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Executive Summary
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greatest engineering achievement of theentury. However, the grid we have toddges not have the
attributes necessarjo meet the demaus of the 2 centuryandbeyond

o

The traditionalgrid architectures based on largecale generation remotely located from consumers, hierarchical
control structures with minimal feedback, limited energy storage, and passive ladausdern grid mushave:

1 greaterresilienceto hazards of all type;

1 improvedreliability for everyday operations;

1 enhancedsecurityfrom an increasing and evolving number of threats;

1 additionalaffordability to maintain our economic prosperity;

1 superiorflexibility to respondto the variability anduncertainty of conditions at one or more timescales,
including a range of energy futuresnd

1 increasedsustainabilitythrough additional clean energand energyefficient resources.

Fivekey trends aralriving this transformation that challenges the ]

capaity of the grid to provide us with the services we need, but
also provides us with the opportunity to transform our gridintoa & ¢ I 9 | b L ¢ ENERGYCSYSTEN |

platform for greater prosperity, growth, and innovation. GOING THROUGH DRAMATHANGES.
T . i of dch o el ) . THIS PLACES A HIGERIUM ON
1 Changing mix of types and characteristics of electric generation /=< TiNG WISELTHE ENERGY

(in pa_rticular, distributed and clfe.an energy). . INFRASTRUCTURE WEINEO MOVE
1 Growmgdemands‘or a morg reilient and reliable gnql ENERGY SUPPLIESNEREY

(especially due to weather impacts and cybed physical I hb{! aow{ dé

attacks)

f Growing supplyand demaneside opportunities for customers - Ermest Moniz, Secretary of Energy

to patticipate in electricity makets
1 Emergencef interconnected electricitinformation and control systems
1 Aging electricity infrastructu:

The current businesssusual trajectory for the electricity industry will not result in a timely transition to a
modernized grid. Innovation in the electric power sector is inhibited by regulatory, market, and business model
uncertainties.Moreover, large imestmentsinitiated today may not fully come on line for ten years or more, and
may remain with us for decades afterwar@ur nation finds itself at the point to make investment decisions that
will create the modern grid of the futur@&he Federal Governent recognizes this is a public good issue, and is in a
unique position working witlstates, industry, and other stakeholdersdccelerate efirts throughresearch,
development, andlemonstration(RD&D)analysisand outreach and convening initiatives.

Through its Grid Modernization Initiative (GMI) and this Grid Modernization Mekir Program Plan (MYPP), the
U.S. Department of Energy (DOE) will coordinate a portfolio of activities to help set the nation oretieztiste

path to anresilient, secue, sustainable, and reliable grid that is flexible enough to provide an array of emerging
services while remaining affordable to consumers. The scopeedBiifocuseson the development of new
architectural conceptdpols, and technologies that measuranalyze, predictprotect, and control the grid of the

X



future, and on enabling the institutional conditions that allow for more rapid development and widespread
adoption of these tools and technologid3OEwill help frame new architecture elements, dewplnew planning
and operations tools platforms, provide metrics and analytics, and enhance state and industry capabilities in
designing the physical and regulatory models for successfully grid moderniZa@dmwill be supported bythe
National Laboratods under the Grid Modernizatidmab Consortium (GMLC)maulti-year collaboration among 14
DOE National Laboratories and regional networks that will help develop and implement the MYPP.

This MYPP defines a vision for the modern grid and identifies kdgmtpasand opportunities The direction and
priorities outlined in thisMYPPR NI ¢ dzLJ2Yy 5h 9 Q& QuadiehriayEhergy RNFHPER)andithe S
Quadrennial Technology Review (QTR), as well as DOE program activities and numerous private sector inputs ov
the past yearslt describegshe RD&D activities DOMill focus on over tha@ext five years, including opportunities

for publicprivate partnerships

This plan also lays the foundation for coordination across DOE, linking key programs within the Office of Science
(SC), Office of Electricity Delivery and Energy Reliability (OE), Office of Energy Efficiency and Renewable Energy
(EERE Office of Fossil Energy (FE), Office of Nuclear EnergyA(NBihced Research Projects Agenepergy

(ARPAE), Office of Energy Policy and Systems Analysis (EPSA), and others. We recognize, however, that this intt
DOE coordination and collaboratiggonly the prelude to broader collaborative efforts that are needed with and
among other federal agencies, regulators, legislators, utilities, vendors, consumer groups, and others.

