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It is particularly fitting...

...that | am speaking to you today from \ J
Pittsburgh, PA. A

=

Rachel Carson graduated in biology from the
Pennsylvania College for Women, now Chatham
University, which is located just up the street from my

CMU office.

As you can see from the image below, the Pittsburgh
region proudly counts her as one of its own.

Rachel Carson — Plttsburgh s COnservatlomst

People .~ Rochel Carson - Pitisburgh's ervationis

Image sources: Wikipedia and positivelypittsburgh.com



Today | will talk about three things:

1. Some basic background on:
o Climate science
o The electricity system
2. Why electric power is critical to climate change:
o As aleading source of CO, and other GHG
emissions and how to reduce those emissions
o Asthe mostviable option to replace fossil fuels
3. The need to expand electric power transmission
capacity and some efforts we are undertaking to
address the problem.




To be an informed participant...

...In public discourse about climate change
people need to know three simple facts:

1. Burning coal, oil, and natural gas
produces carbon dioxide that enters the
atmosphere.

2.Carbon dioxide in the atmosphere
warms the earth, and that warming
changes the climate.

3. 0Once carbon dioxide gets into the
atmosphere, much of it remains there
for many hundreds of years.



My social science colleagues and | first studied
what people know 30 years ago
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developed to examine laypeople”s knowledge about the possibk causes and eﬁuu o!g]uhll warm-
ing, as well s the likely efficacy of p
opportunity samples of laypeople. Subjects had a poor lpym:l:!ion otthe Bicixcat (1) if significant

warming occurs, it will be primarily the fesult of an increise in the concentration of carbon
dioxide in the earth's atmosphere, and (2) the single most important source of additional carbon
dioxide is the combustion of fossil fucls, most notably coal and oil. In addition, their understanding
of the climate issuc was encumbered with secondary, imrelevant, and incorrect beliefs. Of these,
the two most eiteal are confusion with the problems of stratospheric ozone and difficulty in

p d more general good

What Do People Know About Global Climate Change?
1. Mental Models

In 1992, a mental-models-based survey in Pittsburgh, Pennsylvania, revealed that educated
laypeople often conflated global climate change and stratospheric ozone depletion, and ap-
peared relatively unaware of the role of anthropogenic carbon dioxide emissions in global
warming. This study compares those survey results with 2009 data from a sample of similarly
well-educated laypeople responding to the same survey instrument. Not surprisingly. follow-
ing a decade of explosive atiention to climate change in politics and in the mainsiream media,
survey respondents in 2009 showed higher awareness and comprehension of some climate.
change causes. Most notably, unlike those in 1992, 2009 respondents rarely mentioned ozone
depletion as a cause of global warming, They were also far more likely to correctly volunteer
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A set of exploratory studies and mental model interviews was conducted in order to characterize

public understanding of climate change. In general, respondents regarded global warming as both
bad and highly likely. Many believed that warming has already occurred. They tended to confuse
stratospheric ozone depletion with the greenhouse effect and weather with climate. Automobile
use, heat and emissions from industrial processes, acrosol spray cans, and pollution in general
were frequently perceived as primary causes of global warming. Additionally, the *‘greenhouse
effect’” was often interpreted literally as the cause of a hot and steamy climate. The effects attrib-
uted to climate change often included increased skin cancer and changed agricultural yiclds. The
mitigation and control strategies proposed by interviewees typically focused on general pollution
control, with few specific links to carbon dioxide and energy use. Respondents appeared to be
relatively unfamiliar with such regulatory developments as the ban on CFCs for nonessential uses.
These belicfs must be considered by those designing risk communications or presenting climate-

related policies to the public.

KEY WORDS: Climatc change; global warming; mental model; risk communication; decision making.

1. INTRODUCTION

The last decade has been marked by growing public
concern and widespread media coverage surrounding the
possibility of global warming due to an increased green-
house effect.# To a significant degree, the effectiveness
with which society responds to this possibility depends
on how well it is understood by individual citizens. As
wvoters, citizens must decide which policies and politi-
cians to support. As consumers, they must decide
whether and how to consider environmental effects
when making choices such as whether our resources are
most efficiently deployed by using paper or polystyrenc
foam cups.® Despite the crucial implications of their
knowledge and opinions for public policy, little is

* School of Public Policy,
Georgia 30332-0345,
of Engincering and Public Policy, Camegie Mellon Uni-
versity, Pitisburgh, Pennsylvania 15213,

Georgia Institute of Technology, Adlants,

known regarding the public’s literacy about global cli-
mate change.

‘The United States spends approximately $1.5 bil-
lion annually researching global environmental change,
including climate change. For that research to have any
practical value, its results must find their way to decision
makers, including individual citizens and policy makers.
In order to educate the citizenry, we must start by edu-
cating ourselves about what they already know and be-
lieve and how it differs from what they need to know
in order to make effective decisions. We cannot trust
technical experts’ intuitions about public hnilcfs 49 In-
deed, many ies in risk ion arise
when experts either underestimate or overestimate the
public’s knowledge. Consequently, the provision of in-
formation should begin with an empirical assessment of
what people already know, along with a scientific deter-
‘mination of what missing information is most critical to
their decisions.%™

0272433294/12000959507.0071 © 1994 Saciery for Risk Asalysis

1. INTRODUCTION

In the preceding paper, we used open-ended in-
terview methods 1o study how well several convenience
samples of well-educated laypeople understand the is-
sues surrounding climate change. We discovered a mix-
ture of correct and incorrect beliefs (e.g., viewing ihe
ozone hole as the principle cause of climate change, not
realizing the role of carbon dioxide and fossil fuel con-
sumption). We hypothesized that some of these misun-
derstandings could misdirect the public’s support for
posed policies, as well as leave it vulnerable to ma-
nipulation by interest groups.

