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Introduction

Energy is Everywhere

Estimated U.S. Energy Consumption in 2018: 101.2 Quads
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Introduction

Not Very Different

Estimated U.S. Energy Use in 2012: ~95.1 Quads 4 hi‘{.‘-’.’,?.';?ikﬁ":&?;e
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Introduction

Some Major Connections

Estimated U.S. Energy Use in 2012: ~95.1 Quads Iﬂ%ﬁg?ﬂ'w&%e
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Introduction

And really not very different...

Estimated U.S. Energy Use in 2008: ~99.2 Quads L Iﬂg‘g;?]gfﬂ'wrg{:)%e
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Introduction

Mostly From Fossil Fuels
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Some consequences...

Carbon Dioxide Concentration (Parts Per Million)
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Some Concurrent
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Reliability

Systems aim to achieve level of reliability that far exceeds that of
individual components through control actions.
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Reliability

Systems aim to achieve level of reliability that far exceeds that of
individual components through control actions.

v

| Reliability % | N "nines” | Down time |

99.9 3 9 hr/yr
99.999 5 5 min/yr
99.99999 7 3 seclyr
99.9999999 9 2 cycles/yr
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Performance

Today

Utility systems

N=4-5

Server farms

N=7-8
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Today

Somewhat Comparable Events
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Losing the PowerBall lottery | N=8 JACKPOT




Today

When Systems Falil...
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Multilayer structure

Four main layers - matter, energy, information and capital flows.
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Metrics for Energy Systems

@ Resilience - reliability and active adversaries (across layers),
o Efficiency - normal operation (energy layer),

@ Security (information layer),

o Affordability (capital layer),

@ Sustainability (material flow layer).
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@ Intime - 10 orders of magnitude
@ In space - 7 orders of magnitude
@ By power - 10 orders of magnitude
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@ Intime - 10 orders of magnitude
@ In space - 7 orders of magnitude
@ By power - 10 orders of magnitude

Built for efficiency.
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@ Intime - 10 orders of magnitude
@ In space - 7 orders of magnitude
@ By power - 10 orders of magnitude

Built for efficiency.

@ Normal and faulted operation - nature and active adversaries,
@ Uncertain inputs, regularized by physics,
@ Sparse sensing and intelligence at the periphery.
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Existing Electric Energy Systems

. g d
w Y Primary A\ Energy s End Z:
Conversion Network | User
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K |=
@ w too large, little from
renewables,
@ Unable to integrate novel
components,

@ Non-functional markets,
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Existing Electric Energy Systems

: g d
w Y Primary A\ Energy s End Z:
Conversion Network User
y
u
K |=
@ w too large, little from @ Over-designed components -
renewables, variations in z,
@ Unable to integrate novel @ Over-designed components -
components, fault accommodation,
@ Non-functional markets, @ Cascading faults.
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Resilience - a definition

Grid Resilience
A Identify Protect Detect Respond Recover
Prepare

Enit Respond Recover

System Performance

Time

The ability to prepare for and adapt to changing conditions and
withstand and recover rapidly from disruptions.
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Today

Reliability and Resilience

@ Operating reliability is the ability of the electric system to withstand
sudden disturbances such as electric short circuits or
unanticipated loss of system components

@ Today, reliability refers to high-probability, relatively low-impact
events (for which power systems have been traditionally designed
and operated for).

Alex Stankovic (Alvin H Howell Professor) Grid Integration _



Today

Reliability and Resilience

@ Operating reliability is the ability of the electric system to withstand
sudden disturbances such as electric short circuits or
unanticipated loss of system components

@ Today, reliability refers to high-probability, relatively low-impact
events (for which power systems have been traditionally designed
and operated for).

