· Efficient – manages to save energy and use when necessary
· Reliable – power is available when needed and does not blackout (or brownout) unexpectedly
· Economic – saves cost and time
· Secure – not vulnerable to cyber-attacks and natural disasters
· Safe – protects those who have hands-on involvement with the grid from being injured, as well as protection to consumers who are near the various grid components  
· Environmentally-Friendly – not harmful to environment and utilizes renewable energy sources
It was assumed that this project effort would be constrained to address only these six stakeholder needs per the direction of the DOE.  Based on conducted research, Figure 4 displays the needs that are associated with each stakeholder.  
[image: ]
[bookmark: _Toc248386401]Figure 4. Stakeholder needs
[bookmark: _Toc248680169]3.3 Stakeholder Value Mapping
Stakeholder value mapping is an important component of defining the functional requirements of a system. Upon identification of the stakeholders, a stakeholder analysis tool, by Mind Tools9, was used to determine which of these stakeholders had the greatest influence or impact on the project.  The resulting value map allows the project development team to trace the origin of each of the system requirements.  This is critical to understanding the repercussions of any changes in system or stakeholder requirements.  As shown in Table 1, Federal Agencies have the greatest influence.
Table 1. Stakeholder value mapping
[image: ]
After identifying the importance scores for each of the stakeholders, they were then normalized and weighted against the need rankings.  Reliability proved to be the most important need, while environmentally-friendly and security, although still essential, were the least important needs for this project.  References to each of the stakeholder’s influence on a particular aspect of this project will be discussed throughout this report.
[bookmark: _Toc248680170]3.4 Quality Function Deployment (QFD)
The Quality Function Deployment (QFD) model was used to transform stakeholder needs into the power grid quality characteristics (or functional requirements).  Once stakeholder value mapping was completed, the scores for each of the stakeholder needs were transcribed into the “weight/importance” column adjacent to each of the needs using a QFD template10.  The quality characteristics were identified using the applicable system characteristics developed by the Modern Grid Strategy team.  Each of the stakeholder needs was then analyzed against each of the quality characteristics, as well as each of the quality characteristics amongst one another.  Appendix A displays the final results of the QFD analysis, namely which functional requirements are the most important based on their relative weights.  Listed below are the top five functional requirements (in priority order) that this project will focus on, at a minimum:
· Minimize system costs
· Increase power quality
· Reduce power loss 
· Tolerant to security threats and attacks 
· Accommodate energy storage options 

Each of these requirements, in addition to others, will be explained in greater detail under the “Requirements, Codes, Standards and Regulations” section.
[bookmark: _Toc248680171]4.0 concept of operations
[bookmark: _Toc248680172]4.1 Scope and Operational Concept 
The U.S. power grid has three primary operations—electricity generation, electric power transmission, and electricity distribution.  Electricity generation takes place when electricity is produced through the conversion of material or another form of energy.  Examples include thermal (fossil fuels, solar thermal, geothermal, nuclear), hydroelectric, wind, solar electric, and chemical energy.  The generated electricity is stepped up prior to transmission.  Electric power transmission occurs when electricity is transferred from one point to another in an electric power system.  During electricity distribution, voltage is stepped down and power is distributed from the transmission lines to subtransmission customers, followed by the commercial and local consumer.  Figure 5 illustrates the generation-transmission-distribution process. 
[image: ]
[bookmark: _Toc248386402]Figure 5. U.S. Power Grid Primary Operations11
As part of the project’s scope, the team had originally sought to determine whether a direct current grid would be more desirable than an alternate current option.  As options were reviewed, it became apparent that the selection of DC vs. AC would require an extremely detailed analysis.  The analysis would involve each individual grid transmission line segment and specifics regarding patterns of demand in each direction, concerning both voltage and current. Specifics regarding power line routes and loads would need to be carefully calculated. This level of detail would require detailed local analysis, which is outside the scope of the project effort.  The team concluded that for the purpose of this exercise, an all AC grid would be assumed, simplifying grid balancing and streamlining cost analysis.  The project development team determined the project would focus solely on two power grid operations: generation (the implementation of) and top-level transmission.  These operations are depicted within the red box in Figure 5.  From the perspective of the project scope, Figure 6 displays the high-level graphical description of the operational concept--Operational View-1 (OV-1).  
[image: ]
[bookmark: _Toc248386403]Figure 6. Power grid ov-1
[bookmark: _Toc248680173]4.2 Use Case Analysis
Use case diagrams were developed to explore the operational activities necessary to address the problem and meet requirements.  The project development team analyzed the preliminary requirements and implemented use cases to flush out additional requirements and their values.  
As described previously, this project will focus on power generation and top-level transmission. Figures 7 and 8 illustrate two use case diagrams regarding the two aforementioned power grid operations.
[image: ]
[bookmark: _Toc248386404]Figure 7. Generate power use case
[image: ]
Figure 8. Regulate Power Use Case
Figure 7 portrays how the extra high voltage grid provides constant power to the end user.  Figure 8, describes how the grid regulates power demand with a successful end result that does not interrupt the grid’s power with the addition and/or removal of end users.  Appendix C explains, in greater detail, each of the use case characteristics, including scenario successes and scenario extensions.
[bookmark: _Toc248680174]5.0 technology strategy
Critical to the Future National Power Grid architecture are the properties of extensibility and flexibility.  The developed architecture must adhere to the ideal of technological acceptance as new energy technologies are developed and implemented.  The project development team envisions their architecture to provide such a compliant capability.
Extensive research regarding current and developing energy technologies was conducted.  As national power generation has been and continues to be dominated by coal burning production plants, a new, clean energy movement has been slowly evolving.  The need for renewable resources has in fact drastically increased over the past few decades, fueled by the initiatives of former President Bush and President Obama.  This need has been primarily driven by the concern of continued diminishing natural resources and the environmental issues involved in implementing energy production plants such as coal burning and nuclear energy.  Renewable energy resources are broadly available throughout the United States.  According to a newly published report from the New Rules Project, over 60% of all U.S. states possess the renewable energy resources to be “energy self-reliant”1.  However, mass usage of such resources and the technology needed to implement these renewable resources has been slow to develop.
[bookmark: _Toc248680175]5.1 Renewable Resources
Renewable resources provide many benefits.  The majority of these benefits arise from their inherent inexhaustible nature.  However, the benefits of renewable energy extend well beyond abundance and diversity; they also cultivate local control and economic growth.  As renewable resource technologies continue to mature and become more cost competitive, their true economic benefits are becoming more and more apparent.  Refer to Appendix D for a detailed overview of the many developing renewable resources, as well as developing technologies.
[bookmark: _Toc248680176]5.2 Local Power Generation
Once renewable resource and developing technology research had been completed, the project development team determined that in time, all renewable resources noted may be implemented or “plugged” into the Future National Power Grid.  However, implementation of solar power photovoltaics proves to be the only feasible technology option that possesses the scalability and applicability to provide power at the local, residential level.  Within Appendix D, we discussed several technologies that make photovoltaics very attractive.  Photovoltaic cells are becoming more efficient, less expensive, and aesthetically more pleasing to consumers.  Third generation photovoltaic cells are currently in development.  These cells use advanced technology to marry the efficiency and quality of first generation cells, with the low cost of the second generation30.  Although storage capability options are currently limited to large, expensive fuel cells and batteries, progress has been made to make these options more feasible in the near future.    As briefly mentioned in the ‘Renewable Resource’ Appendix, research by Dr. Daniel Nocera of MIT has made great progress in the critical area of energy storage31.  
Nocera’s discovery has further opened the door to solar energy implantation.  The Power Grid Team believes that Nocera’s findings will lead to practical solar energy storage solutions within the next 10 to 15 years.  Homeowners implementing solar power photovoltaic technologies will be able to bank solar energy as hydrogen and oxygen, which a fuel cell could use to produce electricity even when the sun is not shining.  Not only will the consumer be able to produce and use power all day and all night long, but also provide power back to the grid.  The following diagram represents a local power generation schematic implementing the aforementioned technologies.  Solar energy is captured by photovoltaic cells, which is then used to separate hydrogen and oxygen from water.  Hydrogen and Oxygen is used by a fuel cell to produce electricity for both the local consumer and the power grid.  The fuel cell’s water byproduct is re-circulated into the system to be split later.

[image: ]
[bookmark: _Toc248386405]Figure 9. Local Power Generation Schematic
[bookmark: _Toc248680177]5.3 Technology Projection
Although the functional and physical implementation of new energy technologies into the grid is beyond the scope of the project effort, research and a developed energy transition CPN model has aided in creating a projected timeframe of when technologies of interest may be incorporated into the Future National Power Grid.  Figure 10 displays technology projections for the following renewable resources: wind and solar power.  These two renewable resources are believed to have the greatest potential and impact, on a large scale, to meet the country’s future electricity demand.    
[image: ]
Figure 10. Technology prediction
Today’s power generation is dominated by fossil-fuel burning and nuclear power plants.  As federal funding continues to be allocated towards renewable resource technology development and implementation, we will begin to see such efforts come to fruition in the near future.  Wind power technologies have been used within the U.S. for many decades, but have yet to be implemented on a grand scale.  Currently, wind power is on the verge of becoming established commercially and becoming competitive grid-power technology due to strong public and political support.  Due to its maturity and current support, the project group predicts on and offshore wind power to be widely implemented throughout the country by the year 2025.  Inexpensive, high efficiency solar photovoltaic technologies are not expected to mature for another 5 to 10 years, while storage capabilities are expected to mature in 10 to 15 years.  Although solar power systems may be implemented commercially prior to 2030, large-scale local solar power usage is not expected to be implemented until the year 2035.      
[bookmark: _Toc248680178]