‘Open-ended clicitation procedures allow people to
express their beliefs nmmlly. w:l.h a mmlmnm of con-

10 have small samples. We used results from our pre-
vious interviews, and from related studies by Kempton,™
10 construct a structured questionnaire which can be ad-
ministered to large numbers of subjects. In this paper we
give a more precise indication of the frequency with
which beliefs observed by Bostrom er al. and by Kemp-
ton are encountered among well-educated laypeople. We
reasoned that the beliefs and opinions of such well-cd-
ucated people are of particular importance because they
may be opinion leaders in their communities and are
likely to take on activist and leadership roles—indeed,
one of our samples comprised a group aspiring to lead-
ership positions in the city of Pittsburgh. Moreover, the
belicfs about technical issues held by well-educated peo-
plc vn!l pmhnhly constitute an *‘upper boundary” of so-
if our sample makes an error, it is unlikely

straints imposed by the gator's persp Un-
fortunalely, they are very labor intensive and, thus, tend

* Department of Engineering and Public Policy, Camegie Mellon Uni-
versity, Pittsburgh, Peansylvania 15213

School of Public Policy, Georgia lesdiute of Techaclogy, Auants,
Georgia 20332,

that the error will be less common in a less educated
sample.

Our work is designed to direct the content of risk
communications as well as s the level of public
understanding. Risk communication will be most suc-

971
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energy use as a major cause of climate change; many in 2009 also cited natural processes and
historical climatic cycles as key causes. When asked how 1o address the problem of climate
change, while respondents in 1992 were unable to differentiate between general “good envi-
ronmental practices™ and actions specific to addressing climate change, respondents in 2009
have begun 1o appreciale the differences. Despite this, many individuals in 2009 still had in-
correct beliefs about climale change, and still did not appear Lo fully appreciale key facts such
as that global warming is primarily due to increased concentrations of carbon dioxide in the
atmosphere, and the single most important source of this carbon dioxide s the combustion of
fossil fuels.

KEY WORDS: Climate change; global warming:
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1. INTRODUCTION

In 1992 we conducted a survey of beliefs and
attitudes in the United States concerning global cli-
mate change.! Since that time both the public dis-
course and media coverage of the issue have changed
almost beyond recognition. By 2008 climate change

Danicl J, Evans School of Public Affairs, University of Washing-
ton, Scattle, WA, USA.

2School of Management, Yale University, New Haven, CT, USA.

*Department of Engineering and Public Policy, Carnegic Mellon
University. Pittsburgh, PA. USA.

*Address correspondence to T. W. Reynolds, Daniel J. Evans
School of Public Affairs, University of Washington, Parring-
ton Hall 405, PO Box 353055, Seattle, WA 981953055, USA;
fax: (206) S43-4900; twreynol@u.washington.edu.

was al the forefront of popular media. Al Gore had
starred in an Academy Award winning movie on cli-
mate change; rock stars like David Gilmour and U2
offered “carbon neutral” CDs; and marketers, auto
manufaciurers, and even airlines were beginning to
promote their products based on their reduced ef-
fects on climate change.* Whereas in 1992 there was
little official acknowledgment of global warming, in
2008 both U.S. presidential candidates proposed ex-
plicit policies designed to reduce or slow climate
change.

“For an example, see httpiwww.casyjct.com/en/Environment/
indexhiml. Accessed April 15, 2010.

02724332/1040100-1520§22.00'1 © 2010 Socicty for Risk Analysis
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Today most American’s....

— 1.Burning coal, oil, and natural gas
produces carbon dioxide that enters
---NOW the atmosphere.

f;;g’:; first 2. Carbon dioxide in the atmosphere
two facts. warms the earth, and that warming

__ changes the climate.

BUT, most [ 3.0nce carbon dioxide gets into the
do not — atmosphere, much of it remains there
know this

for many hundreds of years.

third fact. —



When we add...

...carbon dioxide (CO,) to the atmosphere some of it
IS absorbed in the ocean or taken up by plants.

HOWEVER, most of the balance stays in the
atmosphere for hundreds of years.

That means that
some of the CO, you
are breathing as you
listen to me was
emitted in Britain
several hundred
years ago during the

industrial revolution! !magefrom:top5resources.blogspot.com/2014/05/industrial-revolution.html
7




There is no single residence time
for CO..

Here is how a pulse of CO, added today decays over time:

100

‘Ocean invasion

i_a nd upf:akei

Then, on time scales
of thousands of years,
it mineralizes.

0 N T N L1 | | | |
0O 20 40 60 80 100 200 400 600 800 1000
Years after CO, pulse

CO, pulse remaining in atmosphere (%)

Image source: IPCC AR5 WG1 8



Most people...

...think CO, stays in the
atmosphere about as
long as conventional air
pollution.

sk Ansiprss

i ion and Carbon
i sptions of How Long Air Pollution
i Pcl;?n?iin in the Atmosphere

joxide 2
Dioxid: Bruine de Bruin®*

3 and Wiindi
den (9.} M. Granger Morgan Ann Bostrom:

Rachel Dry

Image from: Dryden, R., Morgan, M.
G., Bostrom, A., & Bruine de Bruin,
W. (2018). Public perceptions of how
long air pollution and carbon dioxide
remain in the atmosphere. Risk
Analysis, 38(3), 525-534.

