‘ i'ofeséer' and Associaté'C h’élr for Rese‘fé'r‘ch-and “Graduézte Educatio
- Departmentof Electrical, Computer & Energy Engineering . 4

Dlrector a“rid Feliow Re‘ﬁfewable ahd Sustainable, Energy ir%s

‘i -'--'f:'.‘;\‘.f,' . {”.‘\“' N "‘ d ’ﬁ' 5 (RASE') e ».;:_

Sweet PATHFNDR Conference, November TAlL ,2(‘)24 ¥
ETH Zurich, Switzerland s

e Ty v,
¢ S

ol



Estimated U.S. Energy Consumption in 2023: 93.6 Quads M Lawrence Livermore
Net Electricity National Laboratory

Solar Imports
0.89 0.56 0.0

\.

Nuclear
8.1

243

Hydro 0.81
0.82
Rejected
- Residential Energy
Wind X |
1.5 : . X . 61.5

Geothermal
0.12 Commercial
9.3

Natural Gas
33.4

Industrial

26.1 Energy
Services

321

Biomass
5

Petroleum

35.4

Source: LLNL October, 2024. Data is based on DOE/EIA SEDS (2024). If this information or a reproduction of it is used, credit must be given to the Lawrence Livermore National Laboratory and the
Department of Energy, under whose auspices the work was performed. Distributed electricity represents only retail electricity sales and does not include self-generation. EIA reports consumption of
renewable resources (i.e., hydro, wind, geothermal and solar) for electricity in BTU-equivalent values by assuming a typical fossil fuel plant heat rate. The efficiency of electricity production is
calculated as the total retail electricity delivered divided by the primary energy input into electricity generation. End use efficiency is estimated as 65% for the residential sector, 65% for the

commercial sector, 49% for the industrial sector, and, 21% for the transportation sector. Totals may not equal sum of components due to independent rounding. LLNL-MI-410527
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US GHG Emissions

o @

Nitrous Oxide (NZO)
Fluorinated Gases

Methane (CH4)

U.S. Greenhouse Gas Emissions

in2021*

Carbon Dioxide (CO,)

Total U.S. Greenhouse Gas Emissions by

Economic Sector in 2021*

¥ & a

Transportation Electric Power Industry Industry Agriculture Commercial Residential

@J University of Colorado Source: US EPA Be Bo Ider
Boulder u -




US Electricity Generation
Mixture

Annual U.S. electricity generation from all sectors (1950-2020)
billion kilowatthours (kWh)

source

2,000 (percentage of
2020 total)

1,500

1,000

renewables (21%)
nuclear (20%)

500
0 i : . . . : . other (<1%)
1950 1960 1970 1980 1990 2000 2010 2020 e@
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Share of electricity generation by resource type (2023)
all other 8%

coal 16%

wind 10%

nuclear

18% natural

gas 43%

eia
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Wind Electricity Generation

Annual Regional Capacity (GW)

20

15

10

m Noncontiguous
Southeast (non-ISO)
ISO-NE

= NYISO

m CAISO
PJM
West (non-1S0O)

m MISO

m SPP

m ERCOT

1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022
Global wind capacity end of 2022: ~ 906 GW, Global electricity generation capacity ~ 7500 GW

United States: ~ 147.5 GW
Record 8.5 GW installed in 2022
~10% annual energy share in 2023

Cumulative Total Capacity (GW)
160

120

Cumulative Total
~~

@]1 University of Colorado
Boulder

Source: LBNL Land-Based Wind Market Report 2023 M Boulder.



United States: ~ 170 GW

Solar Electricity Generation -sanmuaienergysharein

2023
~30 GW installed in 2023

Annual Solar Capacity Additions (GW) Cumulative Solar Capacity (GW)

80 - 800
m Utility-Scale CSP

70 m Utility-Scale PV 700
m Commercial PV
60 ® Residential PV 600

50
PV isin GWpc and CSP is in GW

500
40 Columns show annual capacity 400
39 Areas show cumulative capacity 300
20 200
" I I I I I -

ST MY ON® 2O T 08 Qe 0 0 OO O O O

™ T T T T T T ™ ™ v ON N N ™M O M~ 00 O O v «

o O O O O O O O O O O O N NN N N N N N N O o o

N N N N N N NN NNNNO O © 0 0 0 0 o o © o

N N O N &N N N N N &N N

Sources: Wood Mackenzie/SEIA Solar Market Insight Reports, Berkeley Lab

Global solar installations end of 2010: ~ 40 GW, Global solar capacity end of 2023: > 1,600 GW

@]l University of Colorado Be Boulder
Boulder Source: LBNL Utility Scale Solar Market Report, 2022 [ |