6.0 system architecture
[bookmark: _Toc248680179]6.1 Functional Decomposition
The Future National Power Grid architecture functional decomposition is a three level breakdown of the primary functions the system shall perform.  These functions are derived from the stakeholder needs assessment, as well as the QFD analysis.  The functional decomposition allows each grid component to be mapped to a physical function and will also be used to ensure all necessary functions have been mapped.  Refer to Figure 11 for the architecture’s functional decomposition.
[image: ]
[bookmark: _Toc248386406]Figure 11. Functional Decomposition
[bookmark: _Toc248680180]6.2 System Requirements, Codes, Standards and Regulations
Based on the QFD model analysis, the following functional requirements were derived in priority order:
· Minimize system costs
· Increase power quality
· Reduce power loss 
· Tolerant to security threats & attacks 
· Accommodate energy storage options 
· Decrease system peak demand 
· Increase reliability 
· Decrease transmission line congestion 
· Decrease system restoration time 
· Decrease need for new power stations and transmission lines 
· Incorporate interoperability government standards & policies 
· Increase environmental benefits 
· Decrease time to develop system 

The project development team would initially focus primarily on implementing the five most important functional requirements when designing the Future National Power Grid architecture.  If time permitted, additional functional requirements were to be addressed as needed.   The following system attributes were taken into consideration:
· Extensibility – The power grid architecture will allow for the modification of existing functions and inclusion of new functions.
· Feasibility – The power grid architecture will be of a viable design to realistically implement. 
· Reliability – The power grid architecture will eliminate or minimize power outages.  Based on the mean time before failure (MTBF) (or number of steps to balance the nodes), the grid architecture that has the lowest MTBF (or number of steps) will mostly likely be selected. 
· Flexibility – The power grid architecture will adapt when external changes occur and must be flexible to meet future demands and new technologies.
· Scalability –The power grid architecture will meet consumer demands during peak and off-peak seasons.
· Interoperability – Existing power grid components will be able to operate with the proposed power grid architecture.
Appendix F details the applicable power grid standards, codes, and regulations, which address the regulator’s and policymaker’s needs.
[bookmark: _Toc248680181]6.3 Architecture Development and Simulation
6.3.1 Proposal
To assist in the distribution of electrical power within the United States, an Extra High Voltage (EHV) grid would be developed to supplement the current High Voltage (HV) grid.   The addition of the EHV grid would provide a means to rapidly transfer electrical power nationwide.  Along each transmission line, a number of EHV sources would be connected, as well as EHV to HV substations that would allow the EHV to be regionally redistributed by the current HV grid. 
6.3.2 Key Characteristics
The following key characteristics were vital to the design of the proposed power grid architecture: EHV Transmission Line Specification, Nodal Connectivity, and Auto-Regulation.  Implementation of such characteristics provides a structure that would alleviate power congestions and power outages, and enable efficient, smart distribution of power for generations to come.


6.3.2.1 EHV Transmission Line Specification
Regarding electrical design, one must abide by the various laws of physics.   Kirchhoff’s Law requires the sum of currents entering a node must also equal the sum of currents leaving the node.  Also, the resistance in a transmission line increases as the distance of the transmission line increases, which results in power loss.  To mitigate power loss, the project development team would design an EHV power grid composing of segmented EHV transmission lines to transfer power long distances. 
6.3.2.2 Nodal Connectivity
EHV transmission lines would be connected by EHV nodes.  Nodes serve as power substations that analyze the needs of immediate EHV transmission lines to either supply or request additional power as needed.  The nodal scheme induces power supply security by introducing mass redundancy.  In doing so, the proposed grid possesses the capability to prevent a centralized massive disruption by distributing control functions throughout the entire network.  As requested by the “Grid 2030 Vision”, information sharing and power supplier management is prevalent.
6.3.2.3 Auto-Regulation
The future architecture provides a base system that will auto-regulate by continually adjusting for local and regional demand fluctuations.  Each EHV node will auto-regulate by communicating with adjoining nodes if an EHV transmission line requires power based on local demand.  If a surplus of power is present where it is not immediately needed, the power will be transferred to a transmission line requiring balance.   
6.3.3 Modeling and Simulation
The project development team implemented the use of Colored Petri Nets (CPN)13 to aid in the development of the team’s Technology Strategy, and more importantly, to model and simulate multiple EHV power grid configurations.  CPN is a graphical oriented language for design, specification, simulation and verification of systems.  It is particularly well-suited for systems that consist of a number of processes, which communicate and synchronize.
CPN combines the strengths of ordinary Petri nets with the strengths of a high-level programming language. It provides the primitives for process interaction, while the programming language provides the primitives for the definition of data types and the manipulations of data values.  CPN has an intuitive, graphical representation, which is very appealing.  A CPN model consists of a set of modules, which each contain a network of places, transitions, and arcs.  The modules interact with each other through a set of well-defined interfaces, in a similar way as known from many modern programming languages.  The graphical representation makes it easy to see the basic structure of a complex CPN model, i.e., understand how the individual processes interact with each other. 
6.3.3.1 CPN Modeling
Two CPN models were developed to aid in the conceptual development and analysis of multiple EHV power grids: energy source transition and energy distribution.  Each model will be described in the following sections.


6.3.3.1.1 Energy Source Transition
The energy source transition model represents current and developing renewable and nonrenewable power production sources.  When simulated, the migration from current production sources to developing sources is captured.  Renewable power production sources and local energy production is assumed to grow steadily over the next 50 years, driving local energy production to be a significant power source.  The development of this model aided in the development team’s Technology Strategy previously discussed.  Refer to Figure H1 within Appendix H for the top-level energy source transition CPN model.
6.3.3.1.2 Energy Distribution
The purpose of the energy distribution model is to compare various physical layouts of the EHV grid and test their effectiveness in redistributing power.  Three EHV physical layouts were developed and analyzed, each utilizing different advantages:
· [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Power source to consumer transmission: Based on the current production and consumption of each state, main power flow was determined within the country.  This model attempts to broaden those paths.  While the location of power production will change over time, the current layout is assumed to serve as a guide.
· Geographically dispersed: This model attempts to provide broad area coverage throughout the country to facilitate its interconnection with the current HV grid. 
· Congestion alleviation: This model focuses on alleviating current and future power congestions identified in the DOE’s Electric Transmission Congestion Study14.  While this configuration will continue to provide the advantages of the prior models, it will also provide quicker relief to the current power distribution problems within congested areas.
Representation of these three physical layout models can be found in Appendix H.  Refer to Appendix J for the supplemental information used to aid in the development of the physical layouts.
[bookmark: _Toc248680182]6.4 Analysis of Alternative Architecture Models
Once CPN models were created for each configuration, the project development team conducted simulations for each architecture model.  CPN proved very beneficial due to its simulation functionality.  Simulations are simply performed by a click of a button.  A total of five random trials were conducted to acquire an average number of steps before each architecture self-stabilized or self-balanced.  Self-stabilization was achieved once all grid transmission lines reach a power value greater than zero.  The number of steps that a layout requires to self-stabilize coincides with the system’s performance, specifically grid efficiency.  Only five trials were conducted because it became apparent that the number of steps to stability did not change significantly after each simulation trial.  The power source to consumer architecture took a total of 4000 steps to self-stabilize, while the geographically dispersed and congestion alleviation architectures took 4500 and 5500 steps, respectively.  The standard deviation of each architecture trial set was also calculated.  While the power source to consumer architecture possessed the least amount of steps to stability, it also possessed the greatest standard deviation.  This trend will be further discussed within Section 7.3.3 Architecture Selection, while the results can be seen in Table 2.  
Table 2. cpn simulation results for 3 architecture physical layouts
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[bookmark: _Toc248680184]7.1 Business Need
The current national power grid suffers from congestion, inefficiency, and is susceptible to power outages.  There is a great need to design, build, and implement a new EHV power grid to alleviate these issues.  The new national power grid must adhere to the characteristics set forth by the DOE’s “Grid 2030 Vision”, which aims to connect consumers to abundant, affordable, clean, efficient, and reliable electric power. The Future National Power Grid architecture addresses many of the issues experienced by the current national power grid, as well as meets many of the requirements set forth by the DOE.  
[bookmark: _Toc248680185]7.2 Marketing Strategy
Federal funding and abundant manpower is currently dedicated to the development of the next generation smart grid.  Therefore, a true marketing strategy is not needed.  Our team brings a wide variety of experience from the private sector and government contracting companies, specializing in systems engineering, architecture, and management.  The development team will serve as an energy consulting firm to provide additional support to this grand effort, implementing a systems engineering methodology that results in an analyzed alternative architecture.  
[bookmark: _Toc248680186]7.3 Cost Analysis
The following presents the cost analysis pertaining to the three physical layouts for the Future National Power Grid architecture in consideration.  The analysis focuses on the physical layout that produces the least expensive system lifecycle cost.  Lifecycle costs were based upon top-level physical components of the power grid architecture, EHV transmission lines and substations.  The following cost factors were considered:
· Engineering and construction costs of implementing EHV transmission lines over different environmental terrain (e.g., mountains);
· Integration of EHV substations; and
· Operations and Maintenance (O&M) costs.
The project development team assumed power grid costs would be applicable for 50 years, which is the approximate lifespan before significant performance degradation of top-level components begins to occur.     
7.3.1 Cost Methodology
By superimposing each physical layout of the grid architecture and a U.S. terrain map, the nearest city was identified at each power grid node.  Refer to Appendix I for U.S. terrain maps with each of the grid physical layouts.  Using a distance calculator tool15, all transmission line distances were determined (in miles).  The transmission line costs per mile were identified using the Pacific Gas and Electric Company’s draft costs for 60/70kV, 115kV and 230kV cost assumptions16.  By extrapolating the cost assumptions behind these published numbers, the cost for 756kV lines was determined to be $2.5 million per mile16.  Each architecture layout will implement the use of tubular steel poles vice lattice towers for power transmission because tubular steel poles are more durable and environmentally-friendly17.  Transmission line O&M costs per mile was determined by extrapolating the cost of a $1 million per mile 500 kV transmission line with an O&M cost of $1800 per mile19.  An O&M cost of $4000 per mile was calculated for 756kV transmission lines.
The cost of $32.7 million for a 100 MW substation was extrapolated using the cost for a 10kW substation of $3,270 million per substation20  Furthermore, the O&M cost per substation of $250,000 was used21.  A detailed cost methodology can be found in Appendix I.
7.3.2 Cost Results
Table 3 summarizes the lifecycle costs for the three architecture layouts.  As expected, the layout with the least amount of transmission line mileage would possess the least expensive lifecycle cost.  Although, substation costs were substantial, transmission line costs proved to be the predominant cost driver.  Therefore, the power source to consumer layout possessed the cheapest lifecycle cost at ~$6.5 billion.  The congestion alleviation architecture layout, which was designed with the greatest amount of transmission line mileage and substations, cost the greatest at ~$7.9 billion.  Tables for a detailed cost breakout of transmission line costs, substation costs, and O&M costs can be seen in Appendix I 
Table 3. Lifecycle Costs for three alternatives
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7.3.3 Architecture Selection 
Although minimizing total system cost was defined as the top priority functional requirement, the project development team strived to select the architecture layout which balanced both performance and cost.  During data analysis, two general trends were recognized. 
· As the number of simulation steps to self-stabilize increased, the standard deviation of each layout trial set decreased.
· As the number of simulation steps to self-stabilize increased, lifecycle costs also increased.   