Allegheny County PA mail sample:

80%

72%

60%

40%

20%

1%

longer No difference CO2 longer

Percentage of respondents

AP
M-Turk national sample:
80% r
60%
40% F
20%
1% 1%
0% T T 1
AP longer No difference CO2 longer

Difference in people’s estimates of how long air
pollution (AP) and CO, stay in the atmosphere



Here Is a bathtub model
that helps explain

The case of carbon
dioxide

The case of regular
air pollution

Regular
air pollution

Carbon
dioxide

large small |

drain Once it it in the atmosphere drain Once it it in the atmosphere
air pollution only stays there much of the carbon dioxide
for a few hours. As soon as stays there for many hundreds
the faucet is closed down (i.e. of years. To stop filling the tub
emissions are reduced) the the faucet has to be almost

tub starts to drain. completely shut off.
10



The bottom line

We can argue about how fast we should reduce our
emissions of carbon dioxide and other greenhouse gases —
how best to make the tradeoff between incurring
inconvenience and costs today versus leaving a habitable
world for our children tomorrow.

But neither proceeding full steam ahead pretending the
problem of climate change doesn’t exist - which appears to
be the new policy of the U.S. government - nor going along
with that policy because folks figure that in a few years
when things get bad enough, we’ll just fix the problem —is
simply not going to work.

Much of carbon dioxide we add to the atmosphere
today will still be there, warming the planet and
changing the climate for our grandchildren.

11



Today | will talk about three things:

1. Some basic background on:
o Climate science
‘ o The electricity system
2. Why electric power is critical to climate change:
o As aleading source of CO, and other GHG
emissions and how to reduce those emissions
o Asthe mostviable option to replace fossil fuels
3. The need to expand electric power transmission
capacity and some efforts we are undertaking to
address the problem.

12



The traditional structure of the
electricity system

Generation Transmission Subtransmission Distribution
| | £\ A A ~
% o . - -
o =
n 0 0 n
.'."m CormetalSesdesa
Generating  Transmission Transmussion Transmession Customer Distribution Customers
Station Substation Lnes Sutstaton Substation

Three Phase Power
A few things to notice: O e ez P

* Three conductors because using three phase alternating -
current (AC) is more efficient for long transmission and o |
for many heavy loads like big motors. . M |

« High voltage (V) is used for transmission since power is the socond
product Vxl, but losses go as I°R, so moving a given amount -
of power using a higher voltage means lower current (l) and lower losses.

* While many large customers take three phase power at thousands of volts, most
residential customers take single phase power typically at 240/120 volts

120/

mO>d~Nrocx<

p———1/60 second———»

-
TIME

13
Image sources:researchgate.net; pocketsparky



SMART GRI D Smart appliances

A vision for the future — a network
of integrated microgrids that can frequency fluctuations.

monitor and heal itself.

Today that simple traditional system
Is getting more and more complicated

Demand management
"7\ Use can be shifted to off-
peak times to save money.

Can shut off in response to

Solar panels

&b

4%, Disturbance
/" inthe grid

Execute special protection g
schemes in microseconds. \J

disturbances, and can signal
for areas to be isolated.

ergy generated at off-
| peak times could be stored

| in battedes for later use.

Central power
plant

Wind farm

Energy from small generators
and solar panels can reduce
overall demand on the grid.

Industrial
plant

© 2008 Macmillan Publishers Limited. All rights reserved
Image from NASEM The future of electric power in the United States, 2021 14



These two National Academy
Consensus studies...

...that | chaired provide background on the U.S. electricity
system. They can be downloaded for free from the web site
of the National Academy Press

The Future of Electric Power
in the United States

Enhancing the

RESILIENCE

of the Nation's Electricity System

2017

15



Today | will talk about three things:

1. Some basic background on:

o Climate science

o The electricity system
2. Why electric power is critical to climate change:

‘ o As aleading source of CO, and other GHG
emissions and how to reduce those emissions
o Asthe mostviable option to replace fossil fuels

3. The need to expand electric power transmission

capacity and some efforts we are undertaking to

address the problem.

16



Where CO2 comes from, in the
U.S. and globally:

Agriculture
10% Globally 19 %

\

Commercial &

Residential
13%
Globally 7 % Transportation Globally 16%
29%
; Electricity
Globally 31 % 5%

Globally 27 %

Sources: US EPA and Gates
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1 quad is 10" BTU or = 0.3x10'2 kW-hr

The US energy system: /

Lawren Li
Estimated U.S. Energy Consumption in 2022: 100.3 Quads Naﬁona?eumoor;e

Net Electricity
Solar 1.28 Imports

0.14

s commmroinl o

Source: https://flowcharts.llnl.gov 18



Basically, three strategies:

Use more generation
that does not produce
CO,

Net Electricity  0.05

rUse the electricity we

sowe don’t need to

Estimated U.S. Energy Consumption in 2021:

CO, enter the

[Don’t let the
atmosphere,

make as much.

generate more efficiently

J

Lawrence Livermore
National Laboratory

Rejected
Energy
654

aaaaaa




There is an enormous potential to reduce CO, emissions through
more efficient use of electricity. Here are four examples:

Heat pumps:

Refrigerators:
Average slectrhchty use of | household rEirigBralur!’lrEBIirsl {
by year af purchase
- (IIF SERRCERRERRRER 00
(NI RERE == 88 O

IHF DTRORORERAE 0
I HNTRARORRRRREE T
NI e

W A 0
= L a e S Efficiency VT:
Solid state lighting: g o USA
=
G
£ 8000 |-
o
g VT
3
» 4000 -
g
£
=
-
1940 1960 2000

20

Sources: Marilyn Brown et al.; Phillips; Bosch; Kensa; M. Dworkin



How the US generates electricity

billion kilowatthours

4 500
4 000
renewable
3,500
nuclear
3,000
18.6%
2,500
Gas
2,000
1,500
1,000
0]
s Coal 16.2%
0
1950 1960 1970 1980 1990 2000 2010

MNote: Electricity generation from utility-scale facilities.