Battery Storage

Annual U.S. cumulative installed battery capacity (as of November 2023)
gigawatts

45
40
35
30
25
20

15 planned .
operational
10

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Top 10 U.S. states with the most installed battery capacity (as of November 2023)

megawatts

California
Texas

Arizona

Florida
Massachusetts 258
Nevada 249
Colorado 240

New Mexico 238
New York 194
Hawaii 175

0 1,000 2,000 3,000 4,000 5,000 6,000

United States: ~ 30 GW
~15 GW installed in 2024

Globally: ~86 GW installed
eia (2023), projected to 760 GW
(2030)

RENEWABLES’ BACKSTOPS: GAS STORAGE AND, INCREASINGLY, BATTERIES

Gas storage fields
+ Project
Operating

Operating battery
storage facilities

Source: S&P Global Platts, S&P Global Market Intelligence, Federal Energy Regulatory Commission

* Q2 2024: 97% of capacity additions in ERCOT,

8,000 WECC & CAISO

@]l University of Colorado
Boulder

Be Boulder.



New Power Generation

U.S. planned utility-scale electric-generating capacity additions (2023) /'\
gigawatts (GW) €ia
20
] — huclear
wind 7 2.2 GW
6.0 GW all other
15 natural 0.2 GW
gas
7.5 GW
10
54.5 GW
2023 total
)
battery
storage
0 9.4 GW 29.1 GW

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
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Planned 2023 U.S. utility-scale electric generator additions

CPV Three Rivers

e Energy Center 4
1214 MW & 5
= LY ® ..~ South Fork Wind
" - L '& L 130 MW
_.‘. : 4 ! @“"*.\.:’\
e, J P : = L . —~Guernsey Power
il . - ‘ ] u"... _"' -‘. -
solar « f=u: ® s = - = Station
wind “Te . % . e 1.8 MW
:'h'ln ." " ®e 7
"'“'tc'ealr @« 5 . _ ﬂ Vogtle Units 3 and 4
natural gas . i e 4 % ) 8. .. * 2,228 megawatts (MW)
batteries e e i
other g ."* - 2y
N . ' j eia’
O size indicates capacity e

e @ ® ;-i: -
. T . e é s’ ".
o> g R
e . - 5 " & Vineyard Wind 1
e o .
T . :,, @ 2 800 megawatts (M)
oss . - e '”' South Fork Wind
solar -_%, -2 = | S ~ L Ve -: . 130 MW
wind ., o ® i .g . @ e
nuclear ool Sl . "‘"‘
[ s " - ’
natural gas . 0 M- Y ‘e s =7 Vogtle Unit 4
batteries Gemini Solar _ﬂ ﬁ: * el s "= 3% 1.1gigawatis
other 690 MW solar s ® .
. 380 MW batteries o ‘f-ﬁ "*:-: 2
O size Ve eia

indicates capacity

University of Colorado
Boulder
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Markets vs. Vertically Intearated Utilities

CENACE

@]J University of Colorado Source: FERC Be Boulder
Boulder "



ector Coupling

Long-distance
road transport
1%

Residential,
commercial Short-distance
10% Short-distance med/heavy
Other light road transp. road transp.
industry 11% 5%

9%

2%

o
Electricity
26%
Combined -~
heat
& electricity
5%
A Global fossil fuel &
industry emissions, 2014
(33.9 Gt CO,)

Gt CO»

Long-distance
9 — 03 road transport
Aviation

Shipping
(rail, ships, other)

7 | -
Cement
6 p—

Iron & steel
4 —
3 —
Load-following
2 — electricity
1 —
o0 —!

B Difficult-to-eliminate
emissions, 2014
(9.2 Gt CO,)

C Demand for aviation,
B Demand for long-distance transport,

structural and shipping N H3

materials
D Ammonia
plant N,
¥

Essential
energy services

A Demand for
highly reliable
electricity

H Direct
solar fuels

G Cement
and steel
w/ capture

F Synthetic
gasfliquids 4 I
1

E Geologic
storage

| Biomass
gasfliquids

ysis
e- AN 0.
CO, \
\ .
% J Direct =
air capture @ H,C

Nuclear
B
M Natural gas/ }.
biomass/
syngas
w/ capture N

S wind

R Compressed
air energy
Q Other centralized storage storage

(e.g., thermal, batteries)

0 solar
P Hydrogen/
synthetic gas

University of Colorado
Boulder

Boulder.