We previously stated that the power source to consumer architecture required the least amount of steps to self-stabilize; however, it also possessed the greatest standard deviation at 791 simulation steps.  The congestion alleviation architecture required the greatest number of self-stabilization steps and possessed the smallest standard deviation at 354 simulation steps.  This trend may suggest that greater redundancy promotes less uncertainty corresponding to the EHV grid’s reliability, which is a highly desirable trait.           

Layouts that required more simulation steps to self-balance were increasingly expensive.  This was due to the fact that redundancy capabilities are expensive, requiring a greater number of substations and transmission line segments.  Increased redundancy promotes greater reliability; however, at the expense of efficiency.  Therefore, the project development team first eliminated the congestion alleviation physical layout.  Although less uncertainty is present regarding grid reliability, the cost and performance parameters were deemed substandard as compared to those of the power source to consumer and geographically dispersed layouts.  The congestion alleviation physical layout performed the worst and cost substantially more.
The power source to consumer and geographically dispersed layouts differed by 500 self-balancing steps at a cost of $513 million.  Both layouts provide a great amount of redundancy and are similar in the number of EHV substations and transmission lines.  The primary difference resides in the amount of redundancy present within the nation’s central states; the geographically dispersed layout provides more.  However, the project development team ultimately selected the power source to consumer architecture layout.  It provided more performance at less cost.  The extra redundancy within the central states was deemed unnecessary due to the relatively low state populations as compared to the east and west coasts.  The selected layout is capable of providing electrical power nationwide effectively and efficiently, while providing sufficient implementation capabilities of future developing power technologies.               
[bookmark: _Toc248680187]8.0 future research extensions
Due to the limited time and scope of this project, all aspects of the power grid architecture could not be explored and analyzed.  Future research should be considered for the purposes of expanding the grid architecture in the following areas:
·  EHV substation and transmission line placement using more detailed statistics;
· A more detailed cost analysis assuming more realistic industry standards (i.e. underground/overhead transmission lines, a mix of tubular steel pole transmissions and lattice towers, AC vs. DC transmission lines, etc.)
· Architecture expansion at the regional/local level 
· Implementation of additional measures of performance within CPN modeling (i.e. redundancy measure) 
· Simulation of power outages and point failures for grid analysis

The above will require extensive expansion of the developed CPN models described in section 6.3.3.1.2.  However, additional modeling tools may be considered as CPN has limitations when grid networks become too complex.  
Figure 12 displays a modified three phase approach for implementing, and ultimately fielding the selected power grid over the next 20 years22.
[image: Development Roadmap]
Figure 12. Power grid development phases22
If this project architecture were to be selected by the DOE and expanded upon, and the grid components complete the research and development phases, then field testing and demonstrations would begin to further refine the power grid components by 2020.  During this 10 year time frame, companies will begin marketing the power grid architecture and components in hopes that a solid product would be “deployable” by 2030.
[bookmark: _Toc248680188]9.0 conclusionS and recommendations
In review of the Future National Power Grid architecture development project to date, the team has come to several key conclusions and recommendations.
Overall, the architecture development project was deemed a success.  The project development team strongly believes the project’s results may effectively supplement the current DOE efforts to create a new, smart power grid to provide electrical power to consumers nationwide.  However, the relative short timeframe in which the team had to complete the project did not allow many of the initially envisioned architecture design aspects to be addressed.  With adequate resources and additional time, the Future National Power Grid architecture may be reevaluated and developed in greater detail.  
One of the greatest challenges to the architecture development project was the modeling of each EHV power grid configuration.  The project development team successfully created CPN models that accurately captured the team’s initial vision and conceptual functionality of all three configurations.  However, there was insufficient time to further develop each model to promote more robust analysis capabilities.
Future projects and development of the Future National Power Grid architecture may be performed to address optimization of EHV substation and transmission line quantities and placement.  Future focus should include efforts to develop more robust architecture models that would aid in extensive, detailed analysis.  Increased measures of performance are highly recommended and prove essential for architecture validity.  
The project development team learned a substantial amount of information over the course of this project.  The team rapidly developed the experience necessary to transit rapidly through all of the initial concept and design stages of a large project.  The team was able to work from a project proposal through processes and business strategies to ultimately develop and recommend Future National Power Grid architecture that would supplement the DOE’s efforts to revamp the current national power grid. 
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[bookmark: _Appendix_A_–][bookmark: _Toc248680191]Appendix A – Quality Function Deployment (QFD)
The Quality Function Deployment (QFD) model10 was used to transform stakeholder needs into the power grid quality characteristics (or functional requirements).  Once the stakeholder value mapping was completed, the scores for each of the stakeholder needs were transcribed into the “weight/importance” column next to each of the needs using a QFD template.  The quality characteristics were identified using the applicable system characteristics developed by the Modern Grid Strategy team.  Each of the stakeholder needs was then analyzed against each of the quality characteristics, as well as each of the quality characteristics amongst one another.  Figure A1 shows the QFD parameters (relationship, correlation, and objective) used to analyze the stakeholder needs and quality characteristics.
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FIGURE A 1. qfd parameters10
Figure A2 displays the final results of the QFD analysis, namely which functional requirements are most important based on their relative weights.  The following functional requirements were derived in priority order:
· Minimize system costs
· Increase power quality
· Reduce power loss 
· Tolerant to security threats & attacks 
· Accommodate energy storage options 
· Decrease system peak demand 
· Increase reliability 
· Decrease transmission line congestion 
· Decrease system restoration time 
· Decrease need for new power stations and transmission lines 
· Incorporate interoperability government standards & policies 
· Increase environmental benefits 
· Decrease time to develop system 
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[bookmark: _Toc248386726]FIGURE A 2. QFD model
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[bookmark: _Toc248680192]Appendix B – Project Development Process 
The development team created a Project Design and Development Plan (PDDP) to structure and plan the development of the Future National Power Grid Architecture.  Microsoft Project was used to transform the PDDP to a computerized scheduling tool to effectively formulate all project tasking and to guide and track project implementation.
Team Power Grid’s PDDP is based on a modified waterfall model33, which closely resembles a prototype iterative development model.  The teams’ model was created to account for the possibility of a very large project scope, but is constrained by the seemingly short course timeline.  This time restriction will not allow the project development team to follow a spiral development process.  Rather, we must perform shortened iterative loops as we move toward project completion.
The main PDDP components are separated into various phases. These phases are as follows: Analysis, Requirements, Design, Implementation, Testing/Integration and delivery of the final deliverables. The phased approach is illustrated in Figure B1.
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FIGURE B 1. pddp model
The iterative loops that occur between each phase consist of Stakeholder validation/verification as outputs from each phase are produced, with recursive input occurring when the development requires validation, changes and/or corrections to address project deficiencies.  Close stakeholder coordination and quick, responsive corrections are critical during this process due to the limited time available for project execution.
Each phase is composed of multiple processes that produce products, which support project development.  Each development process phase, including the associated processes and products are described below.
Phase 1: Analysis
The analysis phase encompasses the research and definition associated with the problem, the establishment of project goals and milestones, the allocation of resources, and the identification of stakeholders. The purpose of this phase is to clearly define the problem space, taking into account all relevant parties, and to structure the project for success. 
· Develop Problem Statement: The problem statement is a concise statement that identifies the main issue, which the project will attempt to address.
· Identify and Communicate with Stakeholders: During this stage, it is very important to identify those who have a relationship with the problem and the project.
· Identify Needs/Wants: Identifying the difference between the stakeholder needs and wants helps to identify significant aspects of the project that addresses the problem. 
· Conduct Technical Studies: Technical studies include research of the project under consideration, the problem space and the relevant stakeholders. 
· Determine Scope: Scoping the project is required to meet time constraints set by the project development team and stakeholders.
· Establish Schedule and Milestones: The schedule and milestones will establish the main achievements and due dates throughout the project.  This is key to progress tracking and priority management.
Phase 2: Requirements
The requirements phase incorporates the information developed from the Analysis phase and develops the requirements based upon stakeholder input. 
· Develop Requirements Documents: The requirements documents document what the system is to do in order to address and solve the problem. 
· Develop Functional Decomposition:  The functional decomposition is based on the stakeholder values and the defined problem space. It is a breakdown of what is necessary to solve the problem.
· Develop Use Cases: Use case diagrams are developed to describe "who" can do "what" with the system in question.  The use case technique is used to capture a system's behavioral requirements by detailing scenario-driven threads through the functional requirements.
· Develop System Architecture: The system’s architecture is the conceptual design that defines the structure and behavior of the system.  It defines the system components or building blocks and provides a plan from which products can be obtained that will work together to implement the overall system.
· Identify Alternatives: Identification of alternatives is an initial review of alternative approaches of the solution set.
Phase 3: Design 
The design phase is where the development of the solution takes shape. This further develops the requirements and adds form and function to the system intended to solve the problem. 
· Develop Alternatives: Development of alternatives is imperative to determining a problem solution. 
· Comparative Analysis: Comparative analysis requires a defined methodology for the analysis and selection of the preferred form/function. 
· Develop Preferred Alternative: After the form/function is selected, the form needs to be developed.  This is perhaps the most intensive component of the design phase. 
Phase 4: Implementation
The implementation phase is composed of two focus areas: Business Approach and System Approach. 
· Business Approach: The business approach concentrates on the system implementation with regards to the competitive market space.  Implementing the system has resource considerations and a thorough analysis is required to develop the business case for the implementation of the system. 
· System Approach: The system approach focuses on the implementation of the system. 
Phase 5: Testing/Integration
The testing and integration phase integrates and tests system functions in accordance with the determined requirements.  Test cases are developed from the use cases as part of the testing and evaluation strategy. 
· Implement Testing and Evaluation of CPN models:  The implementation of the test and evaluation of such models allows the project development team to determine the applicability and usefulness of the proposed problem solution design.
Phase 6: Delivery
System delivery is the final phase of the project.  During this phase, the development team provides the technical documentation and supporting documentation to the SEOR Faculty.
· Develop Technical Document: The final report, in the form of a Microsoft Word Document, will consist of the full documentation of all components described in the Project Development and Design Plan.  
· Final Presentation: The project development team will develop a final presentation of the developed Future National Power Grid Architecture.  All aspects of the project reported within the technical document are to be presented.
· Develop Project Website:  The project development team will develop a website detailing the various aspects of the project’s development.  All project deliverables will be available for viewing/download.  



