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Executive Summary 

This white paper synthesizes technology challenges for reaching a vision of the future 
grid that, in part, includes a high penetration of renewable generation technologies. The 
challenges are identified in six technical thrust areas in the PSERC Future Grid Initiative, 
a DOE-funded research effort entitled “The Future Grid to Enable Sustainable Energy 
Systems.  

A brief overview of each of the six thrust areas is provided first. Then, the technology 
challenges in each thrust area are presented.  

An important and key requirement of the research in each thrust area is the need to pro-
vide a seamless transition in the legacy grid while implementing the newly identified 
technologies. This is necessitated by the enormous capital investment in the legacy grid 
and its tremendous geographical breadth. With this basic premise, several key technology 
challenges associated with the various technical tasks in each thrust area are identified 
and discussed.  

The identified technology challenges in each thrust area can serve as a springboard for 
wider discussions of those and related challenges, and of how the challenges are being or 
can be addressed. The challenges also serve as a broad foundation on which to systemati-
cally identify potential paths leading to implementation of technology solutions to the 
challenges, and to a grid that enables attainment of national energy and environmental 
objectives. 
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1 Introduction 

A wide-spread transformation in the electric grid is underway. The grid is evolving away 
from a networked architecture with relatively few large, hierarchically-connected, tightly 
synchronized energy resources supplying large, medium, and many small passive con-
sumers. It is evolving toward a network driven by highly variable distributed energy re-
sources. These resources will be mixed with large central generation sources and energy 
storage. There will also be responsive users equipped with embedded intelligence and 
automation to meet their unique energy needs while co-existing and interacting within a 
complex dynamic network system. 

This transformation is driven by critical national energy challenges such as: 
• Energy independence and affordability 
• Energy reliability, security and efficiency 
• Economic development and job security 
• Environmental concerns and impact of climate change 
• Aging infrastructure, technology change and workforce needs. 

In order to address these national energy challenges, a range of energy solution options 
are being considered by government, industry, and customers, including: 

• Renewable resource technologies 
• Energy efficiency 
• Demand resource management 
• Electricity market solutions 
• Nuclear energy technologies 
• Development of domestic resources 
• Improved asset utilization 
• Electric transportation 
• Carbon capture and storage 
• Energy storage. 

Rather than relying on any one of these solutions, an approach that includes a combina-
tion of solutions is likely. Such an approach will require an electric grid infrastructure 
that evolves to enable new solutions as they are adopted. The critical elements of this 
evolution, and the drivers associated with each of these elements, are outlined in Tables 
1-4. 
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Table 1:  Changing generation supply mix 

Needed evolution to support this element Drivers of the evolution/changes 
T&D additions and changes Renewable resources 

Energy storage Retirement of aging conventional plants 
Enhanced control/communications Questions regarding nuclear additions 

Handling increased uncertainty Carbon regulation 
 

Table 2:  Demand transformation 

Needed evolution to support this element Drivers of the evolution/changes 
Expanding digital economy Economic constraints 

Power quality and reliability needs Changing customer needs 
Demand flexibility Green awareness and demand 
Electric vehicles Need for higher reliability and efficiency 

 
Table 3:  Complexity of the electric grid 

Needed evolution to support this element Drivers of the evolution/changes 
Expanding footprint Spatio-temporal constraints 
Impacts of market Computational complexity 

Tighter operating limits Stochastic nature of variables 
Greater reliance on communication and control Need to contain cost 

Need for advanced analytical tools 
  

Table 4:  Infrastructure vulnerability 

Needed evolution to support this element Drivers of the evolution/changes 
Reduce footprints of disruptions Shortage of skilled workforce 

Reliability of communication and control Inadequate analytical tools 
Reduce duration of disruptions Interdependence of cyber-physical systems 
Guard against malicious attacks 

   
Having identified the possible range of energy solutions, critical elements of the evolu-
tion of the electric grid, and the drivers of these evolutionary changes, technical challeng-
es will need to be addressed to transform the legacy grid. Addressing the challenges is 
driven by the large capital investment made in constructing the legacy grid and its im-
mense geographical footprint. In addition, there is the implied assumption that the future 
grid will not be built from scratch. Realistically, it would evolve, starting with the exist-
ing grid as the foundation. Identifying the technical challenges identified by the thrust 
areas in the Future Grid Initiative in pursuing this goal is the objective of this white pa-
per. 
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2 Context of the Challenges in Designing the Future Grid 

This white paper synthesizes technology challenges identified in the following six tech-
nical areas associated with the Future Grid Initiative: 

1. Electric energy challenges of the future 

2. Control and protection paradigms of the future 

3. Renewable energy integration and the impact of carbon regulation on the electric 
grid 

4. Workforce development 

5. Computational challenges and analysis under increasingly dynamic and uncertain 
electric power system conditions 

6. Engineering resilient cyber-physical systems 

These areas will be referred to as “thrust areas” in that they are focus areas in PSERC’s 
research on a future grid that enables the energy solutions while incorporating emerging 
new grid technologies. Within each thrust area there are specific “tasks” that address one 
or more particular challenges.  

