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Mission:    To  overcome  long-­term  and  high-­risk  technological  barriers  
in  the  development  of  energy  technologies  
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Measuring  ARPA-­E’s  Success

Since  2009  ARPA-­E  has  provided  $1.5  billion  in  R&D  funding  
to  more  than  580  projects.

As  of  February  2017

74  projects  have  attracted  more  than                  
$1.8  billion  in  private-­sector  follow-­on  funding

68  projects  have  partnered  with  other  
government  agencies  to  further  development

56  projects  have  formed  new  companies
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U.S.  Power  Grid  



Evolution  of  Grid  Requirements
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Source:  DOE  Grid  Tech  Team

GRID
Modernization

Affordable

Resilient Accessible



US  Grid  Today  in  Few  Words  

DISPATCHABLE
RENEWABLE
GENERATION

DISPATCHABLE  
GENERATION

NON-­
DISPATCHABLE
RENEWABLE
GENERATION

STORAGE

DISTRIBUTED  
ENERGY  

RESOURCES  
(DERS)

‣ Top  down  management
‣ Control  generation  to  match  load
‣ Distribution  treated  as  net-­load
‣ Planning  for  highest  peak  load



Grid  Operation  … timescales

© 2011 General Electric Company. All Rights Reserved

▸Unit  Commitment  -­ deciding  which  units  will  be  
operational  at  a  given  time  (hours  to  days)
▸ Economic  Dispatch  -­ distributing  loads  among  already-­
operating  units  (minutes  to  hours)
▸ Frequency  regulation  and  ancillary  services  -­ only  on  
certain  participating  generators  (sub-­seconds  to  seconds)



Who  Manages  U.S.  Grid  Reliability?

GenerationDemand

+-­ 60  Hz

3  primary  electric  grids  in  US



For Operating Day:

Renewable 
Resources

Peak 
Production 

Time

M
a
x
. 

Peak Production 
(MW)

Daily Production 
(MWh)

Solar Thermal 11:36 365 3,093

Solar 10:36 9,012 85,031

Wind 17:25 4,989 104,612

Small Hydro 19:29 623 13,068

Biogas 10:04 157 3,652

Biomass 16:16 242 5,671

Geothermal 19:16 978 23,361

Total 
Renewables 238,489

Total 24-Hour System Demand (MWh): 589,105

28,074

Time: 20:37

Previous Renewables Watch reports and data are available at http://www.caiso.com/green/renewableswatch.html
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Tuesday, May 16, 2017

Renewables Production

24-Hour Renewables Production

This table gives numeric values related to the production from the various types of renewable resources for the reporting day. All values are hourly average unless otherwise stated. Peak Production is 
an average over one minute. The total renewable production in megawatt-hours is compared to the total energy demand for the ISO system for the day.  Solar PV and Solar thermal generators that are 
directly connected to the power grid.  “Solar PV” is defined as solar generating units that utilize solar panels containing a photovoltaic material.  “Solar Thermal” is defined as solar generating units that 

convert sunlight into heat and utilize fossil fuel or storage for production which may occur after sunset.

This table gives numeric values related to the production from the various types of 
renewable resources for the reporting day. All values are hourly average unless 
otherwise stated. Peak Production is an average over one minute. The total 
renewable production in megawatt-hours is compared to the total energy demand 
for the ISO system for the day.

System Peak Demand (MW) 
*one minute average
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This graph depicts the production of various generating resources across the day.
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The Renewables Watch provides important information about actual renewable production within the ISO grid as California moves toward a 33 percent 
renewable generation portfolio. The information provided is as accurate as can be delivered in a daily format.  It is unverif ied raw data and is not 
intended to be used as the basis for operational or financial decisions. 

Who  Oversees  U.S.  Whole  Sale  Markets?