[bookmark: _Appendix_C_–][bookmark: _Toc248680193]Appendix C – Use Cases
The following two use cases represent the operational concept behind the development of a future national power grid.

Use Case #1: Generate Power
Characteristic Information
The following defines information that pertains to this particular use case.  Each piece of information is important in understanding the purpose behind the Use Case.
	Goal In Context:
	Provide constant power to end user 

	Scope:
	Power generation

	Level:
	0

	Pre-Condition:
	Generators and Grid are running stable.

	Success End Condition:
	End User can consume power.

	Minimal Guarantees:
	Provide power to end user

	Primary Actor:
	Power Generator

	Trigger Event:
	End User demands power 



Main Success Scenario
This Scenario describes the steps that are taken from trigger event to goal completion when everything works without failure.  It also describes any required cleanup that is done after the goal has been reached.  The steps are listed below:
	Step
	Actor
	Action Description

	1
	Power Generator
	Generates power 

	2
	Transformer to EHV
	Transform power to Extra High Voltage

	3
	EHV Transmission Lines
	Transfers power to EHV to HV transformers

	4
	EHV to HV transformers
	Transform power to High Voltage

	5
	HV Transmission Lines
	Transfers power to substations

	6
	Substation
	Distributes power locally

	7
	Users
	Consumes power



Scenario Extensions
This is a listing of how each step in the Main Success Scenario can be extended.  Another way to think of this is how can things go wrong.  The extensions are followed until either the Main Success Scenario is rejoined or the Failed End Condition is met. The Step refers to the Failed Step in the Main Success Scenario and has a letter associated with it (i.e. if Step 3 fails the Extension Step is 3a).
	Step
	Condition
	Action Description

	3a
	EHV Transmission Line is damaged
	Reroute power via other lines to target power node.

	
	Return to step 3 of main success scenario

	


Use Case #2: Regulate Power
Characteristic Information
The following defines information that pertains to this particular use case.  Each piece of information is important in understanding the purpose behind the Use Case.
	Goal In Context:
	Regulate power demand on Extra High Voltage Grid 

	Scope:
	Power Regulation

	Level:
	Task

	Pre-Condition:
	Generators and Grid are running stable.

	Success End Condition:
	Addition and removal of end users doesn’t interrupt grids power.

	Minimal Guarantees:
	Grid power is interrupted

	Primary Actor:
	Extra High Voltage Node

	Trigger Event:
	Changes in power demand



Main Success Scenario
This Scenario describes the steps that are taken from trigger event to goal completion when everything works without failure.  It also describes any required cleanup that is done after the goal has been reached.  The steps are listed below:
	Step
	Actor
	Action Description

	1
	Node
	Determine node status as sum of all EHV Transmission Lines

	2
	Node
	Check Status on every EHV Transmission Line

	3
	Node
	Identify EHV lines above Nominal Power as Positive and EHV lines below Nominal Power as Negative

	4
	Node
	Transfer power from EHV with positive status to EHV with negative status  

	5
	Node
	Repeat steps 3 and 4 until all lines are Stable


Scenario Extensions
This is a listing of how each step in the Main Success Scenario can be extended.  Another way to think of this is how can things go wrong.  The extensions are followed until either the  Main Success Scenario is rejoined or the Failed End Condition is met. The Step refers to the Failed Step in the Main Success Scenario and has a letter associated with it (i.e. if Step 3 fails the Extension Step is 3a).

	Step
	Condition
	Action Description

	1a
	Power Increase is needed
	Check neighbor node status

	2a
	Neighbor node has Power excess
	Route power from neighbor to deficient node

	3a
	All Neighbor nodes have Power shortage
	Request additional Power Generation on EHV Lines

	1b
	Power decrease is needed
	Check neighbor node status

	2b
	Neighbor node has Power shortage
	Route power from node to power deficient neighbor 

	3b
	All Neighbor nodes have Power excess
	Request decrease of  Power Generation on EHV Lines





[bookmark: _Appendix_D_–][bookmark: _Toc248680194]Appendix D – Renewable Resources
The following details the many renewable resources and technologies that are in use today or are currently in development.
Hydro Power
Hydroelectricity produced my both large and small-scale hydroelectric plants have been widely used in the United States for many decades.  In fact, the first hydroelectric power station, located in Wisconsin, started to produce electricity in 188234.  Most hydroelectric power comes from the potential energy of dammed water, driving a water turbine and generator.  Pumped storage hydroelectricity produces electricity to supply high peak demands by moving water between reservoirs at different elevations. At times of low electrical demand, excess generation capacity is used to pump water into the higher reservoir. When there is higher demand, water is released back into the lower reservoir through a turbine. Pumped storage schemes currently provide the only commercially important means of large-scale grid energy storage and improve the daily load factor of the generation system.  Although large hydroelectric plants generate the majority of the world's hydroelectricity, small hydro plants may be required for certain applications. Small hydro plants are defined as plants producing up to 10 megawatts, or projects up to 30 megawatts in North America34.  A small hydro plant may be connected to a distribution grid or may provide power only to an isolated community or a single home.  
There are many advantages of implementing hydroelectric plants, most importantly is the elimination of the cost of fuel.  The cost of operating a hydroelectric plant is nearly immune to increases in the cost of fossil fuels such as oil, natural gas, or coal.  No imports are needed.  Hydroelectric plants generally have longer economic lives than fuel-fired generation, with some plants in service today that were built 50 to 100 years ago.  Lastly, once construction is completed and the plant is functional, hydroelectric dams do not produce greenhouse gas emissions28.
According to the New Rules Project report, the following figure depicts the potential electricity that could be generated by each state implementing untapped small and micro hydro power.
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FIGURE D 1. Potential State Electricity Self-Sufficiency using Untapped Small and Micro Hydro Plants32

Biomass
The use of Biomass as a renewable energy and heat source has been a well-used source for many years.  There are a wide variety of biomass energy resources, including tree and grass crops and forestry, agricultural, and urban wastes.  The most common way to capture the energy from biomass is to burn it, in order to make heat, steam, and electricity.   However, advances in recent years have shown that there are more efficient, cleaner methods to use biomass.  A number of non-combustion methods have been developed and are available for converting biomass to energy.  These processes convert raw biomass into a variety of gaseous, liquid, or solid fuels that can be directly used in power plants for energy generation29.  This conversion can be performed by means of thermochemical, biochemical, and chemical processes. 
· Thermochemical processes occur when plant matter is heated, but not burned.  Plant matter breaks down into various gases, liquids, and solids.  These byproducts are further processed and refined into useful bio-fuels such as methane and alcohol.  Biomass gasifiers capture methane gas released from the plants and burn it in a gas turbine to produce electricity.  An additional method is to take these fuels and run them through fuel cells, which converts the hydrogen-rich fuels into electricity and water, with little to no emissions29.
· During biochemical processes, bacteria, yeasts, and enzymes break down carbohydrates. Fermentation occurs, which changes biomass liquids into alcohol, a combustible fuel.  Also, methane and carbon dioxide are produced when bacteria breaks down biomass.  This methane can be captured in sewage treatment plants and landfills, and burned for heat and power29. 
· Chemical processes involve biomass oils that are chemically converted into a liquid fuel.  A common example of the end product of this process is "biodiesel"29.  
Geothermal
For over forty years, commercial electricity produced from geothermal steam reservoirs has been used to supplement electrical power needs.  However, these reservoirs are rare and have been exploited over the years in developed countries such as the United States.  Another developing geothermal source that has great potential is that of geothermal-hot-water or liquid-dominated-hydrothermal (Enhanced).  Multiple hydrothermal plants exist worldwide, where some plants use conventional steam-separation and steam-cycle power plant equipment, while others employ a binary cycle.  Commercial applicability depends greatly on the quality of the hydrothermal resource itself, which involves the temperature of the hot water, permeability of the rock formation, chemistry of the hot water, and drilling depth28.            
According to the New Rules Project report, the following figures depicts the potential electricity that could be generated by each state implementing both conventional and enhanced geothermal power.
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FIGURE D 2. Potential State Electricity Self-Sufficiency using Conventional Geothermal Power32
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FIGURE D 3. Potential State Electricity Self-Sufficiency using Enhanced Geothermal Power32