This white paper principally identifies the technology challenges being addressed in the 
Future Grid Initiative’s research program, although broader challenges are also identified. 
Admittedly, these six thrust areas are not the only way to categorize the technology chal-
lenges in designing the future grid, but they do serve to provide a context for investiga-
tion of key challenges. After all, the grid is only a part of an overall energy system de-
signed to serve societal energy needs. However, the grid serves a critical enabling func-
tion. That context will be explored next in a discussion of the six areas. Then, technologi-
cal challenges identified by PSERC researchers will be presented. 

2.1 Thrust Area 1:  Electric Energy Challenges of the Future 

Electric power engineering is often viewed as a mature topic since the inception of this 
field dates back nearly 100 years. However, distinct milestones in the field have become 
‘game changers’ in the sense that these critical milestones have caused a radical change 
in design and operation of the electric grid. As an example, the concept of networking the 
transmission system was deemed impossible at first because it was thought that synchro-
nizing AC generation over long distances was not feasible. However, large-scale net-
working has become a design hallmark of contemporary transmission systems. Another 
example of a transmission design milestone is the use of digital computers to evaluate 
alternative designs (as well as alternative system operating scenarios). Examples of the 
game-changing features that face contemporary electric energy engineering are (1) utili-
zation of renewable energy resources (including both design and operation issues), and 
(2) maximizing the automated features of the system so that operation makes maximal 
use of the assets available. Also, the expanded use of electric energy in the transportation 
sector will reduce dependence on foreign oil. The added electric energy demand and its 
impact on the grid is another game-changing eventuality. 
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In this thrust area’s research, several key electric energy engineering challenges are ad-
dressed by bringing innovative engineering technologies [1] to bear on (1) integration of 
renewable resources into the system; (2) direct digital control of the system; (3) maximi-
zation of the use of sensory information to use the assets that we have; and (4) integration 
of plug-in electric vehicles. The research intent is to use newly available information in 
mathematics and statistics, instrumentation and control, communications and computing, 
and advanced concepts of transmission engineering to achieve multiple objectives: 

• renewable resource integration 
• maximal system operability and reliability 
• making use of digital technology where it is warranted and human operator skills 

where they are needed. 

The elements of this thrust area focus on electric energy challenges of the future through 
four critical areas: 

• transmission system design 
• substantive changes in power distribution system design 
• dynamic balancing of load and generation 
• wide area controls, including integrative controls in transmission and distribution 

systems [2]. 

These basic elements are unified by an integrative task in the thrust area to identify the 
likely future technologies that need to be analyzed and to research the identified critical 
areas. The integrative task is intended to focus on the next thirty years, inclusive of inno-
vative concepts that may be marginally practical today. 

2.2 Thrust Area 2:  Control and Protection Paradigms of the Future 

It is well accepted that new information technology solutions will enable the smart grid 
with new control and protection schemes that will increase the reliability and the effi-
ciency of the power grid. Moreover, the operation and control of a grid with high penetra-
tions of renewable generation resources will be very dependent on the availability and 
implementation of these schemes. Research and development of such schemes to solve 
specific problems are now quite common and some schemes, such as Special Protection 
Schemes (SPS) and System Integrity Protection Systems (SIPS), are already in use. 

However, these one-of-a-kind special control and protection approaches are very expen-
sive. What is needed is a streamlined process for the design, installation, operation, and 
maintenance of such control/protection schemes. The conceptual framework for this 
needs to be developed. New technologies have made it possible to move from largely lo-
cal control and protection to system-wide control and protection of the grid. The new 
framework has to be hierarchical so that the whole system can be covered and, at the 
same time, coordinated across the power system geographically and across the various 
transmission and distribution voltage levels. 

In Thrust Area 2, the objective is to develop the principle of hierarchical coordinated 
control and protection of the smart power grid. In achieving this objective, a major goal 
is to incorporate more renewable generation resources while increasing reliability and 
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efficiency. The thrust area tasks are structured to comprehensively look at this subject 
from the development of the theory to the engineering design and then to the testing of 
hierarchical coordinated control and protection. 

The first Thrust Area 2 task examines the requirements for the communication and com-
putation architecture for hierarchical coordinated control and protection. Unlike many 
other operational functions, control and protection have stringent requirements for laten-
cy of measurement and control signals.  