The vision of the GrifMlodernizationlnitiative is:

The future grid will solve the challenges of seamlessly integrating conventional and renewable sources, storage, a
central and distributed generation. It will provide a critical platform for U.S. prosperity, competitivanéss,
innovationin a global clean energy economy. It will delinesilient, reliable, flexible,secure sustainable,and

affordable electricity to consumers where they want it, when they want it, how they want it

Thelnitiative willreach this visiofy investing inRD&Defforts in individual technical areas and by looking at three
types ofintegratedregional demonstrations.

At the core of GMare six specifitechnical areas that can be categorized by thileists:

1 Technologyi.e., hardware) Develop and demonstrate technologies for better measurement (e.g.,
sensors), integration (e.g., inverters), management and control of grid operations (e.g., transformers)

1 Modeling and Analysigi.e., software) Develop and disseminate new and improved raisdor analysis,
management and optimization of grid performance (e.g., solar and wind prediction)

1 Institutional and BusinessDevelop the analytical methodologies and frameworks for improving business
models that can deliver to consumers the value aedéddits of grid modernization.

The six technical areasequally important andn no particular order below follow. Together they represent the
key developments needed to advance the nation to a modernized grid.

2015 Grid Modernization InitiativielYPP Xi



1. Devices and Integrated Systems Testing

New distributed devices and systems will help deliherflexibility required by the future grid for managing
variable generationengaging consumeand enhancing reliability and resiliency whikeking electricity
affordable.

This technical area dewigdsdevicesand integratedsystemsgcoordinates integration standards and test

procedures, and evaluates the gaHaracterstics ofboth individual devices and integrated systems to provide-grid
friendly energy servicesor example, the DOEnded collalpration between the National Institute of Standards

and Technology (NIST) and electric industry stakeholders in developing smart grid interoperability standards, begun
in 2009, has laid the technical foundation for more effective grid investments today.

Srecific activities that will be included are:

1 Develop advanced storage systems, power electronics, and other grid devices
9 Develop precise models of emerging components and controllers;

9 Develop standards and test proceduyes

9 Build capabilities and conducedice testing and validatigrand

9 Conduct multiscale systems integration and testing

2. Sensing and Measurements

Measuring and monitoring vital parameters throughout the electric power network is necessary to assess the
health of the grid in real time, predids behavior, and respond to evengdfectively. Lack of visibility and accurate
device or facility-levelinformation makes it difficult tmperatethe electricity systenefficiently and has
contributed to largescale power disruptions and outages. Additionally, ngeheration sensors will allow energy
management systems to integrate buildings, electric MeBicand distributed systems.

This technical area focuses on tools and strategies to determine the type, number, and placement of sensors to
improve system visibility from individual devices to feeders, distribution systems, and regional transmission
networks. This effort includes advanced methods to determine system states not directly accessible by
measurement, and estimation methods for broad grid visibility. Finally, it develops frameworks to integrate sensors
into grid systems to better determine aridrecast solar irradiance and wind generation, integrate and estimate all
generation and load uses behind the meter, and monitor and predict interfacing infrastructures such as electrified
transportation.

Specific activities that will be included are:

9 Devdop a roadmagor achieving full electric system observability;
1 Improve sensing fadevicespuildings and endusers

9 Enhance sensing for distribution system

1 Enhance sensing for the transmission system

9 Develop data analytic and visualization techniquesd

1 Demonstrate unified gridommunications network

Xii



3. System Operations, Power Flow, and Control

The existing grid control systems were developed over several decades using a $et@fit2@y design

characteristics: centralized dispatchable generationrected to transmission, relatively slow system dynamics

that permitted manual control, no significant grid energy storage, passive loadsyayndow of real power at the
distribution level, operation for reliability, and generatidmilowing load for lalancing. Several of these design
parameters have become outmoded by new technologies, changing economics, and shifting customer expectatior

This technical area focuses on new control technologies to support new generation, load, and storage technologie
This effort develops powdtow controllers that wilpermit fine adjustment and mukldgirectional power flow as

well asflow control devices that can optimize transmission flolsvill also develop a consensus grid architecture
with industry to framethe requirements for future control paradigms and devices and improved analytics and
computation for grid operations and control.