Source: Davis et al., Science, 2018
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Residential Heating by Source

Legend
@ County-Level Data
B Occupied housing units which are heated mastly by electricity

[/ Occupied housing units which are heated mostly by utility gas
B Occupied housing units which are heated mostly by bottled, tank, or LP gas

I Occupied housing units which are heated mostly by fuel oil, kerosene, etc.
B Occupied housing units in which no heating fuel is used

University of Colorado Be Bo Id
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State-level Policy

States advancing or prohibiting
building gas bans and electrification codes

Local building gas bans and electrification codes
Adopted

State legislation prohibits local restrictions -
an gas use in buildings

'u A _
as55e0 Ag of April 27, 2022,
Map credit: Ciaralou Agpalo Palicpic

*Failed to advance Source: S&P Glokal Market Intelligence
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Natural Gas Networks

B\ Natural Gas Pipeline Network in the United States

Salt La.ke Gity*

San Francis

o~
Los Angeles

AN

U.S. Pipeline Network Data Source: 2018 IHS Chemical Economics
Interstate Natural Gas Pipelines Handbook Hydrogen Report.

— Intrastate Natural Gas Pipelines
& ‘1
University of Colorado Be Boulder
Boulder |




Hydrogen Blending

Power Grid

Generation

E \T-+T = < NG Power

Onsite Renewable m
oy L e H,
‘"J l l i Electrolyzer
I Hydrogen = Commercial
Hydrogen &5 Blending n <+ [\00 End Uses
Blending i Compression > }’ o

Station
lT lT City Gate
lt Methane Hydrogen 56

Fl Other Gases

Underground
Energy Storage

NG Production Other Gases

& Processing l

Residential
End Uses

End Uses

Transportation

End Uses
=
.
—#— Canada Gas—®— Kansas Gas
A TixisGas —w— P Moltana - I vethane Ethanell Propane Nitrogen[Jll Others
_— - Average US Gas Max Wobbe Index =
3 - 14.7 :
52 - s < 31 | 256
R M 80 6.6
50 o Typical Wobbe Index range
2y . P &
E ] ) S
= 48 4 >
- i R4
2 b { 38 § Min Wobbe Index = 80
s 46 + ® = N 3 z ,g
© = b4 y/ [7%]
£ 441 ° s *-3 -3 a
2 = ° RN g 40 +
242 ° ® 8
°®
2 ® o 9o 4 3
40 1 o
L 20 4
38+
Ak, = e
36 - AA s A A
T T T T 1 0 -
0 20 40 60 80 100 Canada Kansas Texas Average US
Hydrogen level by volume (%) Natural gas network
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Source: Cakir Erdener et al., International Journal of Hydrogen Production, 2023
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US Electric Vehicle Sales

Quarterly U.S. light-duty vehicle (LDV) sales by powertrain (Jan 2014-June 2024)

percentage of sales /'\
ela
100%
90% Breakout of EV and hybrid sales
80% percentage
1 o
70% 0%
o
60% 8% electric
50% 6%
40% 4%

0 plug-in
SOOA) hybrid, electric, 2% hybrid
20% and plug-in hybrid 19% 0% ¢ : : ,

10% 2014 2019 2024
O% I I I I I I I I I I I
2014 2016 2018 2020 2022 2024
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ASPIRE - Engineering Research Center

Smart Charging Hubs |

-
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EV Demand Analysis

In-Transit Rush Hour At-Home Rush Hour

LDEV consumption rate = 0.32 kWh/mi

34+ 34 4

Load Distribution Curve
90000 -

85000 -

©
N
1
w
N}
1

No Adoption

] In-Transit (100%)
80000 - —— At-Home (100%)
75000

< 70000 -
= ]
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> )
S 50000
o o
T 45000 -

40000 -

35000

30000

Latitude

w

o

1
Latitude

w
S
L

28 28 4

26 E T T T L 26 L T T T T T
N -104 -102 -100 -98 -96 b -104 -102 -100 -98 -96
’ Longitude ! Longitude

In-Transit Evening Peak Hour At-Home Evening Peak Hour

4000

3503

34 - 344

3005

2508

15
[N}
I
©
[N}
1

2010

Latitude

w

o
!
Latitude

w
S
1

v I i I v 1 i I 1513
0 2000 4000 6000 8000 018
28 - 28

517.5

26 4 26 20.00

T T T T T T T T T T
-104 -102 -100 -98 -96 -104 -102 -100 -98 -96
C. Longitude d. Longitude

University of Colorado Be Bo Id
Boulder u er.