The second task investigates the hierarchical coordinated control of transient stability that 
could be significantly affected by high penetrations of wind and solar generation that will 
require energy storage devices for system-wide control. The coordination associated with 
off-line, on-line, and real-time time frames becomes more crucial with such system-wide 
controls. 

The third and final task in this thrust area focuses on hierarchical coordinated protection. 
A different approach to protection design is proposed where local protection is coordinat-
ed with logic at regional levels and higher. At these fast speeds, control and protection 
are conceptually difficult to separate since protection can be viewed as digital control. 
However, the long tradition of protection engineering and the increasing use of SPS pro-
vide methodologies that can be used in developing new analog controls. 

2.3 Thrust Area 3:  Renewable Energy Integration and the Impact of Carbon 
Regulation on the Electric Grid 

The integration of renewable energy resources into the power grid is driven largely by 
environmental regulation aimed at promoting sustainable energy resources and reducing 
carbon emissions resulting from energy use. Price and quantity controls of carbon emis-
sions through taxation or cap-and-trade policies, along with renewable portfolio stand-
ards, are the primary drivers for (1) massive penetration of renewable resources (such as 
wind and solar power) into the mix of electricity resources and (2) the electrification of 
transportation. However, the economics and the environmental regulations underlying 
such resources, as well as the operating characteristic of these resources which are strong-
ly influenced by weather patterns, has a profound impact on the planning and operation 
of the power grid.  

There are two characteristics of the power supply from renewable energy resources which 
present significant obstacles to their large-scale integration into the power grid. Renewa-
ble energy production is uncertain and cannot be forecasted accurately. Furthermore, it is 
highly variable over time so that even if perfect forecasts were possible, integrating mas-
sive amounts of such resources into the power grid presents significant challenges in 
terms of the operational dispatch, reserves, and ramping requirements. These problems 
are particularly acute with respect to wind power whose availability is often adversely 
correlated with demand.  

The unpredictability of wind power supply that may change rapidly due to cold fronts and 
wind shifts can cause large deviations from hour-ahead dispatch schedules. Starting up 
appropriate conventional units to compensate for a sudden shortage in wind power supply 
may take hours, necessitating curtailments of customer load. Furthermore, the need for 
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emergency startups leads to increased emissions, and increased maintenance costs due to 
added use of the generating units for emergency startup. Such emergency startups also 
disrupt market operations and increase dispatch costs due to the minimum load con-
straints of these units. An unanticipated increase in wind power generation is also prob-
lematic because it may require shutting down generating units due to minimum load con-
straints and over-generation.  

The minute-by-minute and intra-hour variability of wind power generation exacerbates 
the need for spinning reserve, non-spinning reserve, and regulation in order to mitigate 
potentially adverse impact on system reliability because of the inability to perfectly fore-
cast wind. Since wind tends to vary rapidly and in great magnitude, it becomes necessary 
to invest in and dispatch fast-starting generators with sufficient ramping capabilities. 
Those units are typically more expensive to operate. The California Independent System 
Operator (CAISO) has estimated that meeting a 20% renewable energy integration target 
will require generating units that can ramp twice as fast as existing units in order to keep 
up with the abrupt changes in wind power supply [3]. The ramping challenge due to intra-
day variability of renewable resources, and the scheduling challenge due to unpredictabil-
ity, are depicted in the two figures (Figures 1(a) and 1(b)) below. The figures were pub-
lished by CAISO. 

Regardless of the challenges of large-scale wind power integration, after 30 years of rapid 
technological development, and owing to current economic, political and environmental 
circumstances, wind power is poised to become a mainstream energy source capable of 
supplying bulk quantities of power to the electricity grid. Environmental regulations 
aimed at reducing carbon emissions are setting aggressive targets that will require high 
levels of renewable penetration. For instance, Assembly Bill 32 in California has set 
goals of cutting back greenhouse gas emissions to 1990 levels by 2012 and the renewable 
portfolio standard mandates 33% integration of renewable energy in California by 2020. 
As wind penetration increases, the aforementioned challenges may impact system relia-
bility, dispatch efficiency, cost of operation, and may even undermine the environmental 
goals that renewable portfolio standards aim to achieve, unless the adverse impact of such 
penetration can be mitigated through the harnessing of demand flexibility and deploy-
ment of storage. 