RTO/ISOs
‣ Operate  the  transmission  grid  
‣ Dispatch  electricity  based  on  
marginal  cost  bids



Technologies  Making  Power  Grid  “Smarter”
‣ Ubiquitous  sensing  and  data  collection
‣ Plug-­and-­play  architecture  
‣ Active  Customer  Engagement
‣ Enhanced  Resiliency  &  Security

Nationwide  Power  Super  Highway



U.S.  Power  Grid  is  Changing!
‣ CAISO  opening  markets  to  DERs  (50%  by  2030)
‣ NY  Reforming  the  Energy  Vision  to  increase  renewables  &  DERs  (50%  by  2030)
‣ Hawaii  to  use  only  renewable  power  within  the  next  30  years  (100%  by  2045)
‣ Vermont  to  use  mainly  energy  from  green  sources  (90%  by  2050)Renewable Portfolio Standard Policies

www.dsireusa.org / February 2017
WA: 15% x 2020* 

OR: 50%x 2040* 
(large utilities)

CA: 50% 
x 2030

MT: 15% x 2015

NV: 25% x
2025* UT: 20% x 

2025*†

AZ: 15% x 
2025*

ND: 10% x 2015

NM: 20%x 2020 
(IOUs)

HI: 100% x 2045

CO: 30% by 2020 
(IOUs) *†

OK: 15% x 
2015

MN:26.5% 
x 2025 (IOUs)

31.5% x 2020 (Xcel)

MI: 15% x 
2021*†

WI: 10% 
2015

MO:15% x 
2021

IA: 105 MW IN:
10% x 
2025†

IL: 25% 
x 2026

OH: 12.5% 
x 2026

NC: 12.5% x 2021 (IOUs)

VA: 15% 
x 2025†KS: 20% x 2020

ME: 40% x 2017

29 States + Washington 
DC + 3 territories have a 
Renewable Portfolio 
Standard 
(8 states and 1 territories have 
renewable portfolio goals)

Renewable portfolio standard

Renewable portfolio goal Includes non-renewable alternative resources* Extra credit for solar or customer-sited renewables
†

U.S. Territories

DC

TX: 5,880 MW x 2015*

SD: 10% x 2015

SC: 2% 2021

NMI: 20% x 2016

PR: 20% x 2035

Guam: 25% x 2035

USVI: 30% x 2025

NH: 24.8 x 2025
VT: 75% x 2032
MA: 15% x 2020(new resources) 
6.03% x 2016 (existing resources)

RI: 38.5% x 2035
CT: 27% x 2020

NY:50% x 2030

PA: 18% x 2021†

NJ: 20.38% RE x 2020 
+ 4.1% solar by  2027

DE: 25% x 2026*
MD: 25% x 2020
DC: 50% x 2032



Grid  Change  Brings  Challenges

Dispatched  
generation

Predictable  
load

Capacity  
available

Intermittent  
DG

Variable  
Net-­Load

Capacity  
constrained

Renewables  penetration  is  limited  (<  30%)  because  of  lack  of  
capability  to  reliably  and  affordably  manage  its  variability



Sources  of  Grid  FlexibilitySOURCES OF OPERATIONAL FLEXIBILITY

Greening the Grid provides technical 
assistance to energy system planners, 
regulators, and grid operators to overcome 
challenges associated with integrating variable 
renewable energy into the grid.

FOR MORE INFORMATION
Jennifer Leisch 
USAID Office of Global Climate Change 
Tel: +1-202-712-0760 
Email: jleisch@usaid.gov

Jaquelin Cochran 
National Renewable Energy Laboratory 
Tel: +1-303-275-3766  
Email: jaquelin.cochran@nrel.gov

Greening the Grid is supported by the U.S. 
Government’s Enhancing Capacity for Low Emission 
Development Strategies (EC-LEDS) program, which 
is managed by the U.S. Agency for International 
Development (USAID) and Department of State with 
support f m the U.S. Department of Energy, U.S. 
Environmental Protection Agency, U.S. Department of 
Agriculture and U.S. Forest Service.

greeningthegrid.org | ec-leds.org 
NREL/FS-6A20-63039   May 2015

Adjusting day-ahead generation scheduling 
practices to allow changes closer to real time 
allows dispatch decisions to be made based 
on improved forecasts of both VRE output 
and demand. This decreases the need for 
expensive reserves and allows more accurate 
and efficient market operation. 

Other examples of institutional and 
operational sources of flexibility include 
expanding a power system’s balancing 
area to provide access to geographically 
diverse wind and solar resources and 
diverse demand; improving wind and 
solar forecasting; and increasing thermal 
plant cycling capability. 