Source: U.S. Energy Information Administration, Monthly Energy Review, Table 7.2a,

March 2019

Fraction of total from

renewables in 2023
Wind 10.2%
Hydro 5.7%
Solar 3.9%
Other 1.6%

A

@]
—

21



In the early 2000s the shale gas revolution took off, and gas
prices fell dramatically. Because producing electricity with
gas produces only half oars o ion Bt haroa s o 2020 &

18

as much CO, as using 1

14

coal, some describe the =

10

June 2020
average
$1.63/MMBtu

switch to gas as a “bridge -

:
to decarbonizing : real 20135
e le Ct ri C ity.” 01 950 1995 2000 2605 2610 2615 2520

Source: U.S. Energy Information Administration, Short-Term Energy Outlook

BUT... a bridge needs an abutment at the far end and, so far not much has
been done to build that!

Image sources: G.Morgan, EIA, http://mydrivingseat.com 22



We’ve got lots of coal and gas...

...and, while wind and solar should play a
much bigger role, we are not likely to be able
to completely decarbonize just using
renewables.

4 N

That means we need to find
ways to use gas (and perhaps
some coal) while not releasing
CO, to the atmosphere.

\V )

23




Capturing CO, from coal or gas plants

1. Burn it in the normal way and then
scrub the carbon dioxide out of the
“flue gas” (which is mainly made up of
nitrogen since that is what makes up
most of air).

2. Separate oxygen from the air and
burn the coal or gas in oxygen. That
way there the flue gas is mostly carbon
dioxide so its easy to capture.

3. Extract the hydrogen run the plant on
hydrogen. When hydrogen burns it
combines with oxygen to make H,0,
which of course is just water.

electric power

=

. power
» plant

(or oil or natural gas)

N2, SOx, NOx, etc.

flue gas separation

# p| ant

To a deep geological formation
or the deep ocean.

electric power

* N2, etc. *

separation

air_> plant

oxygen

flue gas SOx, NOx, etc.
power separation

plant [, ant

#

(or oil or natural gas)

To a deep geological formation
or the deep ocean

electric power

air
water vapor, NOx

hydrogen

power

gasification

—>plant

(or oil or natural gas)

other uses

sulfur and
other wastes

24
To a deep geological formation
or the deep ocean.
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This is not just pie in the sky

Sources: www.free-pictures-photos.com and movementbuilding.org




W.A. Parish Plant

3 Cogeneration Plant
. (power for CCS system) §
= -

757
coal-fired power plant southwest of Houstefi™ R
Image from NRG e ad

-




L.~ Once the CO,
has been
captured...

...It must be compressed
~and injected into suitable

siwin  geological structures

Co; Storage n deep under ground

Reservoirs Salt Bed

Source: www.nrcan.gc.ca (> 1 km).

CO; Storage in
Coal Beds C0O; Storage
Depleted Oil & Gas

Storage prospectivity
@ Highly pospociem sedmentany
REEH

i Pronpsclive sadimenlar basims

Mo prospectes secbmerinry
basins, mefnmanphic nd
IFOLEE ok
Dala quakly s gealalsfity vary
MG PRgios

ﬁF'— i Source: IPCC
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Ve Sleipner Field

pre——

Image sources: USGS and 21stcentech.com 28



Melkgya near
Hammerfest

This facility (at 70.6 °N) receives and processes natural gas from the
Snghvit field in the Barents Sea. The gas is conveyed in a 160 km gas
pipeline to the facility, which became operational in the autumn of 2007



We ran a big project on CCS ...

...and published a book through RFF Press.

M. GRANGER MORGAN & SEAN T. MCCOY

With Jay Apt. Michae! Dworkin, Paud S, Fischbeck, David Gerard, Kaitin A Gregg.
R. Lee Gresham, Colin R. Hagsn, Donald M. Kreis, Robert R. Nordhaus, Emly R. Pitlick,
Melsa Pollsk, Jessca L. Reiss, Edward S. Rubin, Keri Twaite, and Elizabeth J. Wilson

CARBON CAPTURE
ND SEQUESTRATION

Removinag the Le i Reqgulatory Barriers

Contents

1. The Importance of CCS in a Carbon
Constrained World

2. Technology for Carbon Capture and
Geologic Sequestration (CCS)

3. Siting CO, Pipelines for Geologic
Sequestration

4. Permitting Geological Sequestration Sites

5. Learning from and Adapting to Changes
in Geologic Sequestration Technology

6. Access to Pore Space for Geological
Sequestration

7. Liability and the Management of Long-
term Stewardship

8. Greenhouse Gas Accounting for CCS

9. Making CCS a Reality

10.Conclusions and Recommendations



Learning takes time

In the case of both SO,
scrubber technology and in
the case of NOx control
technology, Ed Rubin has
found that costs rose
significantly after problems
were encountered with the
design and performance of
the first few plants.

There is every reason to
believe that the same is
true for CCS.

31

Capital Costs (US$1997/kW)

SCR Capital Costs (US$1997/kW)

300 4
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200 1960
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Source: Rubin et al., IJGGC, 2007 31
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The US and the world are moving
MUCH too slowly on CCS!

-, ® @ Status
O Capture
O Fuel

O Source
O Storage
O Injection

Hover over a project
ASIA Click for more information

Atlantic
Ocean @
Pacific
Ocean
AFRICA @ @
Operational
SOUTH . Pilot
AMERICA @ In Build
Indian O In Design
‘ O © Ocean In Planning
O Speculative
S C C S Cancelled/Dormant
Finished
| 3000km | <@
I 2000 M == | eaflet | © Esri, Esri, DigitalGlobe, Earthstar Geographics, CNES/Airbus DS, GeoEye, USDA FSA, USGS, Aerogrid, IGN, IGP, and the GIS User Community
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Image source: https://www.sccs.org.uk/resources/global-ccs-map



Today about 40% of US
electricity is carbon free

Today in the US we make about:
5.7 % from hydropower
18.6 % from nuclear
10.2 % from wind
3.9 % from solar

1.1 % from biomass & geothermal

To fully decarbonize by 2035, we’ll need to build 255 GW new
carbon free electricity per year. Although the U.S. built 60 GW
of natural gas generators per year in 1999 and 2000, it has not
built more than 15 GW of renewables in a single year. We can
do it - but it will take a BIG push.