Source: Sauter, Lara, Turk, Milford, and Hodge, Applied Energy, 2024

Average PEV Demand (MWh)

Average PEV Demand (MWh)



Research Takeaways

* Results from this study highlight advantages to in-road charging, including
1.49% in additional system cost savings and reduced cost to consumers when
charged via additional renewable resources. In ERCOT, this equates to ~$80M
peryear in electricity system cost savings

Network Provider | EV Charging Rate ($/kWh) | Retail Rate Increase 1.60%
EmERY 1.49%
EVgo PlusMax 0.220 196% ClHs _A 1
Tesla Supercharging 0.250 223% $80M - IBPV cs - 1.40%
EVgo Basic 0.280 250% & HS CS
Electrify America Member 0.310 277% ) o L 1.20%
Electrify America Guest 0.430 384% o 1.11%
S $60M - /l i
3 L 1.00%
(D (o]
"J,‘ L
o
O g40m 4 - 0.80%
© I
Additive Cost | None - Parity | 200% | 300% | 400%  § / 0.60%
Wholesale Rate ($/kWh) | 0.085 0.170 | 0.255 | 0.340 g 0.50% 0/‘4.‘9( I
HH Cost Savings | $1,655 $1.113 | $570 | $28 & $20M / | 0.40%
Retail Rate ($/kWh) | 0.112 0.224 | 0.336 | 0.448 ; 0.21° I
HH Cost Savings | $1,482 $766 | $50 | -$665 T/( - 0.20%
$OM . . .

I T T I
20% 40% 60% 80% 100%
EV Adoption Level

University of Colorado Be Bo Id
@ Boulder u er.

Source: Sauter, Lara, Turk, Milford, and Hodge, Applied Energy, 2024

Relative Savings (%)
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Nuclear Renaissance?

Computing sector additions to dwarf other sectors?

. 1 TN

\
| \
{ \

SFEEEEEEEEEEIEEEEE, LIIIIIIIMMMIMIL.

the na
i t.

.ar acciden
uuclL“aN of the
d 1hou§ant‘15

1d cause basic changes through-
e world's nuclear power industry.

October 16, 2024

e W B e f vy 0O = &

Hungry for Energy, Amazon, Google
and Microsoft Turn to Nuclear Power

Large technology companies are investing billions of dollars in
nuclear energy as an emissions-free source of electricity for
artificial intelligence and other businesses.

p Listen to this article - 7:41 min Learn more ﬁ Share full article

A 0 Qs

DOE, USDA announce over $2.8B for
Palisades nuclear plant restart

A $1.5 billion loan guarantee and $1.3 billion in awards will support site work and
power purchase agreements for the 800-MW Michigan plant, the Biden-Harris

administration said Monday.

Published Oct. 1, 2024

New nuclear clean energy agreement
with Kairos Power

Oct 14,2024
3 min read

(M)

To accelerate the clean energy transition across the U.S., we're signing the world's first corporate agreement to
purchase nuclear energy from multiple small modular reactors (SMR) to be developed by Kairos Power.

Michael Terrell
Senior Director, Energy and Climate

< Share

Amazon signs agreements for innovative

nuclear energy projects to address
growing energy demands

Written by Amazon Staff

University of Colorado
Boulder
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Be Boulder.



versity.



Duke Energy - Zero Carbon Study

Generation mix in the Carolinas

Eastern
Interconnection

LINREL

Capacity
expansion
in ReEDS

Production
Cost
Modeling in
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Hydrogen Hubs

« Total of $7B possible, funded through the Bipartisan Infrastructure Law, very
deployment focused, mainly heavy transportation
« Almost 1 year since announcement, many sub-project cancelations, partners leaving

-

Heartland
Hydrogen Hub

Henrtland Hulb (HH2ZH]

Pacific Northwest
Hydrogen Hub

PNWH2

Midwest ° *
Hydrogen Hub

California

Mihwest Alliance for Claan .
Wi Hydrogen Hub Fscemi (it i Mid-Atlantic
: Alfiance for Renewable Cle: 5
N i ioken Earas Syt Appalachian Hydrogen Hub
B [ARCHES) Mid-Atlantic Clean Hydrogen
o Hydrogen Hub Hub (MACHZ)
£ Appalachian Regional Clean

Gulf Coast Hydrogen Hub (ARCHZ)

Hydrogen Hub

HyValacity HZHub

Hydrogen plans or tests at U.S. power plants (2024)

@ Proposed H2 Facility o 3 ei a’
o
@ selected H2Hubs P ras
Brentwood
@
@ Intermountain Long Ridge ®
Power Project
@ Scattergood
@ Jack McDonough
Hillabee @
Power plants Brenge County
@ Cofiring tested Advance Power Station
@ @ DeBary
® New plants with hydrogen capabilities Magnolia