@ Resilience addresses low-probability, high-impact events,

@ Scenario-based, shorter time-frame, time-variability, quantification
of interventions.
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A recent high-impact event

24 JULY 2017

POST HURRICANE MARIA - 24 SEPT. 2017
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Wind variability over days

E-ON wind power variation over the year (theoritical max : 7.558 MW)

3. Wind power feed-in in the E.ON control area _
2004 between 0.2 and 38% of daily peak grid load
~ Installed
By ————————T——————] 7558 MW
:d - 1r ] ]
B 00
® i P R e _—
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S max
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B |
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8
g 50 Daily
min
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Installed capacity: 33.200MW including wind 7.558 MW (23%)
Production: 271.300 MWh includ. wind 11.300 MWh (4,16%)
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Renewables

And over hours

Delivered wind power: details of variation per 15 min

6. Short-term drop

in wind power feed-in over Christmas 2004
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Renewables

Prediction is limited
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=== CGuodian Hefeng Taizishan Wind Farm
Huaneng Pingdingpu Wind Farm

==r==Fuxin Zhangwu Wind Farm

=== Tieling Longyuan Wind Fram
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Renewables

Prices are a Half of European

Global electricity prices in 2018, by select country (in U.S. dollars per
kilowatt hour)
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Renewables

Competing Sources

Solar PV—Rooftop Residential )
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Renewables

And Governmental Influences...

Solar Pv—Rooftop Residential §187

§319

s145 I 5240

Solar PV—Rooftop C81 $65 $194
566 I $150
Solar PY—Community $76 $150
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An Example - CAISO Duck

Net Load - March 31
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Approaches to Integration of Renewables

Source-following ethos (— more grid).
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Approaches to Integration of Renewables

Source-following ethos (— more grid).

@ Larger spatial areas, dynamically varied,

@ Hybrid systems with conventional sources, and

@ Flexibility - better forecasts, dispatchable loads, buy / sell
algorithms, storage.
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Approaches to Integration of Renewables

Source-following ethos (— more grid).

@ Larger spatial areas, dynamically varied,
@ Hybrid systems with conventional sources, and

o Flexibility - better forecasts, dispatchable loads, buy / sell
algorithms, storage.

@ Transmission / distribution integration,
@ Multiple energy carriers (H2 - HENG),
@ Energy hubs - various forms of storage.

‘ R
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Future Electric Energy Systems

ﬂs
Energy End

Y, Primary |9 ;}
Conversion| | Network

u y —‘
L

@ Information layer (sensors,
coordinated K = local + global
context, loads inside)

@ Better blocks,
@ More w from renewables,
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Future Electric Energy Systems

]TL
Energy End z

W .| Primary |9 -=>
Conversion| | Network
u y
L
@ Information layer (sensors, @ Flatter control - decoupling
coordinated K = local + global from above and below, faster,
context, loads inside) more storage and routing,
@ Better blocks, @ Better design while steerin| M i
@ More w from renewables, component development.
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Smart Grid
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R, ot
Scales in Space and Time

Multi-Scale: Time, Space, Power

Ultra-wide _|
Area (EI)
Wide Area | Use Cases tile this plane
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Balancing |
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(Hatility) * Sensors (e.g., PMU)
L] i -
Substation —— Tlme_StampS
» Algorithms
» Power electronic actuators
Device == . Big Data (Bayesian
estimation)
| | | 1 L
T I I | | -
(& Day Hour Minute Second  Cycle

Alex Stankovic (Alvin H Howell Professor) Grid Integration




Interconnected Energy

wind
ENERGY HUB

[

electricity _ electricity

natural gas

solar heating

By connecting and coordinating different single-carrier systems in
societal cyber-physical networks overall performance can be

dramatically improved.
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Future

Full Disclosure...
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Issues

THRUST 3
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222 M

COMMUNITIES PORTS &
SUPPLY CHAIN
]
o -
T :Q»-é.
— =

POLICY

MARKETS g

FISHERIES

MARINE LIFE
Qgp’!’ THRUST 2
Met0Ocean/Offshore Wind Plant
LEGACY ASSETS
& SYSTEMS Convergent Zone

Alex Stankovic (Alvin H Howell Professor) Grid Integration _



A Massive Infrastructure

Diameter

Custom Siemens SWT GE Haliade MHi Vestas GE Haliade-X
House 20-3¢ 150-6MW. V164-9.5MW. 12MW
Tower
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Challenging Environment - Resilience Matters!
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| Ostorewied
Policy Matters
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Motivation for Change Persists
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Summary

@ carbon-free electricity,

o efficient and resilient networks,
@ functional markets and public policy.
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Summary

@ carbon-free electricity,

o efficient and resilient networks,

@ functional markets and public policy.
@ The efficiency is determined by the energy flow layer,

@ Key enablers for improvement are in the information flow layer,
@ The trajectory will be driven by the material and capital flow layers.
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Electricity Efficiencies
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A Similar Plot...
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