Flexible demand and storage. Demand- 
side management and demand response 
enable consumers to participate in load 
control based on price signals. Demand 
response mechanisms include automated 
load control by the system operator; smart 
grid and smart metering; real-time pricing; 
and time-of-use tariffs. Demand response 
can be relatively inexpensive but requires 
strict regulations related to response time, 
minimum magnitude, reliability, and 
verifiability of demand-side resources. 

Storage technologies—including pumped 
hydro and thermal storage and batteries— 
hold energy produced during periods  of 
excess VRE generation and then discharge 
this energy when it is needed. Relative to 
demand response and other options for 
flexibility, storage generally has a higher 
capital cost [3]. 

Flexible generation. Conventional power 
plants and dispatchable renewable 
generators such as biomass or geothermal 
plants provide flexibility if they have the 
ability to rapidly ramp up and ramp down 
output to follow net load; quickly shut 
down and start up; and operate efficiently 
at a lower minimum level during high 
VRE output periods. New and retrofitted 
large-scale power plants, as well as smaller- 
scale distributed generation (e.g., micro 
combined heat and power units), can supply 
flexible generation. 

Flexible transmission networks. Extending 
transmission lines and interconnecting 
with neighboring networks provides 

the power system greater access to 
a range of balancing resources. The 
aggregation of generation assets through 
interconnection improves flexibility 
and reduces net variability across the 
power system. Other sources of flexibility 
include smart network technologies and 
advanced network management practices 
that minimize bottlenecks and optimize 
transmission usage [4].

REFERENCES
[1] Milligan, M. (2011). Capacity Value of 
Wind Plants and Overview of U.S. Experience. 
NREL/PR-5000-52856.

[2] Cochran, J., Miller, M., Zinaman, O., et 
al. (2014). Flexibility in 21st Century Power 
Systems. NREL/TP-6A20-61721. 

[3] Department of Energy. (2011). The 
Importance of Flexible Electricity Supply: 
Solar Integration Series. 1 of 3. DOE/GO-
102011-3201. 

[4] Miller, M., Bird, L., Cochran, J., et al. (2013). 
RES-E-NEXT: Next Generation of RESE Policy 
Instruments. International Energy Agency - 
Renewable Energy Technology Deployment. 

Written by J. Cochran, M. Milligan and J. Katz, 
National Renewable Energy Laboratory.

RELATIVE ECONOMICS OF INTEGRATION OPTIONS

Type of Intervention
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Option costs are system-dependent
and evolving over time

SYSTEM
OPERATION MARKETS LOAD

FLEXIBLE
GENERATION NETWORKS STORAGE

Grid Codes

Improved Energy
Market Design

Increased Ancillary
Service Liquidity

Joint Market
Operation

RE Forecasting

Sub-hourly
Scheduling and

Dispatch

Expanded Balancing
Fooprint/Joint

System Operation
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Reinforcement Pumped Hydro
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Example options for increasing flexibility in power systems characterized by high levels 
of variable renewable energy. Relative costs are illustrative, as actual costs are system 
dependent. Source: [2]

http://greeningthegrid.org/resources/factsheets/sources-­of-­operational-­flexibility

SOURCES OF OPERATIONAL
FLEXIBILITY

GREENING THE GRID

VARIABLE RENEWABLE ENERGY 
INCREASES THE NEED FOR FLEXIBILITY

Operational flexibility refers to the ability 
of a power system to respond to changes  in 
electricity demand and generation. Flexibility 
is particularly important for power systems 
that integrate high levels of solar and wind, 
whose power outputs can be variable and 
uncertain, creating a fluctuating supply. 

Variability refers to the changes in power 
demand and/or generation. Figure 1 
demonstrates  how the increased variability 
from renewables due to underlying resource 
fluctuations can impact power system 
operations. This figure introduces the concept 
of net load—i.e., the demand that must be 
met by other generation sources if all wind 
and solar power is consumed. Variability 
in wind and solar resources has several 
implications for the remaining generators, 
which experience steeper ramps, deeper 
turn downs, and shorter peaks in system 
operations. Ramps are the increase or 
decrease in rate of output to follow changes 
in net load. If, for example, wind generation 
is decreasing at the same time that demand 
rises, ramps can be steep, leading to less 
efficient generator operation and possibly a 
need for additional maintenance.