Source: U.S. EIA 33



Wind can play a bigger role

But, as the fraction of installed capacity grows,
dealing with intermittency becomes a major
problem.

8000 -

4000 -

2000 - l

0 C 1 1 1 L 1 1 1 1 1 L 1 1 1 1 1 1 1
0 2000 4000 6000 8000
rs since July 1, 2004

In places with lots of thwdro power, like the U.S.
Pacific Northwest and Scandinavia, this can be

handled. Elsewhere it is a serious problem

Real Power Output (kW)
[=2]
o
o
=)

SourcesuGE, Jay Apt, USBoR
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5 0 25 3 3 40
.

Ereak-even electricity price (¢/k\Wh)

Shelly Hagerman, Paulina Jaramillo and M. Granger
Morgan, "Is Rooftop Solar PV at Socket Parity Without
Subsidies?," Energy Policy, 89, 84-94, 2016.

Photo from energynext.in

w

)

Solar Power Output (MW)

7AM 8AM 9 AM 10 AM 11AM 12PM 1PM 2PM 3PM 4PM

>unShot

U.S. Department of Energy
The U.S. Department of Energy SunShot Initiative is a
national effort to drive down the cost of solar electricity
and support solar adoption. SunShot aims to make
solar energy a low cost electricity source for all
Americans through research and development efforts

in collaboration with public and private partners.

35
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Nuclear

As the French have clearly shown, despite its various issues,
nuclear power is capable of serving a nation's electricity
needs without CO, emissions. In years past about 88% of
EDF's electricity has been generated in 58 nuclear power
plants at 19 different sites.

In the US ~20% of our Issues include cost, public

o acceptance, safety, risk of
electricity has been nuclear proliferation, and waste

coming from nuclear management
power. That is carbon free =
electricity. These plants
are getting old so there
are major efforts
underway to engage in
“life extension”.

°

36

Source: www.edf.fr/12025m/txt/Homefr/EDFEnergies/Nuclearpower.html; en.wikipedia.org/wiki/Electricité_de_France



net generation
million megawatthours (MWh)
850

U.S. Nuclear overtime |,

800
In 2023 18.6% of U.S. electricity generation came from nuclegk¢ /_/_’\)

778 million
750 MWh
725
700
675
U.S. nuclear power plant capacity additions and retirements (2018-2025) (650 ———
megawatts (MW) 2013 2015 2017 2019 2021

Georgia's Vogtle Unit
3 plans to come
online later this year
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SMR and micro reactors

Many argue that if new nuclear plants are going to
play a role in decarbonizing the US energy system
over the next 3-4 decades, it will be via factory
mass-produced light water small modular reactors
(SMRs) and even smaller micro- reactors.

While SMR’s could be used to produce
electricity, they could also be used for process
heat for many industrial processes.

Images from NuScale



While there i1s lots of talk, | think for the
next several decades we’ll not see
significant new nuclear

US nuclear power: The vanishing low-carbon wedge

M. Granger Margan®’, Ahmed Abdulla®, Michasl | Fasd®, and Michaal Rath*
Sited by 8 L Tusmmr, Az St tm Univensity, Tampm, AZ, and approved Moy 30, 2013 (recenved] e review March 213, 2018}
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Today | will talk about three things:

1. Some basic background on:

o Climate science

o The electricity system
2. Why electric power is critical to climate change:

o As aleading source of CO, and other GHG
emissions and how to reduce those emissions
‘ o Asthe mostviable option to replace fossil fuels

3. The need to expand electric power transmission

capacity and some efforts we are undertaking to

address the problem.
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Options to use electricity to
decarbonize the other sectors:

Electric vehicles
Electrofuels

Electric vehicles
Electrified rail
Electrofuels

Agriculture

10%_\

Commercial &
Residential
13% N

. . Transportation
Heating/cooling P

29%
Lighting
Electrofuels
— {. I
( Process heat / Electricity
Electrolysis ! 25%
CCS ’
Electrofuels
N\

[ DAC (direct air capture) ]
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Electrofuels
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Image from M. Grahnet al, 2016.
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Electric vehicles

Hybrid

) = A

S

Images from: Toyota, Mercedes, Volvo, Hurtigruten
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Heavy Industry...r i make simple comments
on two examples

Roasted ore,
Process Step

coke, limestone

CO, is generated

—— CO,CO,,N, Coke plant 0.794
sraoc ke RQther than use coke Several Sinter plant 0.200
65, 410°C  Fey . . . . Pellet plant 0.057
~ " ™ dodirect reduction with ‘€S- Blast furnace 3219
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CO, is generated from three independent

sources:

Je-carbonation of limestone in the

iln (about 525 kg CO, per tonne of

linker),

combustion of fuel in the kiln (about

335 kg CO, per tonne of cement) and

« use of electricity (about 50 kg CO, per
tonne of cement).

Source: https://www.ctc-n.org/technologies/clinker-repldcement
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Today | will talk about three things:

1. Some basic background on:
o Climate science
o The electricity system
2. Why electric power is critical to climate change:
o As aleading source of CO, and other GHG
emissions and how to reduce those emissions
o Asthe mostviable option to replace fossil fuels
» 3. The need to expand electric power transmission
capacity and some efforts we are undertaking to
address the problem.
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Do we really need more
transmission?