Specific activities that will be included are:

9 Developgrid architedure and control theory

1 Develop coordinated systemontrols

1 Improve analytics and computation for grid operations and conand
9 Develop enhanced power flow control device hardware

4. Design and Planning Tools

Sound longerm planning and design yields smart capital investmelgctric power grid modelghand simulation
applications are fundamental to the successful design, planning, and secure operation of power syittems
billions of dollarsn capital investments and operations cogdtwever existingplanning and modelingpols have
not keptpace vith the complextechnology, policy, economics, and outcomes demanded for the electric grid.

This technical areaadelops the next generation of modeling and simulation tools needed for power system
planning. Theenew tools will handle emging needs dvien by changing technologies and operational capabilities,
larger and more complex modelsore challengindorecasting, and newypes and sources of dathat reflect

future integration of T&D and communicatians

Specific activities that will be includare:

9 Scale tools for comprehensive economic assessment
9 Develop and adapt tools for improving reliance and reliabiéityd
9 Build computation technologies and high performance computing capabilities to speed up analyses

5. Security and Resilience

There areever increasingatural and marmade threats to the electric grid, includiligh-impad and low

frequency eventssevere storms, fuel delivery failures, amwre frequent physical and cyber threathis technical

area aims taneet physical and cybersedty challengesanalyzeassetcriticality, assessvaysto minimize risk,
addresssupply chain risks (specifically for transformers)] provide situational awareness aitident support

during energyrelated emergencie S ¢ , 2 N { {0 I (ShestoriSandyreBulding dnd Jesiighce

efforts shows that grid modernization is pivotal for protecting citizens and the economy against natural and human
attack.
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Specific activities that will be included are:

1 Improve ability to identify threats and has

1 Increase ability to protect against threats and hazards
1 Increase ability to detect potential threats and hazards
1 Improve ability to respond to incidentand

1 Improve recovery capacity time

6. Institutional Support

Technical assistance to key decisinakers is important so that they can addréise highpriority grid

modernization challenges and needs identified by electric power industry stakeboltgives particular emphasis

to workingwith state policymakerand regional planning organizationsjth support forboth analysis of issues and
creation of information for stakeholders. Analytic, rprescriptiveworkshops andacilitator-led dialoguesamong
stakeholders can build agreement around the valugrarfisforming the gricand the best ways tdo that using
technology, regulatory, and market tools that meets the unique needs of every region. DOE has already built strong
relationships with many institutional leaders through two decades of investments in collaborative work on
envisioning the futte grid, developing regulatory and planning initiatives, coordinating national action plans for
energy efficiency and demand response, and extensive efforts to create regional collab&wategionwide

resource modeling and planning.

In addition totechnical assistancehis technical areavill develop new analytic frameworks fkey grid
modernization issueg:irst,this effort will advance drameworkfor grid modernization metrics withnalytic tools
and data setslt will integrate current metricsrad data efforts scatteredcross grid stakeholderBlIERC, state
regulators, etc.)and will develop new metrics for emerging grid attributes related to resilienee, energy
services, ang@mergingcontrol and market construct§econdthis area will defie aframework for valuation of
distributed energy resources collaboration with grid stakelidersfor advancing new rate structures and utility
business models that support grid modernization goals.

Specific activities that will be included are:

1 Provide technicahssistance to states aridbal governments

1 Support regional planning and reliability organizations

1 Develop methods and resources for assessing emerging technologies, valoationarkets and
1 Conduct research in future electric utfliregulatiors.