Photovoltaics
Photovoltaic power systems convert sunlight directly into electricity through a solid-state electronic process.  These systems have been in use for many decades and provide many beneficial features that are attractive from operating, maintenance, and environmental standpoints.  However, such systems are very costly, not very efficient, unattractive, and lack storage capabilities.  As photovoltaic technologies mature through ongoing industry/government research and development programs, newer, potentially less costly applications are becoming a reality.  The following is a small sample of technologies currently in use today or are in the development stages, which give light into the booming solar technology industry.
· Solar Panel Roof Tiles - Current New Technology - Roofing tiles that are made with built-in photovoltaic cells that have been designed to blend with most roofing materials30.
· Thin-film Photovoltaic Solar Panels - Current New/Developing Technology - Thin laminate photovoltaic panels that eliminate the heavy glass and racks of conventional solar power systems30.   
· Super - Efficient Solar Windows - Developing Technology - Special glass panels for windows currently being developed by MIT researchers.  These panels are combined with solar cells, which will concentrate light forty times standard sunlight before delivery directly to the cell itself.  This technology is very simplistic to manufacture and is projected to cost slightly more than a standard window.  Availability of this technology is projected within five years30.
· Tandem Organic Solar Cells - Developing Technology - Multilayered solar cells being developed by the University of California Santa Barbara, which gather a wider range of the spectrum of solar radiation to provide a solution to solar power efficiency.  This technology is projected to be fairly cheap and be available for consumer use within five years30.
· Improved Solar Storage - Developing Technology - Solar power has long been criticized for it does not provide power during times where sunshine is not available.  Large, costly, often dangerous batteries and fuel cells are needed to store the energy.  Two viable solutions currently under development may provide a viable storage capability within the next ten to twenty years: Molten Salt Storage and catalyst development.  Molten salt can store the sun’s energy with 98% efficiency.  This can be used to generate steam which will then spin a turbine to create electricity.  The second solution stems from MIT researchers led by Dr. Daniel Nocera, who have developed a process that uses solar energy to split water into hydrogen and oxygen gases.  The oxygen and hydrogen can be recombined inside a fuel cell to provide power day or night. However, while the process to split the water molecules requires only cobalt and phosphate, the process to recombine oxygen and hydrogen in a fuel cell requires platinum, which is very expensive.  Refer to Appendix X for a detailed summary of Dr, Nocera’s research26,31.

According to the New Rules Project report, the following figure depicts the potential electricity that could be generated by each state implementing both conventional and enhanced geothermal power.  Note that these projections are representative of current roof-mounted photovoltaic cells, and do not take into account future technologies.
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FIGURE D 4. Potential State Electricity Self-Sufficiency using Rooftop Solar Photovoltaics32

Solar Thermal
Solar thermal systems use concentrated sunlight to heat a working fluid, implementing a thermodynamic cycle to generate electricity.  Three approaches have received development attention: central receiver or power-tower configuration, parabolic dish configurations, sunlight-tracking parabolic trough configurations.
· Central receiver or power-tower configurations implement a field of mirrors that track the sun and reflect sunlight to a central receiver located on top of a tower.  The working fluid is circulated through the receiver and heated.  It is then used to drive a conventional turbine.  The working fluid and its thermal energy can be stored to decouple the collection of the solar energy and electricity generation, which enables the power plant to be implemented much like conventional thermal power plants.  Several experimental and demonstration power-tower systems have been built and are currently being tested and evaluated.  One system located in California currently possesses the capability of employing thermal storage28.
· Parabolic dish configurations involve either single units or fields that track the sun.  A receiver is located at the focal point of the dish to collect concentrated solar energy and heats the system’s working fluid.  The heated fluid drives a Sterling engine attached to the receiver, which produces electrical power.  Parabolic dish systems have been deployed since the 1980’s for development and demonstration purposed.  Current efforts are aimed at key technical and economic issues that need resolution before this application can be implemented commercially28.
· Sunlight-tracking parabolic trough configurations focus sunlight into the linear axis of the trough.  A glass or metal linear receiver is positioned along this axis, while a working fluid is circulated through and heated in the linear receiver.  The working fluid from a field of troughs circulates through a central location where thermal energy is extracted by use of a heat exchanger.  The thermal energy is then used to drive a conventional turbine.  Trough systems were commercially deployed in the 1980’s and early 1990’s, and are currently in operation.  However, new trough system deployment have commercially ceased since 1991 in the United States28.       
Wind
 The majority of wind power systems implement the traditional wind turbine configuration, in which the rotor revolves about a horizontal axis.  Most U.S. wind power system configurations are wind farms with multiple turbines interconnected to the utility transmission grid through a dedicated substation.  Such systems have been in use since the 1980’s and are gaining substantial interest in recent years.  Wind power is on the verge on becoming established commercially and becoming competitive grid-power technology due to strong public and political support for clean energy and concern over global warming.  Application of wind systems is commercially attractive due to most regions of the United States possessing quality wind, with exception of the Southeast.  However, there are critics of wind power use, arguing that implementing wind farms both on and offshore may result in negative impacts on local economies, such as those involving tourism27.           
According to the New Rules Project report, the following figures depict the potential electricity that could be generated by each state implementing both on and offshore wind power.
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FIGURE D 5. Potential State Electricity Self-Sufficiency using Onshore Wind Power28
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FIGURE D 6. Potential State Electricity Self-Sufficiency using Offshore Wind Power28
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As briefly mentioned in the ‘Renewable Resource’ Appendix, research by Dr. Daniel Nocera of MIT has made great progress in the critical area of energy storage.  His research has created artificial photosynthesis, mimicking how plants use sunlight to split water to make usable energy.  Nocera and his assistant developed a new way of powering fuel cells that could make it practical for home owners to store energy and produce electricity.  A new catalyst was produced, composed from cobalt, phosphate, and an electrode that produces oxygen from water.  Historically, platinum electrodes used in electrolysis perform well in splitting off the hydrogen, but works very poorly for oxygen.  Nocera’s catalyst uses 90 percent less electricity than current methods, which use the costly metal platinum.  The system, however, still relies upon platinum to produce hydrogen.  Solutions to mitigate the use of platinum to produce hydrogen are currently being explored31.  
Current methods of producing hydrogen and oxygen for fuel cells operate in a highly corrosive environment.  The entire reaction must be carried out in an expensive, highly-engineered container.  Nocera’s catalyst reaction can occur within an open glass container and does not require safety gear such as heavy safety gloves or goggles31.  This makes the catalyst find especially important to eventual consumers as they will be able to store energy safely within their own home.
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While there were many standards and regulations that the DOE is constrained in the development of a modern grid, the project development team extracted the relevant standards and regulations based on the project scope. Table F1 and Figure F1, explain these standards and regulations in greater detail.
TABLE F 1. POWER GRID STANDARDS, REGULATIONS, AND CODES
	Standard/Regulation/Code
	Application

	IEEE C2-2002, National Electrical Safety Code - http://standards.ieee.org/nesc/
	Offers basic provisions for safeguarding of persons from hazards arising from the installation, operation, and maintenance of overhead electric supply and communication lines

	OSHA Standard 1910.269, Electric Power Generation, Transmission, and Distribution - http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=9868
	Safety standard for operation and maintenance of electric power generation, control, transformation, transmission, and distribution lines and equipment.

	OSHA Standard 1926.955, Overhead Lines - http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10826
	Safety standard for operation and maintenance of overhead transmission lines.

	IEEE 1547 - https://sbwsweb.ieee.org/ecustomercme_enu/start.swe?SWECmd=GotoView&SWEView=Catalog+View+(eSales)_Standards_IEEE&mem_type=Customer&SWEHo=sbwsweb.ieee.org&SWETS=1192713657
	Physical and electrical interconnections between utility and distributed generation (DG)

	NERC CIP 002-009 - http://www.nerc.com/page.php?cid=2|20
	Cyber security standards for the bulk power system

	NIST Special Publication (SP) 800-53, NIST SP 800-82 - http://csrc.nist.gov/publications/drafts/800-82/draft_sp800-82-fpd.pdf
	Cyber security standards and guidelines for federal information systems, including those for the bulk power system

	Open Automated Demand Response (Open ADR) - http://openadr.lbl.gov/pdf/cec-500-2009-063.pdf 
	Price responsive and direct load control

	ANSI/CEA 709.2-A R-2006 Control Network Power Line (PL) Channel Specification - http://www.ce.org/Standards/browseByCommittee_2545.asp
	This is a specific physical layer protocol

	ANSI/CEA 709.3 R-2004 Free-Topology Twisted-Pair Channel Specification - http://www.ce.org/Standards/browseByCommittee_2544.asp
	This is a specific physical layer protocol

	ANSI/CEA-709.4:1999 Fiber-Optic Channel Specification - http//www.ce.org/Standards/browseByCommittee_2759.asp
	This is a specific physical layer protocol

	CableLabs PacketCable Security Monitoring and Automation (SMA) - http://www.cablelabs.com/specifications/PKT-TR-SMA-ARCH-V01-081121.pdf
	Broad range of services, including energy management

	IEEE 1588 - http://ieee1588.nist.gov/
	Time Management and Clock Synchronization across the Smart Grid, equipment needing consistent time management

	ITU Recommandation G.9960 (G.hn) - http://www.itu.int/ITU-T/aap/AAPRecDetails.aspx?AAPSeqNo=1853
	In-home networking over power lines, phone lines, and coaxial cables.