Other challenges occur during periods when 
power demand and wind and solar output  are 
poorly correlated. For instance, high  wind and 
solar output during periods of low demand 
creates a need for generators that can turn 
down output to low levels but remain available 
to ramp up again quickly. In contrast, well-
correlated VRE generation and demand can 
lead to shorter  peaks for dispatchable power 
plants, resulting in fewer operating hours and 
affecting cost recovery for these generators.

Uncertainty refers to the inability to 
accurately predict the power demand and/
or generator output, which can be affected 
either by unexpected outages or by the 
unpredictability of the resource. Uncertainty 
in forecasting wind and solar generation has 
implications for scheduling generation assets 
ahead of time.

WHAT IS OPERATIONAL FLEXIBILITY?
Changes in electricity demand and 
generation must be constantly 
balanced to maintain power 
system stability and reliability. 
Operational flexibility refers to 
the ability of a power system to 
respond to these changes.

Power systems are designed and 
operated to efficiently manage variability 
and uncertainty in electricity demand 
and resource availability. Variable 
renewable energy (VRE) increases this 
inherent variability and uncertainty, and 
thus increases the need for flexibility. 
Systems  with significant variability and 
uncertainty require flexible generators 
that can rapidly change output, operate 
efficiently at lower outputs, and operate 
for short durations. This flexibility in turn 
can reduce the need to curtail (decrease 
the output of ) solar and wind generation; 
improve investor confidence in VRE and 

revenue streams; decrease the risk of 
negative market pricing (which results 
when conventional generators cannot turn 
down to low outputs during times of high 
VRE output); and reduce environmental 
impacts by increasing system efficiency and 
maximizing the utilization of VRE.

SOURCES OF FLEXIBILITY
Sources of flexibility exist—and can be 
enhanced—across all of the physical and 
institutional elements of the power system, 
including system operations and markets, 
demand-side resources and storage; 
generation; and transmission networks. 
Accessing flexibility requires significant 
planning to optimize investments and 
ensure that both short- and long-time 
power system requirements are met. 

System operations and markets. Changes to 
system operation practices and markets can 
unlock significant flexibility, often at lower 
economic costs than options that require 
changes to the physical power system. 
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High levels of wind and solar generation can increase the need for flexibility in a power 
system. In this figure, net load (i.e., total load minus wind energy) must be supplied by 
generation sources other than wind. Flexible generators are able to rapidly increase and 
decrease output, and operate efficiently at a lower level, in response to variable wind energy 
generation.  Source: [1]



Emerging  Grid  Operation  Paradigms
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  &	
  DER	
  aggregators
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  transmission	
  &	
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• Aggregated	
  DERs	
  bid	
  into	
  bulk	
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‣ ISO	
  &	
  DSO
• ISO	
  manages	
  transmission	
  &	
  wholesale
• DSO	
  manages	
  distribution	
  &	
  retail

‣ Network	
  of	
  micro-­‐grids
• Power	
  supplied	
  locally
• Grid	
  supplies	
  backup	
  power



The gross volume of  transfers out of the ISO BAA 
occurs during midday hours
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Network  Optimized  Distributed  
Energy  Resources  (NODES)  

Program



If  we  can  actively  control  Net-­Load,  
50%  renewable  integration  is  possible



NODES
Network  Optimized  Distributed  Energy  Systems  

Goals
• Enable  renewables  penetration  at  >  50%
• Improve  overall  grid  efficiency  & reliability
• Reduce  CO2 emissions  
• Guarantee  Level-­of-­Service  to  the  Grid  
• Guarantee  customers’  QoS

Mission
Reliably  manage  dynamic  
changes  in  the  grid  by  leveraging  
flexible  load  and  Distributed  
Energy  Resources’  (DERs)  
capability  to  provide  ancillary  
services  to  the  electric  grid  at  
different  time  scales.