Thecore technologies, toojJaind analyses that will be developedtire six technical i@as will feed into Integrated
Regional Demonstratiordesigned to accelerate research outputs to widespread deploymédnee specific
concepts are envisioned for the first round of demonstration projects:

9 Transmission and distribution system operating reliably on a lean reserve margith visibilityof the power
systemfrom reaktime sensor networks enabling neapproachego system design, control, operations,
protection and optimization. An integrated effort to demonstrate the delivery of reliable and affordable grid
services with a substantially reducathount of system reserve capacity.
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Executive Summary

1 Resilient distribution feeders with high percentages of lesarbon distributed energyesourcesadvances in
reaktime system monitoring, for high penetration of clean, distributed generation, and the proliferation of
smart consumer eneuse devices. New approaches for distributed control, engagement with bulk system
reliability management, and coordination across local intelligent assets, including multiple microgrids, over a
range of feeder innovations that meet changemwnsumer expectations and traditional demand for reliability,
resilience, and affordability.

1 Advanced modern grid planning @manalytics platform a platform that couples higperformance
transmission, distribution, and communications, adds the capagitgfiect uncertainty, and substantially
increases the speed and productivity of tools to enable stakeholders to achieve timely evaluation of future grid
alternatives. This platform will be integrated with vendor products and leveraged ingpomy technial
assistance with states and regions to substantially improve planning and regulatory assessments of the moderr
grid.

These regional demonstration projects will build on the past successes of the Smart Grid Investment Grant (SGIG)
Program and the Smartrid Demonstration Program (SGDP), which focused primarily on deploying existing smart
grid technologies, tools, and techniques to improve grid performance today, and evaluating emerging technologies
for future applications. The Integrated Regional Dematgins will further advance grid modernization by

coupling multiple hardware, software, and institutional solutions into integrated and modernized grids at a scale
and a pace necessary to meet national goatss Work will ensure that efforts and capitaded to advance the grid

are focused on the attributesnportant to society and that our evolving grid will meet all the demsiof the 21

century, realizing the vision of the future electric grid.

2015 Grid Modernization InitiativielYPP XV






1.0Introduction and Overview







1.0 Introduction and Overview

This MultiYear Program Plan (MYPP) descrdresitiativeled by DOE ansupported bythe National Laboratories

under the Grid Modernization Lab Consortium (GMLC) strut¢tuemhance grid modernizatiohlt addresses suite of

highly coordinated and integrated RD&D programs and analytical eftartssed ordevelopingnew architectural
conceptstools, and technologies that measure, analyze, pregicttect, and control the grid of the futureand on

enabling the institutional conditions that allow for more rapid development and widespread adoption of these tools and
technologiesThe Plan alsprovides the reasoning why DOE is undertakingltiiieative now, what outcomes it is

targeting and by when, and what activitiegll be undertaken in six technicalemsover the next five yearand beyond

The Plan builds opast work and accomplishments by DOE and otlaerd,it complements, integrates, and supports
various activities underway and planned by several DOE Offices and Pragramah as the private sectofhe

information in this MYPRIsobuilds onconcepts ad recommendationsn5 h 9 Q& v dzZF RNBy y Zahdf 9y SN
Quadrennial Technology Revietv

1.1 National Need for Grid Modernization Challenges and Opportunities

hdzNJ SEGSyaArdSs NBtALFO6ES LI26SNI ANAR KIFa FdzSt SR GKS yI i
brGA2ylFEf ! OFRSYe 2F 9Yy3IAYSSNAYyI VI acHeRménsdiths Zticeldbud. TRl G A
structure of the 2@ century grid, however, cannot meet all the denamof the 2% century. The traditional architecture

was based on largscale generation remotely located from consumers, hierarchical control structures with minimal
feedback, limited energy storage, andsgéve loadsA modern grid

must be more flexible, robust, and agile. It must have the ability to _

dynamically optimize grid operations and resources, rapidly detect andiNf ORDER TO MANAGEERICA'S

mitigate disturbancesgngagemillions if not billionsnore intelligent ENERGY CONSUMPTICDRE
devicesjntegrate diverse generation sources (on both the supply and EFFICIENTLY AND GEEAECTIVELY,
demand sides), integrate demand response and enefigiency RECOVER FROM DISRMRS MORE

resources, enable consumers to manage their electricity use and QUICKLY AND REMAINDBALLY
participate in markets, and provide strong protection against plysic  coMPETITIVE, WE MUWSIDERNIZE
and cyber risks. OUR NATION'S ELECTRRIE

Fivekey trends aralriving this transformation that challenges the Patricia HoffmanAssistant Secretary for
capacity of the grid to provide us with the services we need, but also Electricity Delivery and Energy Reliability
provides us with the opportunity to transform our grid into a platform

for greater prosperity, gwth, and innovation.