	Clean Air Act Amendments of 1990 (CAAA 90) and Clean Air Interstate Rule (CAIR) - www.epa.gov
	Cap-and-trade program promulgated by the EPA in 2005 to reduce SO2 and NOx emissions in order to help States meet their National Ambient Air Quality Standards (NAAQS) for ozone and particulate matter, and to further emissions reductions already achieved through earlier
programs

	Energy Independence and Security Act of 2007 
	Upgrade the United State's existing electricity grids with advanced communications and embedded sensors to create a smart grid that can avoid power outages (in addition to lowering grid-related CO2 and reducing energy consumption)

	IEEE 1410-1997 
	IEEE guide for improving the lightning performance of electric power overhead distribution lines.
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FIGURE F 1. EFFICIENCY RESOURCE STANDARDS23 
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This appendix presents all DoDAF products relevant to the project mission and scope.  A table with each product description is included.

TABLE G 1. List of Applicable DoDAF 1.5 Products24
	Framework Product and Name
	Description

	OV-1: High-Level Operational Concept Graphic
	High-level graphical/textual description of operational concept

	OV-2: Operational Node Connectivity
	Operational nodes, connectivity, and information exchange need lines between nodes

	OV-3: Operational Information Element Exchange Matrix
	Information exchanged between nodes and the relevant attributes of that exchange

	OV-4: Organizational Relationships Chart
	Organizational, role, or other relationships among organizations

	OV-5: Operational Activity Model
	Capabilities, operational activities, relationships among activities, inputs, and outputs; overlays can show cost, performing nodes, or other pertinent information

	OV-7: Logical Data Model
	Documentation of the system data requirements and structural business process rules of the Operational View

	SV-1: Systems/Services Interface Description
	Identification of systems nodes, systems, system items, services, and service items and their interconnections, within and between nodes

	SV-2: Systems & Services Communications Description
	Depicts pertinent information about communications systems, communications links, and communications networks. Documents the kinds of communications media that support the systems and implement their interfaces as described in SV-1. 

	SV-3: Systems-Systems, Systems-Services, Services-Services Matrices
	Relationships among systems and services in a given architecture; can be designed to show relationships of interest, e.g., system-type interfaces, planned vs. existing interfaces, etc.

	SV-6: Systems Data Exchange Matrix
	Specifies the characteristics of the system data exchanged between systems. 

	SV-7: Systems Performance Parameter Matrix/Services Performance Parameters Matrix
	Performance characteristics of Systems and Services View elements for the appropriate time frame(s)

	SV-11: Physical Schema
	Physical implementation of the Logical Data Model entities, e.g., message formats, file structures, physical schema





OV-1: High Level Operational Concept Graphic
The US Power Grid is aging and needs to be transformed to a Grid that “… connects everyone to abundant, affordable, clean, efficient, and reliable electric power anytime… ”. 
Purpose: The proposed architecture is intended to enable the U.S. to transition from the current aging, fossil fuel-based power grid to one that meets the Nation's future needs, while providing a sufficient and secure source of clean power.
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FIGURE G 1. OV-1: High Level Operational Concept Graphic



OV-2: Operational Node Connectivity
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FIGURE G 2. OV-2: Operational Node Connectivity



OV-3: Operational Information Element Exchange Matrix
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FIGURE G 3. OV-3: Operational Information Element Exchange Matrix


OV-4: Organizational Relationships Chart
[image: ]
FIGURE G 4. OV-4: Organizational Relationships Chart



OV-5.1: Operational Activity Model (Provide Electric Power)
[image: ]
FIGURE G 5. OV-5.1: Operational Activity Model (Provide Electric Power)



OV-5.2 : Operational Activity Model (1)
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FIGURE G 6. OV-5.2: Operational Activity Model(1)


OV-5.2: Operational Activity Model (2)
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FIGURE G 7. OV-5.2: Operational Activity Model (2)

OV-7: Logical Data Model 
[image: ]
FIGURE G 8. OV-7: Logical Data Model



SV-1: Systems Interface Description; Services Interface Description
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FIGURE G 9. SV-1: Systems Interface Description: Services Interface Description



SV-2: Systems & Services Communications Description
[image: ]
FIGURE G 10. SV-2: Systems & Services Communications Description


SV-3: Systems-Systems, Systems-Services, Services-Services Matrices
[image: ]
FIGURE G 11. SV-3: Systems-Systems, Systems-Services, Services-Services Matrices
[bookmark: _Toc224941405]


SV-6 Systems Data Exchange Matrix / Services Data Exchange Matrix
[image: ]
FIGURE G 12. SV-6: Systems Data Exchange Matrix / Services Data Exchange Matrix



SV-7 Systems Performance Parameters Matrix / Services Performance Parameters Matrix
[image: ]
FIGURE G 13. SV-7: Systems Performance Parameters Matrix / Services Performance Parameters Matrix



SV-11 Physical Schema – Option 1: Power source to consumer transmission
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FIGURE G 14. SV-11: Physical Schema – Option 1: Power source to consumer transmission




SV-11 Physical Schema – Option 2: Power geographically dispersed 
[image: ]
FIGURE G 15. SV-11: Physical Schema – Option 2: Power geographically dispersed



SV-11 Physical Schema – Option 3: Congestion alleviation 
[image: ]
FIGURE G 16. SV-11: Physical Schema – Option 3: Congestion alleviation
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[bookmark: _Appendix_H–_CPN][bookmark: _Toc248680198]Appendix H– CPN Models
The following displays all developed CPN models. Refer to the team’s website to download all CPN files and run simulations in real time.
Power Source Transition
The purpose of this model is to provide a means to estimate a generalized timeline and power demands on the various sources of electricity as the country evolves from a fossil fuel based power supply to a clean energy supply.  The model’s simulation results aided in the development of the project development team’s Technology Strategy.  
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FIGURE H 1. CPN Power Source Transition Model



Line Balance

The purpose of this model is to present the line balancing functions that will occur over any given Extra High Voltage transmission line.  The line accumulates all power sources/ consumer demands and adjusts power supplier interlay in an attempt to maintain balance.  The Line Balance model serves as the building block for all three physical layout architectures.  The model is replicated for each transmission line segment, denoted by an oval in Figures H4, H5, and H7.
[image: ]
FIGURE H 2. CPN Line Balance Model



Physical layout # 1: Power Source to Consumer Transmission
The power source to consumer transmission model was designed to provide an expedite route from power suppliers to consumers. The model’s substations and transmission lines were based upon the current production and consumption of each state (graphical representation shown in Figure H3).  Main power flow was determined within the country, which is denoted by the large arrows depicted in Figure H4.  The power source to consumer flows from TX and FL towards NY and CA.
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FIGURE H 3. SUPERIMPOSED GRID WITH net energy per state
[image: ]
FIGURE H 4. Physical layout # 1: Power Source to Consumer Transmission


Physical layout # 2: Geographically Dispersed
The geographically dispersed model was designed to provide broad area coverage throughout the country to facilitate its interconnection with the HV grid.  To accomplish this task, the project development team positioned each EHV substation to promote cross country electrical redundancy.  Three main junctions were envisioned, which are denoted by quad arrows in Figure H5.  Supplementary junction points were created to provide alternate paths to the country’s extremities.
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FIGURE H 5. Physical layout # 2: Geographically Dispersed


Physical layout # 3: Congestion Alleviation
The congestion alleviation model was designed to mitigate current and future grid congestion areas. To accomplish this task, the project development team performed extensive analysis based on research regarding current and projected congestion areas within the nation14.  Each EHV substation and transmission line was positioned to promote power flow to these congested areas.  Figure H6 represents a superimposed grid with analyzed congestion areas.  Figure H7 illustrates the congestion alleviation model.   
[image: ]
FIGURE H 6. superimposed grid with analyzed congestion areas
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FIGURE H 7. Physical layout # 3: Congestion Alleviation

Modeling Data

The following tables summarize the data in which the project development team used to build each layout model.  The data primarily serves as the means to how simulations were able to be conducted and analyzed.  Table H1 depicts net power by state.  Consumption and Generation percentages were calculated from data recorded by the U.S. Energy Information Administration (http://www.eia.doe.gov).  For each state, a net power was determined by subtracting power consumption percentages from power generation percentages.  Once a general layout of each grid was created, the team assigned each state a “section”, which is shown in the three right most columns of Table H1.  Each section corresponds to an individual EHV transmission line segment, which would provide electrical power to 1 or more adjacent states.  Table H2 displays all sections for the three physical layouts, with a net power percentage and an index.  Because CPN does not allow for fractional values, the net power percentages were multiplied by one million to arrive at an integer (index).       
TABLE H 1. Net power by state5
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TABLE H 2. physical layout proposals
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Terrain Maps 
The following maps were used to determine the distances between each EHV substation.  This distance serves as the length, in miles, of each EHV transmission line segment.  To view the exact distance associated with each line number, please refer to Tables I2, I3, and I4.  It is important to note that the amount of transmission line segments in the figures below do not exactly match the amount built within the CPN models.  This discrepancy is due to the fact the project team wanted to, in many cases, follow the contours of the nation’s coastlines to negate lines that would require under water installation.
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FIGURE I 1. Power Source to Consumer Terrain Map