Project  Categories Response  Time Ramp  Time Duration

C1:  Synthetic  Frequency  Reserves <  2  sec <  8  sec >  30  sec

C2:  Synthetic  Regulating  Reserves <  5  sec <  5  min >  30  min

C3:  Synthetic  Ramping  Reserves <  10  min <  30  min >  3  hr



Grid  Reliability  -­ Frequency  Stability
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Category  1:  Synthetic  Frequency  Reserves
Objective
• Increase  “inertia”  in  the  system
Approach
• Load  providing  inertial  response  while  
using  local  measurements

Challenges
• Guarantee  stability  of  the  system  
• Guarantee  improvements  of  
frequency  compared  to  the  
traditional  generation  control  only

• Response  speed

Validation
• HIL  validation  with  a  minimum  of  100  actual  devices  at  power
• Large-­scale  simulation  (optional)  to  demonstrate  the  robustness  and  scalability

Inertial  Response

30  min5-­10  min20-­30  s0  s

60  Hz

5-­10  s

Inertial Resp. Spinning Reserves Non-Spinning Reserves

3  hrs

Grid Ancillary ServicesDroop 
Control



Category  2:  Synthetic  Regulating  Reserves
Objective
• Support  frequency  recovery/stability  of  the  system
Approach
• Use  coordinated  net-­load  control  to  
adjust  magnitude  and  shift  in  time  

Challenges
• Coordination  of  large  number  of  
heterogeneous  energy  resources

• Understanding  trade-­off    between  
peer-­to-­peer  communication  and  
optimal  performance  

Validation
• HIL  validation  with  a  min  of  100  actual  devices  at  power
• Large-­scale  simulation  (optional)  to  demonstrate  the  robustness  and  scalability

If  successful,  load  adjustment  +  shift  could  help  
enable  50%  renewables  at  92%  utilization

30  min5-­10  min20-­30  s0  s

60  Hz

5-­10  s

Inertial Resp. Spinning Reserves Non-Spinning Reserves

3  hrs

Grid Ancillary ServicesDroop 
Control



Category  3:  Synthetic  Ramping  Reserves
Objective  
• Coordinated  long  term  shifting  of  load  with  thermal/electric  

storage  (buildings,  warehouses),  and  non-­critical  load  
(pool  pumps,  PEVs)    to  reduce  curtailment  of  renewables

Approach
• Forecasting  aggregated  loads  capacity
• Supervisory  control  enabling  load  
balancing  signal  tracking

Challenges
• Modeling  and  control  of  

a  populations  of  controlled  loads
• Determining  control  requirements  for  

guaranteed  aggregate  load  performance

Validation
• Large-­scale  simulation  to  demonstrate  the  robustness  and  scalability

If  successful,  load  adjustment  +  shift  (>10%)  
could  enable  50%  renewables  at  95%  utilization

30  min5-­10  min20-­30  s0  s

60  Hz

5-­10  s

Inertial Resp. Spinning Reserves Non-Spinning Reserves

3  hrs

Grid Ancillary ServicesDroop 
Control



NODES  Project  Portfolio

Category  1:  Synthetic  
Frequency  Reserves

Category  2:  
Synthetic  
Regulating  
Reserves

Category  3:  
Synthetic  
Ramping  
Reserves



NODES  Projects  by  Team  Lead  Geography

$33.85M/$42.53M  
Program  to  accelerate  
technologies  that  Improve  
the  Efficiency  and  Reliability  
of  the  U.S.  Electrical  Grid

PNNL  
$2.66M
PNNL  
$2.66

PNNL  
$2.66M
UMN

$2.95M
PNNL  
$2.66M

Northwestern  U.
$2.69M PNNL  

$2.66M
Eaton  Corp.
$3.02M

PNNL  
$2.66M
U.  Vermont
$1.69M

PNNL  
$2.66M
DNV  GL
$2.15M

PNNL  
$2.66M

General  Electric
$4.05M

PNNL  
$2.66M
NRECA
$1.33M

PNNL  
$2.66M
NREL
$3.90M

PNNL  
$2.66M
ASU
$3.00M

PNNL  
$2.66M
UCSD
$2.57M

PNNL  
$2.66M
Stanford  U.
$3.83M

Category  1
Category  2
Category  3



Next  Steps

Recruit  Industrial  Advisory  
Board  (IAB)  Members  for  teams

01

Develop  grid  management  &  
control  technology  enabling  
large  scale  flexible  loads  &  
DERs  integration

02

Validate  solutions  in  HIL  &  
Large  Scale  Simulation

03

Work  with  teams  &    IABs  on  
technology  to  market  plans  
and  strategies

04

Engage  Industry Address  
Technology  
Needs

Demonstrate  
Novel  

Capabilities

Commercialize  
Technology



Members  of  Industrial  Advisory  Boards
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