Studies have placed an estimate of wind integration costs of up to $7/MWh for integra-
tion levels between 2.4% to 20% [4]. On the other hand, significant amounts of wind 
power are spilled by system operators in Denmark, Texas, and California. This can hap-
pen for reliability reasons during load pickup, in order to avoid oversupply due to unex-
pected increases in renewable supply, or at night time when other generating units need 
to maintain a minimum output level.  
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Figure 1(a)  Example of ramping challenges at 20% Renewable Portfolio Standard 

 

 
Figure 1(b)  Techachapi Wind Generation in April 2005 

 
The proposed research in Thrust Area 3 aims at understanding and quantifying the impact 
that massive integration of wind power will have on the power system in terms of effi-
ciency, operational reliability, economic consequences, and environmental outcomes. It 
also focuses on the design and evaluation of technological and market-based approaches 
to mitigation of any adverse impacts of such integration. The analysis will be based on 
simulation models designed to explore and evaluate technological and market solutions 
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that can facilitate the integration of renewable resources. Specifically, the analyses will 
explore 

• the potential of harnessing the inherent flexibility of certain load types, such as 
heating and cooling and PHEV charging  

• the deployment of distributed and system level storage devices to mitigate the var-
iability 

• uncertainty of renewable resources.  

The distinct thrust area tasks complement each other in terms of their scope and methodo-
logical approaches to addressing the issues raised above. 

2.4 Thrust Area 4:  Workforce Development 

The electric power system is transforming into a clean and sustainable energy smart grid. 
The features that are expected to distinguish the future grid from the past grid are: 

• heavy penetration of variable energy sources 

• central and distributed energy storage 

• massive deployment of distributed communication and computational technolo-
gies allowing smarter utilization of resources and consumer participation.  

As a result of this evolution of the grid with emphasis on markets and integration of vari-
able sources of energy, there will be higher uncertainty in the planning and operation of 
these systems.  

The objective of this thrust area is development of educational tools to meet the needs of 
the current and future engineers who will be managing these complex cyber-physical sys-
tems as well as innovating to bring further transformations. The workforce development 
is important for several reasons. First, there is a projected workforce shortage [5] in this 
area. Second, this workforce will need to be educated with a different set of skills and 
tools than has been done in the past [6]. It is this workforce that will produce innovative 
ideas and transformative changes needed to orchestrate a clean and sustainable energy 
smart grid. The relevant education of this workforce is thus critical to the success of the 
future grid.  
In proposing the tasks in Thrust Area 4, the intended audience, as well as their needs, has 
been considered. It is understood that the education system will need to cater to a diverse 
audience and to their educational needs to plug the gaps in their current education. To 
cover a wide spectrum of needs, breadth and depth have been considered. Some educa-
tional materials will be focused on providing the breadth, and others on depth in needed 
areas.  

The intent is to offer a set of courses and develop materials for well-rounded education 
that has as broad an impact as possible by allowing access to these educational opportuni-
ties as conveniently as possible using modern educational technologies. The portability of 
the educational material will be an important feature. 



 

 9 

2.5 Thrust Area 5:  Computational Challenges and Analysis Under Increasingly 
Dynamic and Uncertain Electric Power System Conditions 

Computational methods and information systems have been at the center of secure and 
economic planning and operation of electric power systems for several decades. Today, 
transformational forces, such as renewable energy, distributed resources, energy storage 
and massive sensing, pose numerous and much more difficult computational challenges 
than experienced in the past. The addition of sustainability objectives to the traditional 
goals of grid economy and reliability has resulted in growing uncertainty and complexity, 
and is likely to make obsolete a significant portion of the current computational methods 
and information systems.  

The new decision-making tools needed in operations and planning must be based on 
computational methods that account for uncertain conditions and are capable of handling 
much more complex problems. On the other hand, the availability of massive, more de-
tailed, and new data from phasor measurement units (PMU’s), advanced metering infra-
structure (AMI), and intelligent electronic devices (IED’s) provides great opportunities 
for improved grid planning and operations. Ways must be found to aggregate, organize, 
and keep this data secure so that it can be leveraged to upgrade, extend, and replace exist-
ing modeling, computation, and decision-making tools. Use of computational systems in 
the future grid is illustrated in Figure 2. 

 

 
Figure 2  Computational Systems in the Future Grid 

  



 

 10 

Two broad issues are considered in this thrust area:  1) new data, analytics, and infor-
mation systems for critical decision making, and 2) new optimization methods that ad-
dress uncertainty. The following tasks will address the key computational challenges and 
will provide research results to guide strategic technology development and policy: 

1.  Decision-Making Framework for the Future Grid. This task will develop and demon-
strate a decision-making framework for the future grid that a) ensures that all the 
goals of the future grid can be met, b) covers all relevant spatial and temporal scales, 
c) addresses decision complexity, and d) identifies the gaps and technological needs 
for the industry transition.  