Won’t distributed generation (DG) like rooftop solar and
moving large loads such as data centers to where electricity

Is generated make it unnecessary to expand transmission
capacity?

The answer is no. Those things will help but we still
need to move power to where loads are from:

* wind power in the Midwest and offshore platforms,
* solar inthe Southwest

* hydro from Canada and other remote locations
And we also need it to assure continued system
resilience (e.g. with more inverter-based power etc.)
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But we face a logjam...

... arising from public opposition and legal, regulatory

and other constraints including the incentives faced by

utilities, that makes it difficult, often even impossible, to
move clean energy from the locations where it is
produced to the locations where it is needed, while
assuring that the power system remains resilient.

MILES OF 345 KV+ TRANSMISSION LINES ADDED EACH YEAR

III IIII'III__
011 2012 2013 2 015 2016 2017 2018 2019 2020 2021 2022 2023

2010 2 014 2

Figure from Shreve et al. (2024)
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Growing backlog in the interconnection queue

Data are from seven independent system operators and regional transmission organizations and 26 utilities as of the end of

2023. The completion rate shown is calculated based on number of projects, not capacity. For projects entering queues in

recent years, the final outcome may have yet to be determined.
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Figure from Armstrong et al. (2024).
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The Federal Energy Regulatory
Commission (FERC)...

...several DoE labs, and others are working on this
issue, but most of what they are doing is very
incremental and typically does not contemplate
possible fundamental institutional, legal or
regulatory changes, nor does it address public
understanding and resistance.

It therefore fails to address and develop solutions for
a number of key issues.
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In two recent studies...

...DOE has argued that if the economy is going
to stay strong, and the nation is going to make Transmission
good progress in reducing CO, emissions, by :ﬁfﬁds Study
2050 the U.S. will need to more than double

the capacity of our high-voltage transmission
system. DOE has also laid out a set of optimal
ways in which to expand the transmission
system.

However, what neither of these DOE studies
does is address the issue of how to actually get
this new transmission built.

Executive summary

As I'll explain

\-;//
TINREL o=

Thatis what a team we’ve
assembled proposes to do 51



With several colleagues, we are
working to create...

...a multi-disciplinary multi-institutional (cmu, ucsp, usc, UcB, Penn State,
pNNL) consortium that will identify and facilitate solutions to the
problem of expanding U.S. transmission capacity.

While a solid technical and economic underpinning will be

essential, we see the key challenges as:

e studying public perceptions and improving public
understanding of the need for expanded transmission;

e assessing legal, regulatory, institutional, and political
obstacles and those arising from interest groups.

And then:

e proposing and actively promoting needed fundamental
structural, legal, regulatory, public communication, policy and
other changes.
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Public perceptions and improving
public understanding

While there have been a few recent studies
conducted in Europe, there do not appear to
be any modern US-focused studies that use

good modern social science research
methods.

We are now designhing such studies.
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While it Is important to...

...continue to work on facilitating the construction of new
conventional overhead HVAC transmission lines and making
incremental changes to existing legal and regulatory
environments.

It is also important to complement that work by:

1. Developing ways to expand the amount of power that can
be moved through existing high voltage transmission
corridors.

2. Using HVDC cables embedded in both traditional and non-
traditional right-of-ways (ROWs).
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1. More power through existing ROWs

Three strategies hold potential to move more power through existing

transmission ROWs.

1. Make greater and better use of the large amounts of data now being
collected on modern transmission systems in order to operate those systems
more efficiently.

2. Upgrade the capacity of existing HVAC lines. Because the amount of power
that can be moved through a line is proportional to the product of the
voltage and the current (P=VI), increasing either or both allows one to move
more power. Doing this often requires reconductoring, new insulator strings,
and/or wider ROWSs. Anytime one does anything to a transmission line, issues
of regulatory approval and public concerns and possible opposition become
significant.

3. Convert existing HVAC lines to HVDC. Previous work we have done suggests
that this may allow three times as much power to be moved through the
same corridor. While the U.S. has not yet employed such a strategy, it is being
done in Germany. Even to a greater extent than for reconductoring, issues of
regulatory approval and public concerns are likely to play important roles in

this case.
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Three papers on these strategies
for those who’d like to learn more

The Blectricity Journal 35.(2020) 106770

Cantents lists available at ScienceDirect

The Electricity Journal

journal homepage: www.elsavier.com/locate/te]

Expanding Transmission Capacity: Examples of Regulatory Paths for Five

Alternative Strategies
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reconductoring existing lines, expanding rights of way for existing lines, and building entirely new lines. we
abtainad Input from 3 number of PUCS and siting 3uthorities across the United States, reviewsd a large number
of projects, and Identified the types of approvals that mlrm-m 1ypes of projects can expect. In mlqun we.
{ncrease the capacity In an existing transa
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from
U.S. transmission projects that have been undertaken over the past 20 years.
1. Introduction eircumstances than planners currently consider, converting an existing
transmission line to high voltage direct current (HVDC) is the least cost.
‘When the need solution for distances as short as 150 miles. (Reed et al., 2019).

system than that system can readily snppnn and when the apparent
necessity cannot be met through energy efficiency or similar alter.
natives, the first inclination of many system planners is o propose the
construction of a new transmission line. However, it can be very diffi-
cult to build new transmission lines in the United States. The acquisi-
tian of new right-of-way (ROW), and the associated issues of public
acceptance, can increase a project timeline by many years, or even lead
1o project cancellation. The timelines vary widely by state and by
project. Transmission constraints can lead to suboptimal investments,
such as forcing utilities 1o purchase power from geogmphically close
generation sources regardiess of coat and environmental impact or
PP ly emergency project

to ensure service reliabil
et 0 bl o i, we i b

exploring options that might be used 10 increase the amount of power

that can be moved through an existing transmission corridor. In a re-

cent study, we demonstrated that while reconductoring an AC line or

increasing ing voltage can

to- increase the capacity of an existing corridor, in a wider range of

mm-pmmg
FE-mait adaress: i (L. Reed),
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In addition to cost, obiaining regulatory approvals is an important
consideration for project selection. In this paper we compare the reg-
ulatory processes that apply to five different technical strategics for
increasing transmission capacity and power flow:

(1) reconductoring ta increase current,

(2) increasing voltage,

(3) installing @ Flexible Alternating Current Transmission System
(FACTS),

(4) converting to HVDC, and

(5) building a new line.