@ Planned upgrade with hydrogen capabilities

University of Colorado Be Bo Id
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Source: Guerra, Nature Energy, 2021
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LDES: Benefits and Costs

v MinCosts e Ref.Costs 4 Max Costs

x5 ]
Q"] 2025-2045
0 4-
= : v Hydrogen @ 1 week of storage
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§ i . _—Hydrogen @ 1 month of storage
S 2 Y 2200
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.;':_J 145 ;_ T A i SRR SR D 2000 - rojected costs for hydrogen storage in 2050
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US Chemical Industry Overview

A Distribution of Fossil Fuel Use for Energy and
Feedstock Applications

Feedstock

B Role of Electricity and Heat in Sectoral Energy Consumption

Heat

0.8
Process

Energy
0.7

0.6
0.5
0.4
0.3

Electricity

0.2

Energy Consumption and Supply (EJ)

0.1

Breakdown of Electricity Supply and Consumption by Sector

Non-Process

Onsite
Production

Supply Consumption

L

University of Colorado
Boulder

Source: Mallapragada et al., Joule, 2023
Be Boulder.



Energy Carriers for Other Sectors

» Multi-sector models, such as the Open ~
Energy Outlook, project the need for
hydrogen, carbon capture and sequestration,
and limited amounts of carbon-to-fuels

» Hydrogen usage largely for industrial

]
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na

2050 /

decarbonization, very little for electricity oo
. tate Action ~_
(long-duration energy storage) ! COP26
. —— NetZ
 Relatively small demand for carbon-to-fuels, 0 .

. . . . (= Ly o Tp] [ [Ty ]
cost projections higher than DAC with S 8 8 8 S =
sequestration
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Potential for CO, Electrolysis

Uncertain Dynamic
Power Qutput Electricity Prices
e On-Site Variable Electricity Grid
—\:_\__\:% ite Vari i iaty

Renewable Energy

(Wholesale and Retail Electricity Markets)

Ethylene

Gas Sepaation

Formic Acid

Liquid Separation  p¢hano

Availability and Quality?

Industrial Processes:

Natural Gas Plants CO,: 3-5 vol% (Plus NO,, 5O,, CO, O, N.)
Coal Power Plants CO.: 10-15 vol% (Plus NO,, SO, CO, 0,, N,)
Cement Production CO,: 14-33 vol% (Plus H,0, N,, Other Gases)
Ammonia Processing CQ,: >98 vol% (Plus H,, O,, CH )

Ethanol Production CO_: >98 vol% (Plus H,S, C,H,OH, CH,0H)

(G v of v Be Boulder
Boulder Source: Guerra, Almajed, Smith, Somoza-Tornos, and Hodge, Joule 2023 [ |




CO, Electrolysis: Markets and Potential

A B 156 ¥ Max Price ® Average Price &4 Min Price
Industry 7 o
8(12.1%) = Formic acid Ethanol
[=}]
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» M (]
il 13.9 (21.1%) ‘53:3
uvildings 3 0.7
27 (42%)\ 329 Gt CO, £ 0.6
i - oz 06
Other eneragy sector | ’emissions reduction D 0.5
1.8 (2.8%) O e required (2020-2050) =
=
7.6 Gt CO, emissions captured in 2050 o 0.4+
Fossil fuels and processes: 5.2 Gt CO, g
Bioenergy: 1.4 Gt CO, g _
Direct air capture: 1.0 Gt CO, & 0.2 Carbon monoxide
S i 0.1
[aY]
0.0 B B L A S e S S S S S
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o % o
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05 = a:.) 1 i 1
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Variable Renewables and Electrolysis

Solar PV generation or }»
EY input power (p.u.)

Wind generation or

EY input power (p.u.)

VRE curtailment or
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Full Syngas Process Flowsheets
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Cost Comparison vs. RWGS

(a) DACC-PEMWE-RWGS Overall Sensitivity |-
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« Average annual electricity price and electrolytic hydrogen
production cost influence the production cost of air-sourced 2:1
syngas the most
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Air-to-syngas production assessment
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(b)
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Conclusions

* The energy transition
IS extreme y Varl abl e: Operal:ilf u.tirl‘itytsc-:ialegeneraling nits: s of Jiive 2024
very advanced in e
Hawaii and negligible
grogress in the

outheast

« Suffers from lack of
consistent national
policy and non-market
environments

* Interesting parallels
with Europe, re:
coordination, lack of
clear technological
winners for certain
sectors
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Tipping Point?

PercenL of US households
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New Nuclear?

Locations of New Nuclear Power Reactor Active Applications
and Approved Licenses
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CO, Electrolysis vs. Traditional Route
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