2.  Computational Issues of Optimization for Planning. This task will develop improved 
computational methods for long-term resource planning under uncertainty with ef-
forts to (a) further develop, implement and test a method to reduce the number of sce-
narios considered in stochastic programming when implemented with a rolling time 
horizon, and (b) solve multiple variations of a bi-level optimization problem with un-
certainty.  

3.  Hierarchical Probabilistic Coordination and Optimization of DERs and Smart Appli-
ances. This task proposes a three-level hierarchical stochastic optimization methodol-
ogy in real time around the physical separation of power systems into feeders, substa-
tions, and power grid. It addresses technology aspects and quantifies expected bene-
fits.  

4.  Real-Time PMU-Based Tools for Monitoring Operational Reliability. This task will 
develop real-time, PMU-based tools for helping operators with operational reliability 
issues:  a) system loadability condition monitoring, b) transient stability analysis, and 
c) real-time line model and equivalent parameter updating. 

2.6 Thrust Area 6:  Engineering Resilient Cyber-Physical Systems 

While there are a number of different definitions for resiliency, probably the one most 
germane to electric grids is the “ability of a system to gradually degrade under increasing 
system stress, and then to return to its pre-disturbance condition when the disturbance is 
removed.” A resilient power grid should not experience a sudden, catastrophic system 
collapse, but rather should be able to adapt to “keep all the lights on” under small to 
moderate system disturbances, and to keep at least some level of system service even in 
the event of severe system disturbances. This thrust area has research in three tasks to en-
gineer more resilient cyber-physical systems. 

The first task is to investigate how the cyber-physical infrastructure needs to be engi-
neered to deal with low frequency, but high consequence events. An example of such an 
event could be a severe geomagnetic storm. In fact, according to a 2009 National Acade-
my report, a repeat of the storm that occurred in May 1921 could result in hundreds of 
high voltage transformers being damaged. The research in this task will focus on the de-
velopment of power system analysis algorithms and tools to help manage such a crisis in 
the power flow and transient stability time frames. Results will be demonstrated using 
models of the major North American electric interconnections. 
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The second task focuses on engineering resiliency with respect to prevention of cascading 
failure. The traditional way to inhibit cascading failure is to enforce the n-1 criterion. 
Nevertheless, some cascades will start and propagate. The amount of cascade propagation 
after an initial failure is one measure of system resilience. Previous work has resulted in 
new approaches to statistically quantify the amount of propagation from observed or sim-
ulated blackout data. The research objective with this task is to develop practical applica-
tions of these new approaches so that cascading failure risk can be quantified and miti-
gated.  

The final task is to study how increased system monitoring and control can be used to 
improve power grid resiliency from an operations point of view. With increased penetra-
tion of renewable resources and the increased uncertainty due to these resources, the 
power grid of the future may be significantly less controllable on the generation side. Yet 
this loss of control on the generation side is compensated by (potentially) more controlla-
ble load, distribution and transmission. However, in order for the control to be more 
manageable and effective because of the increased uncertainty, it is imperative to utilize 
the next set of measurements in the hierarchy which consist of more localized measure-
ments to actually perform the control. Once this is done, the wide area measurements 
would again be used to evaluate the effectiveness of the control and determine if more 
local adjustments are required. 
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3 Challenges and Opportunities in Meeting the Envisioned Objectives 

Researchers in each of the six thrust areas have outlined a broad set of challenges that 
need to be addressed to design the future grid. These challenges are discussed in separate 
white papers [7-11]. In their work, researchers are focusing on specific aspects of the 
challenges they have identified. This section of the white paper provides a synthesis of 
the technology challenges identified in each thrust area in the broadest sense and outlines 
the steps needed to meet these objectives.  

A critical consideration in meeting the technology challenges is the substantial capital 
investment in the legacy power grid. Any new implementation of solutions associated 
with the identified technology challenges will require a seamless transition in the legacy 
grid. 

3.1 Thrust Area 1:  Electric Energy Challenges of the Future 

Several key technology challenges are associated with this thrust area. They include: 

1. Eventuality of a national transmission overlay to support increased penetration of 
renewables and the utilization of a mix of energy resources 

a. Technology to use AC versus DC 
b. If AC, consideration of ultra high voltage levels, six phase and related 

polyphase transmission 
c. If DC, consideration of multiterminal DC and meshed DC transmission 
d. Need for a DC circuit breaker 
e. Implications of the use of high temperature, low sag conductors 
f. Utilization of compact transmission designs to optimize hard to find right 

of way 
2. Critical need for high levels of energy storage at the bulk power level 

a. Need for high energy density storage other than pumped hydro in the 
Gigawatt-days range 

b. Economically viable energy storage 
c. Determination of the level of renewable resource penetration and associat-

ed variability that would render the cost to benefit ratio of energy storage 
to favorable ranges 