Importantly, FACTS cannot increase thermal capacity but can be
used to increase the of lines whase
s limited by the system dynamics rather than the line materials.
regulatory comparison is important because the electricity load
is likely to increase with increased transportation and industrial elec-
trification, and with the incorporation of more renewable generation
sources. These changes are projected to require at least 50% more

(htpe//ereativecomeons org Alcensas BY-NC-ND/4.0/).
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Converting existing transmission corridors to HVDC
is an overlooked option for increasing

transmission capacity

Liza Reed™", M. Granger Morgan®, Parth Vaishna’, and Daniel Erian Armanios®
“Department of Enginesring and Publi Poliy, Carmagie Melkon Unfwerity, Pitisburghy PA 15215

Editd by Peter D. Buair, National Academy of Sciences, Washington, DC.
review April 15, 2018)

A changing generation mix and growing demand for carbon-free
electricity will almost certainly requice dramatic changes in the

. 2019 (received for

Many utilities already look for apportunities o increase the
capacity of existing transmission rights of way, typically through

and topology of Rather than
build new fines, one way to minimize sacial opposition and

atory obstades is ta inarease the capacity of existing trans-
mission corridors. In addition to upgrading the capacity of high-
voltage altemating current (HVAC}lines, we identify a number af
situations in which conversion from HVAC to high-voltage direct

Qs thel packy

the corridor. If restricted to the existing right-of-way ROW), we
find DC.

" which can increase alternating current (AC)
power ity by up 10 50%. this
paradigm, in Gl:muny the Ultranct HVDC conversion project is
currently converting an existing AC corridor to a hybrid AC/DC
corridor to bring wind power from the north of the country o
loads in the south (11). This projedt is a first. Up until now, be-
cause of the cost and the operational limitations of previous

most s have only comsidered HVDC for nw,
highpaver, | However, if it were fea-

option 9 of ity.

Across ol lyzed, we assess HVDC

While we recognize Mﬂpi‘ly n__mmnmxm-

mmmmm:nmuﬂmuum-xm
power nics, conversion to HVDC could be attractive in a
growing set of dreumstances.

HVDC | tramsmision planning | electrdty transition | decarbonization

wmk it & impossible 1o know with certainty the future of
e clectricity system, 3 developments are highly likeh.
First, changes in the mix of generation toward more rencwable
sources that have already occurred will accelerate. This will
partly result from changing market conditions but, more funda-
mentally, from & growing wmmitment (0 creating & MOre Sus-
tainable cncrgy system through & dramatic reduction in
emissions of greenhouse e and conventional air pollutents.
Secand, after years of low, and in some regions cven negalive,
demand growth, there will be much wider clectrification. Growth
in demand will occur because, with affordable carbon-free
electricity available, clectrification & an effective strategy for
decarbonizing much of the cncrgy system, Third, these 2 devel-
opments will result in a need for large changes in the nature and
mpdugy af the infrastructure of the bulk eleetric power system

e e RS 15 A higholtage
dircet current (HVDC) transmission could provide many bene-
fits as part of these topological changes. A national HVDC

decarbanization, provide itcrtegonal stbily betwcen the
western and eastern inierconnection, and increase relial

resilience in the grid in the face of chunging weather patierns (5—
7). Even if that vision & not realized., it is clear that the country
will need to move more power through the high-voltage system,
often over routes that are operating at close (0 capacity. How-
ever, siting and building ncw high-voltage power lines has be-
come much more difficul, indeed, in some cases impossible, due
to regulatory constraints, eatrenched interests of utiltics and

sible and mql&cuvc, HVDC comversion could increase the
active power transler capacity up 10 4 times depending on the
allowable DC voliage and the existing AC operating conditions
(12), and could theorctically transmit 3.5 times the: total powex m a
r using existing lines and structures, based on the t

limits of the lines (13).

The International Councll on Large Elcctric Systems con-
cluded, in @ 2016 study, that expanding capacity through HVAC
to HVDC conversion is typically only aftractive when building

possibk (14). w0
much of the United States. Current planning took do net incor-
porate HVDC conversion (6), 50 such comversion s typically not
considered. Here we demonstrate why HVDC conversion war-
rants consideration when there is a need to increase the capacity
of an existing transmission corridor.

Significance
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maximizing the capadity of existing transmission corridors may
best be done by conversion to high-voltage direct current
(HVDC). While typically not Included in pl-min. wols, such
conversion i surprisingly cost-etfective, aven over relatively
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A i i goals, the rapid

ot cbiatlon o due to haridis gack:

H
advmccd | composite-core wndncwu can cost-¢ffectively double transmission capacity
within existing right-of-way, with | rmitting, This strategy
a high avallability of increasingly econamically viable RE resources in dlose proximity
to the existing network. We implement reconductoring in a mode of the US pawer
system, showing that reconductoring can help meet over 80% of the new interzonal
transmission ne to reach over 90% clean electricity hyznsigmnmulnm on
grecnficld transmission build-out. Wich $180 billion in system cost savings by 2050,

cffective and time-cfficient, yet underutilized, opportu-
nity 1o accelerate global transmission expansion.