1 Changing mix of types and characteristics of electric generdtioparticular, distributed and clean energy)

1 Growingdemandsfor a more railient and reliable grid (especially due to weather impacts and eyner physical
attack9

9 Growing supply and demanekside opportunities for customers to gagipate in electricity markets

91 Emergencef interconnected electricitinformation and control systems

9 Aging electricity infrastruct

1Se Appendix Aor full GMLC Charter.
2 Seehttp://enerqgy.gov/epsa/downloads/quadrennisnergyreviewfull-report and http://energy.gov/quadrenniatechnologyreview-2015

3U.S. Department of EnergQuadrennial Technology Review, Chapter 3: Enabling Modernization of the Electric Power System
http://energy.gov/qtr, September 208
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power generationtiel mix to decrease from 52 percent in 20089 percentin 2013. Over this same timeatural gas
powered generation grew from 16 percent in 2000 tog&fcent, andenewables increased from @ercent in 2000 to

13 percent (sed-igurel). Furthermore, in 2000, the total U.S. nbpdro renewable generation peak capacity was

16,500 MW, or 1.9 percent of the country's total (§6gure2). By 2013, this had grown to 93,000 MW, or 8 pera#nt

the total. In some markets the penetration oénewable power is much highée.g, solarphotovoltaics P\) provides
annually, on aveage,64 percentof annual peak load on the island of Kauai, Hawalihile the grid can easily

accommodate new baseload energy sources, the variable characteoktitost renewable andhanydistributed

sources introduces new challengesutilities andregulators whamust continuously balance demand with reliability and
affordability. Even more challenging, some variable sources, like wand,to beconcentratedin sgecific locations,

while others,suchas rooftopmounted PV, are widely distributed

Coal Ptlrlqouloldt:n Poggkheun NaGt;al g;fsi:rs Nociear | iRenewables IEother Total((émation
51.6% 2.7% | 0.2% 15.8% 0.4% . 19.8% 9.4% 0.1% 3,807,955
50.8% 3.1% | 0.3% 17.1% 0.2% 20.5% 7.7% 0.3%

50.0% 2.0% | 0.4% 17.9% 0.3% 20.2% 8.9% 0.3% 3,867,498
50.7% . 2.6% | 0.4% 16.7% 0.4% - 19.6% - 9.1% 0.4%

49.7% 2.5% | 0.5% 17.8% 0.4% . 19.8% . 8.8% 0.4% 3,979,023
49.5% 2.5% | 0.6% 18.7% 0.3% _ 19.2% . 8.8% 0.3%
48.9% 1.1% | 0.5% 20.1% 0.3% . 19.3% . 9.5% 0.3% 4,071,962
48.4% 1.2% | 0.4% 21.5% 0.3% . 19.4% . 8.5% 0.3%
48.1% 0.8% | 0.3% 21.4% 0.3% . 19.5% . 9.3% 0.3% 4,127,019
44.4% 0.7% | 0.3% 23.3% 0.3% . 20.2% ' 10.6% 0.3%
44.7% 0.6% | 0.3% 23.9% 0.3% . 19.5% ' 10.4% 0.3%

42.2% 0.4% | 0.3% 24.7% 0.3% 19.2% 12.6% 0.3%

37.3% 0.3% | 0.2% 30.3% 0.3% 18.9% 12.4% 0.3% 4,067,551
38.9% 0.3% | 0.3% 27.3% 0.3% 19.4% 13.1% 0.3% 4,074,457

FGUREL. U.S.ELECTRICITSENERATION BSOURCE

4 The White House, Office of the Press Secre@gmarks by the President in State of Union Addhgsss://www.whitehouse.gov/thepress
office/2011/01/25/remarkspresidentstate-unionaddress January 25, 2011

5U.S. Energy Informatiofdministration Electric Power Annua2012.

6U.S. Department of Energ8013 Renewable Energy Data Bobkcember, 2014.