3. Robust and dynamic reserve requirements 
a. Determination of an optimal reserve requirement  
b. Examination of reliability criteria associated with reserve requirements 
c. Probabilistic risk assessment of reserve requirements 

4. Wide area control 
a. Designing robust, coordinated, and reliable wide area controls 
b. Tailoring wide area controls to dedicated applications 
c. Locating wide area controls 
d. Coordination of wide area controls 
e. Real time adaptation of wide area controls 
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3.2 Thrust Area 2:  Control and Protection Paradigms of the Future 

The main technical challenges outlined by this thrust area deal with the concepts related 
to the development of a hierarchical framework to design and coordinate control and pro-
tection schemes for the future grid. They include: 

1. Communication and computational architecture requirements for hierarchical co-
ordinated control and protection 

a. Requirements on communication latency and quality of service 
b. Robust communication networks with associated software development 
c. Design and development of databases to handle massive volumes of data 
d. Communication requirements within control areas and associated con-

straints on latency, bandwidth, protocols and communications technology 
e. Needed enhancements for simulation and design applications to support 

control and protection applications 
f. Simulations tools to analyze interdependent cyber-physical systems to ex-

amine required performance aspects 
g. Cyber security requirements 

2. Hierarchical decomposition of protection systems 
a. Predictive protection 
b. Inherently adaptive protection 
c. Corrective protection 
d. New architectures for coordinated hierarchical protection systems 

3.3 Thrust Area 3:  Renewable Energy Integration and the Impact of Carbon 
Regulation on the Electric Grid 

This thrust area includes several technology challenges that deal with the development of 
optimization and simulation tools that explicitly account for uncertainty in planning and 
operation of the future grid with increased penetration of renewable resources. The tech-
nology challenges associated with this thrust area include: 

1. Exploiting demand side flexibility as a hedge against renewable resource supply 
uncertainty instead of using conventional generation resources 

a. Is this paradigm shift viable? 
b. Optimal strategies needed to operate the system reliably 
c. Business models needed to aggregate load flexibility 
d. Centralized versus decentralized approach comparison 

2. Utilizing non-disruptive distributed load control to mitigate renewable resource 
variability 

a. Developing high fidelity models for thermostatically-controlled loads 
b. Evaluating the ability of such loads to provide the desired benefit 
c. How well would load control work in comparison to the same control 

achieved by generators? 
d. What are infrastructure needs for implementing this approach? 
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3. Market design to utilize dispatchable loads to meet renewable portfolio standards 
and emission reduction targets 

a. Can variability of renewable resources be accurately characterized sto-
chastically? 

b. Can future needs for frequency regulation and generation/load following 
be accurately estimated under different renewable resource penetration 
levels and emission targets? 

c. Can dispatchable loads be aggregated in order to examine engineer-
ing/economic feasibility? 

4. Need for stochastic optimization tools for planning and operation 
a. Adequate representation of system complexity 
b. Representation of production costing and reliability assessment 
c. Consideration of correlated behavior of loads and supply resources 
d. Validity of analysis over a time horizon 
e. Guaranteeing computational tractability 

3.4 Thrust Area 4:  Workforce Development 

This thrust area has identified key aspects of workforce development and identified the 
following challenges to nurture and train the workforce needed to design and operate the 
future grid: 

1. Steps to tackle the projected workforce shortage 
a. Need to address workforce needs across the spectrum – skilled workers, 

engineers and managers 
b. Play to our strengths of meeting needs at the BS, MS and PhD levels 
c. U.S. power engineering academic workforce is also graying. 

2. Curriculum redesign to meet the needs of the future grid 
a. Need solid grounding in basic power engineering fundamentals 
b. Evolve curriculum to address needs in complementary disciplinary areas 

(shown in Fig. 3) which are essential in engineering the grid of the future 
3. Leverage PSERC’s broad spectrum of expertise to develop relevant and appropri-

ate material to meet the interdisciplinary needs of education to engineer the future 
grid 

a. E-learning techniques 
b. Online course material 
c. Textbooks 

4. In addition to updating university curriculum, critical need to provide life-long 
learning experiences to the practicing engineer 

a. Self-paced online material 
b. Short courses 
c. Textbooks 
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Figure 3  Complementary Disciplinary Areas 
  

3.5 Thrust Area 5:  Computational Challenges and Analysis under Increasingly 
Dynamic and Uncertain Electric Power System Conditions 

The primary objective of this thrust area deals with examination and development of ap-
propriate computational techniques to handle the increasing dynamic and uncertain oper-
ating conditions in the future electric grid arising due to the high penetration of renewable 
resources, and the ability to control demand resources. The technology challenges identi-
fied in this thrust area include: 