[image: ]
FIGURE I 2. Geographically Dispersed Terrain Map
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FIGURE I 3. Congestion Alleviation Terrain Map
Lifecycle Cost Analysis
To perform a cost analysis of each grid layout, many assumptions were required.  The project would use the costs for a 765kV double circuit, strung on both sides, tubular steel pole transmission lines as indicated in last column of Table I1.  The O&M cost per mile, $4000, for a transmission line was determined by extrapolating the cost of a $1 million 500 kV transmission line of $1800.  
TABLE I 1. Transmission Line Costs16,17
	New Transmission Line
	Unit
	60/70kV
	115kV
	230kV
	765kV

	Double Circuit, Strung on both sides, Lattice Tower
	per mile
	$1.35M
	$1.35M
	$1.6M
	$2.2M

	Double Circuit, Strung on one side, Lattice Tower
	per mile
	$1.05M
	$1.05M
	$1.25M
	$1.85M

	Double Circuit, Strung on both sides, Tubular Steel Pole
	per mile
	$1.46M
	$1.46M
	$1.8M
	$2.5M

	Double Circuit, Strung on one side, Tubular Steel Pole
	per mile
	$1.25M
	$1.25M
	$1.45M
	$2.05M

	Single Circuit, Tubular Steel Pole
	per mile
	$.94M
	$.94M
	$1.1M
	$1.7M

	Unit cost per mile is based on flat land/rural setting, engineering and construction costs only.  Environmental, permitting, and right of way acquisition costs are not included.  Additional factors applied for hilly (1.2X), mountainous (1.3X), and forested (1.5X) terrain.  Factors also apply for suburban (1.2X) or urban (1.5X) population density.  Line length <10 miles (2X), line length 10 – 20 miles (1.5X).  Costs for 60/70kV are same as for 115kV due to same 115kV standards used for new installation or design.



The cost for a 100 MW substation, $32.7 million, was extrapolated using the cost for a 10kW substation of $3,270 million per substation16  Furthermore, an O&M cost per substation of $250,000 was used17.  The costs assumed flat land/rural setting and a mountainous terrain (1.3X cost factor).  By using mathematical formulas in Microsoft Excel, the detailed lifecycle costs for each of the three architectures were calculated and can be seen in Tables I2 to I4.  The costs assumed a rural setting, mountainous terrain (1.3X cost factor), ≤10 mile transmission line segment (2X cost factor), and 10-20 mile transmission line segments (1.2X cost factor), where applicable.  For an example, to calculate the transmission line lifecycle cost in Table I2, the following calculations were made:
· In line 1, Seattle to Barstow, there is a total of 910 miles.  When broken down into 20 mile segments (910/20), a total of 45.5 20-mile segments exist.  
· The number of whole 20 mile units is 45 (truncated 45.5).
· The remainder of the 20 mile segments was calculated by subtracting total number of 20 mile segments, 45.5, from the number of whole 20 mile segments, 45, and multiplying the remainder by 20.  This results in (45.5 – 45)*20 = .5*20 = 10.
· The number of units ≤10 miles is 1.  (In the case where the number of units ≤10 miles is 0, this indicated when the number of units ≤10 miles exceeds 10, but is less than 20.) 
· The number of 10-20 mile units is 45.  (This value would increase by a value of 1 if the number of units ≤10 miles is 0, as indicated in line 3.)
· The total cost per line = ($2.5M)(1.3)(1.5)(45)+($2.5M)(1.3)(2)(1) = $225,875,000
· The same procedure is completed for the remaining lines, 2-27, where each total cost per line is summed up and results in a total engineering and construction cost for transmission lines = $3,070,250,000.
· The transmission line O&M costs = (total number of transmission line miles)(O&M transmission line cost per mile)(50 years) = (14107)($4000)(50) = $2,821,400,000.
· The total number of nodes in the physical layout corresponds to the number of 100MW substations needed, 13.
· The total engineering and construction costs for all substations = (total number of nodes or substations)(total cost per 100MW substation) = (13)($32,700,00) = $425,100,000.
· The total O&M costs for all substations = (total number of substations or nodes)(O&M cost per substation)(50 years) = (13)($250K)(50) = $162,500,000.
· This leads to a total lifecycle cost = $3,070,250,000+$425,100,000+ $2,821,400,000 + $162,500,000 = $6,479,250,000.
· The same procedure is followed for the remaining physical layouts.  
The following tables portray the cost analysis of each physical layout using Microsoft Excel.


TABLE I 2. Lifecycle Costs for Power Source to Consumer
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TABLE I 3. Lifecycle Costs for Geographically Dispersed
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TABLE I 4. Lifecycle Costs for Congestion Alleviation
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Appendix J – Supplemental United Stated Power Grid Information
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FIGURE J 1. Current U.S. Power Grid35
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FIGURE J 2. COnditional Constraint areas14
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[bookmark: _Toc248386624]FIGURE J 3. Nodes in Congestion Simulation of Eastern Interconnection14
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[bookmark: _Toc248386625]FIGURE J 4. High Coal Generation and Associated New Transmission Lines, 201514
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[bookmark: _Toc248386626]FIGURE J 5. High Renewable Generation and Associated New Transmission Lines, 201514
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[bookmark: _Toc248386627]FIGURE J 6. Congestion on Western Transmission Paths14
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[bookmark: _Toc248386628]FIGURE J 7. Existing and Projected Major Transmission Constraints in Western Interconnection, 2008 and 201514
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[bookmark: _Toc248386629]FIGURE J 8. U.S. Energy Consumption by State25
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FIGURE J 9. U.S. Energy Generation by State25
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[bookmark: _Toc248386630]FIGURE J 10. U.S. Net Energy per State25
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FIGURE J 11. U.S. ELECTRIC POWER GENERATION BY SOURCE, 200737
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Electric Market Overview: Energy Efficiency Resource Standards (EERS) and Goals

Federal Energy Regulatory Commission - Market Oversight @ FERC.gov
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Electric Market Overview: Energy Efficiency Resource Standards (EERS) and Goals

Federal Energy Regulatory Commission - Market Oversight @ FERC.gov

+ An Energy Efficiency Resource (or Portolo) Standard (EERS)
aims to reduce or flatten electrc and gas load growth using
energy efiiciency (EE). It reguires distrbution ulites to achieve
annual savings levels. An EERS may specity reductions for
energy use (MWh or thems), peak demand (MW), or both.
Energy Efficiency uses less fuel to produce the same or
greater amount of usable energy ffom a given energy source.
Reductons normally create mult-year effects over an
invesiments useful Ife. Alematively, conservation can be.
femporary reductions in energy use.

STATE ENERGY EFFICIENCY ACTIVITIES
21 states have an EERS, including three signed in June: Hawail,
West Virginia, and Mainé. 10 others Inchide EE in procurement.
orders or Integrated Resource Plan (IRP) requirements. 17
include EE as an eligble RPS resource of in an RE goal
Three states are developing regulations for an EERS: MA, NJ,
and RI_ Two siates issued energy pians that stress cconormy.
wide energy effciency use, and propose an EERS: KY and NE.
Hawail enacted an EERS targeting a 4,300 GWh electrcity
reduction by 2030 - more than one-third of 2008 retai sales. EE.
will be an approved RPS-resource only through 2014. (June 25)
West Virginia's Altemative & Renewable Energy (ARE)
Standard provides that each megawatt-hour (Mh) conserved
in an approved EE or DR program eams one ABRE credit
fowards a utity's 25% by 2025 target. (June 17)

Maine's law requires 30% energy savings and 100 MW peak
electrc reduction by 2020. The PUC needs to adopt regulations,
including base year forreductons. (June 12)

Virginia directed the SCC o conduct a proceeding fo defermine
achievable, cost-effective conservation and DR fargels; its
findings are due by Nov 15. A second law authorizes the SCC
o allow utites to recover costs both of EE programs and of
revenue reductions due to EE programs. (both Apri 8)

NATIONAL ENERGY EFFICIENCY LEGISLATIO!
‘The House of Representatives passed the “American Clean Energy and
Security Act”(‘Waxman-Markey) June 26. Title |, Sublite A,
“Combined Energy Effciency and Renewable Energy Standard,”
proposes national minimum eleciric savings, measured by average
annual sales during the preceding two calendar years
~ Utilty coverage: Large utites are included, defined by
retail sales volume; they serve 95% of electic customers
~ Cumlative Savings: Electic savings ramp from 1.5% in
2012 t0 5% in 2020, States with difficulty meeting the ful
RPS target may pefiton FERC to increase EE {0 6%
— EE as a Resource: States would be required to consider EE
25 a resource in ulity planning and procurement
~ Costs: States should procure all EE available at lower costs
than eneray supply options. ACEEE testimony on companion
bil S 548 cited average EE program costs of 3¢KWh, relatve
o new power plant costs of up {0 13¢KWh

STATE DECOUPLING ACTIVITY:
+ Decoupling is one mechanism to incent EE programs. It severs
ity profts from the quantity of therms or Kiowatt-hours sold
Some State Utlity Commissioners express concerns about potential
“one-size-fits-al” national decoupling provisions. Gas decoupling
mechanisms existin 18 states; they are pending in 6 ofhers.
+ State electric decoupling actions include:
— Four adopted decoupling: CA, CT, MD, and Wi
~ Nine wil consider or have approved decoupling in ndividual
rate cases: KS, MA, MI, MT, NY, OH, OK, OR, and WA.
~ Six opened proceedings or docke's {0 explore decoupiing o
o approve utliy proposals: DC, DE, HI, NH, NJ, and WL
— Two have laws or orders to study decoupling: FL and NM.
— One has a residential decoupling pit. D.