power systems | decarborization | transmission | renewable energy

Increasingly, the encrgy transition discourse is focusing on decrriclty ransmissiont the

Significance

The integration of renewable
energy sources at speed and
scale in order to reduce
‘emissions and achieve climate
goals will likewise require the
Increase of transmission capacity
atspeed and scale. While the
build-out of new greenfield lines
s often plagued by challenges.
related to permitting and cost
allocation, leveraging existing
right-of-way, particularly through
with advanced

need to build it and the chall doing so. The |
tharthe 5|ohal lengrh of transmaisfon lines must increase from 5.5 mllion to 15 million
km—approximatcly 2.7 times—to reach net zcro emissions by 2050, not including the
cventual replacement of aging infraseructure (1), In the United States and Europe, how-
ever, new overhead lines take an average of over 10y to build (1, 2). Grids are increasingly
becoming the boulencck of the encrgy transition, with ver 1,200 GW of renewable
energy (RE) projects in the United States, and over 3,000 GW globally, awaiting con-
nection o dhe grid (a. ). Challenges relaced to permlnmg—:uch as securing new

he-of-way (RC imp: and cost alloca-

tbt—afiet tesilt i preect delirs (1, 2), In the Uniied Seaen for example, the rate of
transmission build-out has fallen by nearly 50 percent aver the past decade, threatening
decarbonization timelines (5, 6).

Recent rapid declines in the costs of solar, wind, and batseries (7) along with incentives
from che Inflasion Reduction Act (IRA) have presented an opportunity for a paradigm
shift in how transmission is planned and sited. Specifically, there is a narrowing gap in
cost berween RE. siced ar locasions with the highest resource potential and RE sited ac
locations that are in close proximity o the exissing transmission neowark and load. This
RE capaciy could be unlacked through a wide range of technological solutions that can

acity of the existing grid. Some stratcgies, known under the
umbrella remm of Grid.Emhanc Technologies (GETs) and including Power Flow
Conrollers, Flexible AC Transmission Systems devices, Dynamic Line Ratings (DLR),
and demand-side measures, can cither enhanee the physical capability of 2 transmission
asser o the cffciency ofpuwn Hlow throughout the system. Homwever, while these tch-

conductors, can rapidly expand
transmission capacity. However,
advanced conductors have been
traditionally viewed as a niche
solution and their deployment is
limited, requiring targeted policy
to spur uptake and unlock their
potential to contribute to
«cost-effective decarbonization.
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on rcal-time operaring edilons and this cypically limited and temporary. Ox}\cr strat-
cgics can provide a larger and lasting inerease of cransmission capacity, such as reconduc-
wring with advanced composite-core conductors, voltage upgrades, and AC-to-DC
conversion. Yet whereas volcage upgrades may necesitate widening of the existing ROW
and AC-1o-DC conversion is gencrally most suitable for long lncs, andumnnr‘hc
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2. More power via HVDC cables in

traditional and non-traditional ROWs

e Existing lower-voltage transmission corridors
e Existing state and federal highways

e Existing rail corridors

e Waterways (lakes, rivers, canals)

e Abandoned and repurposed rail corridors

e Existing pipeline corridors

Champlain Hudson Power Express

Soo Green

This >300-mile transmission line
now under construction will
deliver >1GW of low-carbon
power from Quebec to New York

City.




Four strands of our planned research

1. Improve understanding
of public knowledge and
perceptions

2. Lay key foundations
and background

3. Analysis of expanded
capacity using
traditional ROWs

4. Analysis of expanded
capacity using non-
traditional ROWs

e Perform mental model
studies of public beliefs
about the role about
transmission and need
for capacity expansion.

e Develop, evaluate, refine
and disseminate
communication materials
to improve public
understanding.

e Identify and analyze
past siting & upgrade
failures and successes.

e Develop engineering/
economic models of
capacity expansion
strategies.

e Use power system
models to assess
expansion options.

e Identify obstacles to
the use of:
o reconductoring
o HVAC to HVDC
conversion

o others

e Develop and promote
legal, regulatory and
other strategies to align
incentives to overcome
obstacles.

o Identify obstacles to

the use of:

o highway ROWs

o rail ROWs

o lake/river/canal ROWs

o others

e Develop and promote

legal, regulatory and
other strategies to align
incentives to overcome
obstacles.
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By the end of the project...

...we plan to:

* Have created material to improve public
understanding of the need for expanded
transmission capacity and together with the
pros and cons of different ways of doing that.

* Have systematically identified legal regulatory
and other barriers to expanding transmission
capacity through both traditional and
nontraditional ROWs and developed
recommendations for how they might best be
overcome.

That concludes my talk...
thanks very much for your attention
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PS

We recently published a book that
summarizes 30 years of work we did
in three large NSF-supported
distributed centers on climate and
energy decision making.

It contains first person accounts in
lay language. At the end of each
chapter are a set of citations (often
with abstracts) to some of the work
we have discussed.

Then in an appendix we provide
citations to more than 650 journal
publications and scores of book
chapters and PhD theses that have
resulted from our work.

Edited by M. GRANGER MORGAN

weith Alyed Abedullo, Joy Apt, keis Azeveds, Ann Bostrom, Witndi Bruine de Bevin,
Ehizobeth Conmon, Hodi Dowlotobodi, Mie Griffin, Tim McDaniehs, Joshush Stolarolf
Beinelo Thoman, Porth Vaishnav, ond o cost of severc! dozen

INTERDISCIPLINARY

- RESEARCH ON

IMATE AND ENERGY
ECISION MAKING

30 Years of Research on
Global Change

RESEARCH AND TEACHING IN

earthscan
ENVIRONMENTAL STUDIES from Routiedg

Routledge, 2023, 336pp.
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Here are many of our collaborators
whose work Is summarized in that

book.
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