1. A decision-making framework for the future grid 
a. Should be designed to meet the goals and objectives of the future grid 
b. Ability to address both spatial and temporal scales of the problem 
c. Ability to handle decision complexity 
d. Capability to fill the technology gaps in existing tools and provide for a 

seamless transition 
e. Flexibility to handle massive streams of data 
f. Consideration of demand as a resource 

2. Computational issues associated with optimization and planning 
a. Incorporating uncertainty – Dual stage approach in stochastic program-

ming models needs to be made more efficient taking into account a careful 
choice of the number of scenarios and the appropriate level of uncertainty 
representation 

b. Concomitant consideration of market implications of planning decisions 
results in significant computational complexity – a bi-level structure based 
approach needs to be designed keeping in mind the computational issues 
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3. Coordination and optimization of distributed energy resources and smart appli-
ances 

a. Need for a hierarchical probabilistic approach 
b. Ability to level total load, utilize most efficient units and control green-

house gas emission 
c. Minimize losses in distribution systems 
d. Capability to provide ancillary services 
e. Maximize reliability 

4. Utilization of real time PMU measurements for monitoring operational reliability 
a. Leverage the large national investment in PMUs 
b. Develop efficient application tools for a range operational reliability prob-

lems – system loadability, online security analysis 
c. Accuracy of developed tools need to be established 

3.6 Thrust Area 6:  Engineering Resilient Cyber-Physical Systems 

With the potential transformation of the future grid into a cyber-physical system, Thrust 
Area 6 examines approaches to enhance the resiliency of such systems. The technological 
challenges that need to be addressed in this area include: 

1. Building resiliency to high impact, low-frequency events 
a. Identifying events that could result in vulnerabilities to the system 
b. Designing and developing monitoring capability to sense such events 
c. Preventive or corrective control strategies to mitigate impact of such 

events 
2. Operating and planning considerations for resiliency 

a. Mitigating the impact of cascading blackout given increased uncertainty 
b. Since such events are rare, need to develop a suitable statistical model 
c. Cannot rely on past reliability and resilience of the power system due to 

transformational changes 
d. Need to quantify resilience and develop appropriate metrics and demon-

strate the advantages of using them 
3. Approach to build resiliency in cyber-physical systems 

a. Ability to handle loss of cyber system components in critical applications 
b. Can redundancy be built in the physical system to handle disruptions in 

the cyber system? 
c. How can such redundancy be designed? 
d. Can the approach be generalized? 
e. What are suitable application scenarios? 
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4 Conclusion 

The challenges in creating the future grid that enables sustainable energy systems are 
wide-ranging and diverse. The PSERC Future Grid Initiative has identified a set of tech-
nical challenges in six thrust areas to which solutions are being sought in collaboration 
with industry and government. Through a process that informs others about the research 
and education efforts, it is hoped that this research effort spawns other initiatives that 
pursue the solutions needed to create the grid that best meets national needs in the dec-
ades to come. 



 

 18 

References 

[1] L. Castanheira, G. Ault, M. Cardoso, J. McDonald, J. Gouveia, Z. Vale, 
“Coordination of transmission and distribution planning and operations to maximise 
efficiency in future power systems,” Proc. International Conf. on Future Power 
Systems, Amsterdam, Netherlands, 2005, pp. 1 – 5. 

[2] G. Heydt, “The next generation of power distribution systems,” IEEE Transactions 
on Smart Grid, accepted for publication, September 2010, pp. 1 – 10. 

[3] C. Loutan, and D. Hawkins, "Integration of Renewable Resources", California In-
dependent System Operator, CA, Nov. 2007;    U.S. DoE Energy Efficiency and 
Renewable Energy “20% Wind Energy by 2030.Increasing Wind Energy’s Contri-
bution to U.S. Electricity Supply”, May 2008. Avalable online at :     
http://www.20percentwind.org/20p.aspx 

[4] T. Ackermann, “Wind Power in Power Systems”. Chichester: John Wiley and Sons, 
2005;    F. van Hulle, "Large Scale Integration of Wind Energy in the European 
Power Supply: Analysis, Recommendations and Issues", European Wind Energy 
Association, Brussels, 2005. 

[5] Preparing the US Foundation for Future Electric Energy Systems: A Strong Power 
and Energy Engineering Workforce, 
www.pserc.org/.../workforce/US_Power_and_Energy_Collaborative_Action_Plan_
April_2009.pdf 

[6] Gerald T. Heydt, et al, Professional Resources to Implement the Smart Grid, NAPS 
2009. 