Abbreviations: ACEEE - American Counsilfor an Ensrgy Effcent Economy; ASRES - Atematie &
Renewable Eneray Standard; £E - anergy eficency: EERS - Enaray Effciency Resource Standard: IRP —
Intagrated Resource Plan; PSC 1 PUC — Pubic Servioe | Uity Commission: RPS — Renewable Forolo
Standard: SCC - State Corporation Commission

Updated July 8, 2009
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1 Seattle* Barstow 910 45.5 45 10 1 45 $225,875,000 Cost per mile $2,500,000

2 Seattle* Devils Lake 1087 54.35 54 7 1 54 $269,750,000 Mountain 1.3

3 Seattle* Logan 658 32.9 32 18 0 33 $160,875,000  ≤10 mile lines 2

4 Logan* Barstow 547 27.35 27 7 1 27 $138,125,000 10-20 mile lines 1.5

5 Barstow* Odessa 877 43.85 43 17 0 44 $214,500,000

6 Logan* Wray 510 25.5 25 10 1 25 $128,375,000

7 Devils Lake* Wray 582 29.1 29 2 1 29 $147,875,000 Cost per mile $4,000

8 Wray* Odessa 573 28.65 28 13 0 29 $141,375,000 # of years 50

9 Devils Lake Watseka 748 37.4 37 8 1 37 $143,750,000

10 Wray Topeka 355 17.75 17 15 0 18 $67,500,000

11 Topeka Waco 524 26.2 26 4 1 26 $102,500,000 Cost per substation $32,700,000

12 Watseka Big Sandy 314 15.7 15 14 0 16 $60,000,000

13 Big Sandy Waynesboro 318 15.9 15 18 0 16 $60,000,000

14 Watseka Ogdensburg 681 34.05 34 1 1 34 $132,500,000 Cost per substation $250,000

15 Ogdensburg Houlton 374 18.7 18 14 0 19 $71,250,000 # of years 50

16 Ogdensburg Glens Fall 130 6.5 6 10 1 6 $27,500,000

17 Houlton* Gettysburg 639 31.95 31 19 0 32 $156,000,000

18 Big Sandy Gettysburg 638 31.9 31 18 0 32 $120,000,000

19 Greensboro Gettysburg 295 14.75 14 15 0 15 $56,250,000

20 Greensboro Big Sandy 638 31.9 31 18 0 32 $120,000,000

21 Hinesville Everglades City 445 22.25 22 5 1 22 $87,500,000

22 Dothan Everglades City 196 9.8 9 16 0 10 $37,500,000

23 Waynesboro Dothan 495 24.75 24 15 0 25 $93,750,000

24 Waco Waynesboro 496 24.8 24 16 0 25 $93,750,000

25 Topeka Big Sandy 461 23.05 23 1 1 23 $91,250,000

26 Odessa Waco 309 15.45 15 9 1 15 $61,250,000

27 Greensboro Hinesville 307 15.35 15 7 1 15 $61,250,000

* Indicates a mountain segment (≥ 75% of line)

14107

13

Transmission Line (O&M Costs) 

Substation (Engineering and Construction Costs)

Substation (O&M Costs)

Total Miles (Transmission Lines)

Grid Components

Lifecycle Totals

O&M Transmission Line Costs

Substation Costs

O&M Substation Costs

Total

Total Nodes (Substations) 

$6,479,250,000

$2,821,400,000

$425,100,000

$162,500,000

Transmission Line Costs $3,070,250,000
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1 Seattle* Bakersfield 863 43.15 43 3 1 43 $216,125,000 Cost per mile $2,500,000

2 Seattle* Ogden 673 33.65 33 13 0 34 $165,750,000 Mountain 1.3

3 Bakersfield* Ogden 556 27.8 27 16 0 28 $136,500,000  ≤10 mile lines 2

4 Seattle* Bottineau 1006 50.3 50 6 1 50 $250,250,000 10-20 mile lines 1.5

5 Ogden* Bottineau 767 38.35 38 7 1 38 $191,750,000

6 Bakersfield* San Angelo 1103 55.15 55 3 1 55 $274,625,000

7 Ogden* San Angelo 929 46.45 46 9 1 46 $230,750,000 Cost per mile $4,000

8 Ogden* Scott City 622 31.1 31 2 1 31 $157,625,000 # of years 50

9 Bottineau* Scott City 716 35.8 35 16 0 36 $175,500,000

10 Scott City* San Angelo 484 24.2 24 4 1 24 $123,500,000

11 Bottineau Rensselaer 851 42.55 42 11 0 43 $161,250,000 Cost per substation $32,700,000

12 Scott City Rensselaer 748 37.4 37 8 1 37 $143,750,000

13 San Angelo Rensselaer 990 49.5 49 10 1 49 $188,750,000

14 San Angelo Troy 852 42.6 42 12 0 43 $161,250,000 Cost per substation $250,000

15 Troy Rensselaer 637 31.85 31 17 0 32 $120,000,000 # of years 50

16 Rensselaer Culpepper 514 25.7 25 14 0 26 $97,500,000

17 Rensselaer Jackman 904 45.2 45 4 1 45 $173,750,000

18 Jackman* Culpepper 636 31.8 31 16 0 32 $156,000,000

19 Culpepper Sandersville 467 23.35 23 7 1 23 $91,250,000

20 Troy Sandersville 198 9.9 9 18 0 10 $37,500,000

21 Sandersville Everglades City 502 25.1 25 2 1 25 $98,750,000

22 Troy Everglades City 495 24.75 24 15 0 25 $93,750,000

* Indicates a mountain segment (≥ 75% of line)
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$3,445,875,000

O&M Transmission Line Costs

Total Miles (Transmission Lines)

Total Nodes (Substations) 

Substation Costs $392,400,000

O&M Substation Costs $150,000,000

$3,003,600,000 Grid Components

Total $6,991,875,000



Transmission Line (O&M Costs)

Substation (Engineering and Construction Costs)

Substation (O&M Costs)

Lifecycle Totals

Transmission Line Costs
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Distance 

(miles)

# of 20 mile 

Segments

# of 20 mile 

whole units

Remainder 

of 20 mile 

units

# of 

≤10 

mile 

units

# of 10-20 mile 

whole units

Total Cost per 

Line

Transmission Lines (Engineering and 

Construction Costs)

Multiplying 

Factors

1 Winthrop* Culbertson 712 35.6 35 12 0 36 $175,500,000 Cost per mile $2,500,000

2 Winthrop* Albany 308 15.4 15 8 1 15 $79,625,000 Mountain 1.3

3 Albany* Idaho City 363 18.15 18 3 1 18 $94,250,000  ≤10 mile lines 2

4 Albany* Wickenburg 920 46 46 0 1 46 $230,750,000 10-20 mile lines 1.5

5 Albany* Coalinga 599 29.95 29 19 0 30 $146,250,000

6 Coalinga* Wickenburg 457 22.85 22 17 0 23 $112,125,000

7 Wickenburg* Socorro 358 17.9 17 18 0 18 $87,750,000 Cost per mile $4,000

8 Bicknell* Socorro 417 20.85 20 17 0 21 $102,375,000 # of years 50

9 Bicknell* Beaver City 647 32.35 32 7 1 32 $162,500,000

10 Idaho City* Bicknell 436 21.8 21 16 0 22 $107,250,000

11 Idaho City* Culbertson 621 31.05 31 1 1 31 $157,625,000 Cost per substation $32,700,000

12 Culbertson Tomahawk 721 36.05 36 1 1 36 $140,000,000

13 Culbertson* Beaver City 607 30.35 30 7 1 30 $152,750,000

14 Beaver City Fulton 424 21.2 21 4 1 21 $83,750,000 Cost per substation $250,000

15 Beaver City* Waco 608 30.4 30 8 1 30 $152,750,000 # of years 50

16 Socorro* Waco 571 28.55 28 11 0 29 $141,375,000

17 Waco Winnfield 268 13.4 13 8 1 13 $53,750,000

18 Winnfield Clarksville 440 22 22 0 1 22 $87,500,000

19 Fulton Clarksville 299 14.95 14 19 0 15 $56,250,000

20 Fulton Elkhart 370 18.5 18 10 1 18 $72,500,000

21 Fulton Tomahawk 473 23.65 23 13 0 24 $90,000,000

22 Tomahawk Elkhart 326 16.3 16 6 1 16 $65,000,000

23 Elkhart Houlton 947 47.35 47 7 1 47 $181,250,000

24 Houlton* Ridgefield 433 21.65 21 13 0 22 $107,250,000

25 Elkhart Ridgefield 646 32.3 32 6 1 32 $125,000,000

26 Elkhart Wilson 597 29.85 29 17 0 30 $112,500,000

27 Ridgefield Wilson 453 22.65 22 13 0 23 $86,250,000

28 Clarksville Wilson 528 26.4 26 8 1 26 $102,500,000

29 Wilson Orlando 528 26.4 26 8 1 26 $102,500,000

30 Clarksville Orlando 664 33.2 33 4 1 33 $128,750,000

31 Winnfield Orlando 729 36.45 36 9 1 36 $140,000,000

32 Orlando Coral Springs 164 8.2 8 4 1 8 $35,000,000

* Indicates a mountain segment (≥ 75% of line)
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Total 7,858,225,000 $   

Grid Components

Total Miles (Transmission Lines)

Total Nodes (Substations) 

Transmission Line (O&M Costs)

Substation (Engineering and Construction Costs)

Substation (O&M Costs)

O&M Substation Costs 237,500,000 $      

621,300,000 $      

Lifecycle Totals



Transmission Line Costs

O&M Transmission Line Costs

3,672,625,000 $   

3,326,800,000 $   

Substation Costs
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