7 Presentation from Michael Champley, Public Utility Commissioner from HI, Workshop on September 30, 2014.
8U.S. Department of Energ8013 Renewable Energy Data Bddkcember, 2014.
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A more robust and resilient electricity delivery is needed. From Hurrikamténato SuperstornSandy the economic

and human losses from the destruction of electric grids have become more visible in recent years. When storm
devastation covers highly populated or large areas, billions of dollars are lost and millions of peoplecied.affevere
storms are not the only threat: vulnerabilities tyberattacks have emerged as an important potential harm. The U.S.
Department of Homeland Security has evidence thdterattacks on key infrastructure and on the electric grid are
increasimg both in frequency and sophistication. In fiscal year 2012, some 198 cyber incidents were reported across all
critical infrastructure sectors. Foryne percent of these incidents involved the energy sector, particularly the electric
power sectort®

Changs in demaneside capabilities are also affecting electricity delivery. Growing installations of rooftop PV and more
energy efficient and gridesponsive appliances, buildings and industrial equipment, reduce the amount of peak power
capacity needed. IN&®IA GA 2y > O2yadzySNBR | NS AYyONBFraiAy3dafte 6S02YAy3
For example, there are now more than 600,000 homes and businesses wsite@olar PV. In 2014, PV installations
reached 6,200 MW, up 30 percent over 201®lanore than 12 times the amount installed five years egtfiand the
number of controllable devices in the system is rising sharply, causing problems with current control paradigms.

The emergence of interconnected electricity information and contraiesys provide both challenges related to
cybersecurity threats, and opportunities for raahe control, information and data exchange to optimize system
reliability, asset utilization, and security. The information technology (IT) and communicationsyafesla electric grid

is changing all aspects of grid planning and operations, including new requirements for interoperability, cybersecurity,
and the management of massive quantities of data from new meters and sensors.

9U.S. Department of Energg013 Renewable Energy Data Bddokcember2014.

10Bjpartisan Policy CenteCybersecurity and the North American Electric Grid: New Policy Approaches to Address an Evolv;ife vt
2014.

11 GTM Research and Solar Energy Industries AssociatidnSolar Market Insight Report: 2014 Ye&eview2015.
2015 Grid Modernization Initiative MYPP 3




The electric grid was designeddeliver electricity onevay, from centralized power plants to customers, with high
reliability at a moderate cost. As aging infrastructure is replaced, and smart meters and other digital communication an
control devices proliferate, operators will requiaglvanced control systems and distribution management systems that
can securely manage new digital technology and utilize the new data to inform system operations. Furthermore, 70% o
large power transformers and transmission lines are 25 years or oldéi6@ percent of circuit breakers are 30 years or
older!? A catastrophic failure of a transmission asset threatens system reliabilityched)ing system dynamics may
increase the likelihood that this can happen. As assets are replaced, thereppanunity to install nextgeneration,
higherperformance components.

A modernized grid is essential for the prosperity, competitiveness, and innovation of the U.S. e¢bhabmgreasingly

relies on high quality pows&r | yR G KS 3INARQA dibNd pgweFadd\idie affici2ngy will e afcitiéalS NJ
part of enabling a global clean energy economy. It must deliver reliable, affordable, and clean electricity to consumers
where they want it, when they want it, and how they want it, while maintaining iéti for change and providing a

platform for innovation. Additionally, a modernized grid must integrate customers and theiugadecisions into grid
2LISNF GA2yas NI GKSNI dKFy I aa dzYy sidehctarskahdidecisiémidk®s. 3 NA R¢é NB LJI

12 Global Environment Fund and Center for Smart Enfligg,Emerging Smart Grid: Investment and Entrepreneurial Potential in the Electric Power
Grid of the Futurghttp://assets.fiercemarkets.net/public/smartgridnews/sgnr_2007 0801, @€tober 2005
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1.0 Introduction and Overview

What is a Modernized Grid?

Transitioning to anodernized grid is a process, not an guaint. It is a transformation from a monolithic grid to ong
that is modular and agilécom centralized generationharacterized by decisions driven dfyordability and

reliability, to one of both centralized and distributed generatiand intelligent load contratharacterized by
decisions driven by cost and environmental sustainability, contained events, personalized energy options, and
security from #8 threats.
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As well as stimulating innovation, the future modernized grid will therefore balancattributes.