[7] Thrust Area 1: Electric Energy Challenges of the Future 
(http://www.pserc.org/documents/publications/papers/fgwhitepapers/Heydt_PSERC
_Future_Grid_TA1_May_2012.pdf) 

[8] Thrust Area 3: Renewable Energy Integration and the Impact of Carbon Regulation 
on the Electric Grid 
(http://www.pserc.org/documents/publications/papers/fgwhitepapers/Oren_PSERC
_Future_Grid_TA3_May_2012.pdf) 

[9] Thrust Area 4: Workforce Development - Meeting the Educational Challenge of the 
Smart Sustainable Grid 
(http://www.pserc.org/documents/publications/papers/fgwhitepapers/Singh_PSERC
_Future_Grid_TA4_May_2012.pdf) 

[10] Thrust Area 5: Computational Challenges and Analysis under Increasingly Dynam-
ic and Uncertain Electric Power System Conditions 
(http://www.pserc.org/documents/publications/papers/fgwhitepapers/Grijalva_PSE
RC_Future_Grid_TA5_May_2012.pdf) 

[11] Thrust Area 6: Engineering Resilient Cyber-Physical Systems 
(http://www.pserc.org/documents/publications/papers/fgwhitepapers/Overbye_PSE
RC_Future_Grid_TA6_May_2012.pdf) 

http://ieeexplore.ieee.org.ezproxy1.lib.asu.edu/search/srchabstract.jsp?tp=&arnumber=1600578&queryText%3Dfuture+power+transmission+systems%26openedRefinements%3D*%26ranges%3D2005_2010_Publication_Year%26searchField%3DSearch+All�
http://ieeexplore.ieee.org.ezproxy1.lib.asu.edu/search/srchabstract.jsp?tp=&arnumber=1600578&queryText%3Dfuture+power+transmission+systems%26openedRefinements%3D*%26ranges%3D2005_2010_Publication_Year%26searchField%3DSearch+All�
http://www.20percentwind.org/20p.aspx�
http://www.pserc.org/.../workforce/US_Power_and_Energy_Collaborative_Action_Plan_April_2009.pdf�
http://www.pserc.org/.../workforce/US_Power_and_Energy_Collaborative_Action_Plan_April_2009.pdf�
http://pserc.wisc.edu/documents/publications/papers/fgwhitepapers/Heydt_PSERC_Future_Grid_TA1_May_2012.pdf�
http://pserc.wisc.edu/documents/publications/papers/fgwhitepapers/Oren_PSERC_Future_Grid_TA3_May_2012.pdf�
http://pserc.wisc.edu/documents/publications/papers/fgwhitepapers/Oren_PSERC_Future_Grid_TA3_May_2012.pdf�
http://pserc.wisc.edu/documents/publications/papers/fgwhitepapers/Singh_PSERC_Future_Grid_TA4_May_2012.pdf�
http://pserc.wisc.edu/documents/publications/papers/fgwhitepapers/Singh_PSERC_Future_Grid_TA4_May_2012.pdf�
http://pserc.wisc.edu/documents/publications/papers/fgwhitepapers/Grijalva_PSERC_Future_Grid_TA5_May_2012.pdf�
http://pserc.wisc.edu/documents/publications/papers/fgwhitepapers/Grijalva_PSERC_Future_Grid_TA5_May_2012.pdf�
http://pserc.wisc.edu/documents/publications/papers/fgwhitepapers/Overbye_PSERC_Future_Grid_TA6_May_2012.pdf�

	Cover Page
	Title Page
	Contact Information
	Acknowledgements
	Executive Summary
	Table of Contents
	1 Introduction
	2 Context of the Challenges in Designing the Future Grid
	2.1 Thrust Area 1:  Electric Energy Challenges of the Future
	2.3 Thrust Area 3:  Renewable Energy Integration and the Impact of Carbon Regulation on the Electric Grid
	2.4 Thrust Area 4:  Workforce Development
	2.5 Thrust Area 5:  Computational Challenges and Analysis Under Increasingly Dynamic and Uncertain Electric Power System Conditions
	2.6 Thrust Area 6:  Engineering Resilient Cyber-Physical Systems

	3 Challenges and Opportunities in Meeting the Envisioned Objectives
	3.1 Thrust Area 1:  Electric Energy Challenges of the Future
	3.2 Thrust Area 2:  Control and Protection Paradigms of the Future
	3.3 Thrust Area 3:  Renewable Energy Integration and the Impact of Carbon Regulation on the Electric Grid
	3.4 Thrust Area 4:  Workforce Development
	3.5 Thrust Area 5:  Computational Challenges and Analysis under Increasingly Dynamic and Uncertain Electric Power System Conditions
	3.6 Thrust Area 6:  Engineering Resilient Cyber-Physical Systems

	4 Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.20000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.20000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


