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Literature Review Study Overview

+ Objective: Draw findings on decarbonization technologies, economy-wide decarbonization scenarios, utility
and customer impacts, and regulatory and policy proposals

+ E3 conducted a literature review of decarbonization strategies studied and implemented in the U.S. and abroad
with an emphasis on Pacific Northwest decarbonization findings and technical studies

<+ This review is built upon E3’s previous work with a
focus on the Pacific Northwest, complimented with
several new studies in the region:

« 2021 Washington State Enerqy Strateqy

« 2022 E3-Commerce study on Financial Impact of
Fuel Conversion on Consumer Owned Utilities and
Customers in Washington

« 2022 Synapse-Sierra Club study on Toward Net Zero

Emissions from Oregon Buildings

« 2022 EPRI Seattle City Light Electrification
Assessment

@Energy Environmental Economics

Massachusetts D.P.U. 20-80
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https://www.commerce.wa.gov/growing-the-economy/energy/2021-state-energy-strategy/
https://www.commerce.wa.gov/wp-content/uploads/2022/06/Financial-Impact-of-Fuel-Conversion-on-Consumer-Owned-Utilities-and-Customers-in-Washington-Final-Report.pdf
https://www.commerce.wa.gov/wp-content/uploads/2022/06/Financial-Impact-of-Fuel-Conversion-on-Consumer-Owned-Utilities-and-Customers-in-Washington-Final-Report.pdf
https://www.commerce.wa.gov/wp-content/uploads/2022/06/Financial-Impact-of-Fuel-Conversion-on-Consumer-Owned-Utilities-and-Customers-in-Washington-Final-Report.pdf
https://www.sierraclub.org/press-releases/2022/06/report-rapid-transition-electric-heat-pumps-oregon-will-lower-household
https://www.sierraclub.org/press-releases/2022/06/report-rapid-transition-electric-heat-pumps-oregon-will-lower-household
https://powerlines.seattle.gov/wp-content/uploads/sites/17/2022/01/Seattle-City-Light-Electrification-Assessment.pdf
https://powerlines.seattle.gov/wp-content/uploads/sites/17/2022/01/Seattle-City-Light-Electrification-Assessment.pdf

Key literature findings &
takeaways for Pacific Northwest
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The impetus for gas decarbonization is the global
challenge of mitigating climate change

+ Parties to the are
committed to keeping global temperature
rise “well below 2 degrees Celsius” and a) Net global greenhouse |
« . . . 2  gas (GHG) emissions \
to “pursue efforts to limit the increase to 2009 asionswere |

[ {

1.5 degrees Celsius”

. Nationally Determined ,
| Contributions (NDCs)
~ range in 2030

» Practically, this means
, with
sustained negative emissions beyond

4+ Jurisdictions across the U.S. and abroad
strive towards of the
Paris Agreement.

® Gigatons of CO,-equivalent emissions (GtCO;-eq/yr)

* Inresponse, several gas utilities in the US

Impl

Implemented policies ..

Implemented policies
(median, with percentiles 25-75% and 5-95%)

Limit warming to 2°C (>67%)

Limit warming to 1.5°C (>50%)
with no or limited overshoot

Past emissions (2000-2015)
Model range for 2015 emissions

Past GHG emissions and uncertainty for

.A 2015 and 2019 (dot indicates the median)

and abroad have been StUdying’ planning’ Source: IPCC Sixth Assessment Report (AR6), Synthesis Report, Summary for

and implementing changes to their gas Policymakers
supply portfolios and business models to
explore how to align with a net-zero future.
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States in the Pacific Northwest act on the global
challenge of mitigating climate change

Washington Climate and Clean Energy Targets
Climate Target (Climate Commitment Act, 2021)
*  95% below 1990 levels by 2050

E Clean Electricity Targets (Clean Energy and

Transformation Act, 2019)

* No Coal by 2025

« Carbon-neutral Electricity by 2030
« 100% Clean Electricity by 2045

Oregon Climate and Clean Energy Targets

Climate Targets (E.O. 20-40 by Gov. Brown, 2020)
«  25% below 1990 levels by 2035
\\ «  80% below 1990 levels by 2050
b

Clean Electricity Targets (Clean Energy Targets
bill HB 2021)

*  80% below baseline emissions levels by 2030

«100% carbon-free by 2045
@Energy Environmental Economics

Washington Clean Energy Transformation Act
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Image credit: Washington Department of Commerce

Oregon Executive Order No. 20-40

Office of the Governor

State of Oregon

EXECUTIVE ORDER NO. 20-04

DIRECTING STATE AGENCIES TO TAKE ACTIONS TO REDUCE AND
REGULATE GREENHOUSE GAS EMISSIONS

WHEREAS, climate change and ocean acidification caused by greenhouse gas
(GHG) emissions are having significant detrimental effects on public health and on
Oregon’s economic vitality, natural resources, and environment; and

WHEREAS, climate change has a disproportionate effect on the physical, mental,
financial, and cultural wellbeing of impacted communities, such as Native
American tribes, communities of color, rural communities, coastal communities,

Image credit: Oregon Department of Environmental Quality



Several states have started investigating the effects of
climate change mitigation on the natural gas industry

+ Several states have begun
to explore the role of gas
utilities in meeting climate
objectives

+ Proceedings explore
solutions to mitigate bill
iImpacts and balance
competing objectives

* (i.e., safety, reliability and
stranded costs vs rapid
transition to state climate
targets)

+ In the Pacific Northwest,
utilities in Oregon are
evaluating the utility bill
Impacts from reducing
GHG emissions from the
gas system
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Oregon UM 2178:
focus on natural
gas “fact finding”:
analyze utility bill

impacts that result
from limiting GHG

emissions and
identifying
regulatory tools to
mitigate these
impacts

California 20-01-007: focus
on the policies, processes
and rules that govern LDCs to
support the state’s transition
away from natural gas-fueled
technologies

Minnesota NGIA: The
Natural Gas Innovation
Act establishes a
framework to allow
utilities to reduce GHG \D
emissions through
innovative resources
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New York 20-G-013: focus on long-term
gas planning and operational practices
that support customer needs, support

emissions objectives and minimize

infrastructure investments
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Massachusetts 20-80: focus on the E,
DA

role of LDCs in achieving climate
goals, safeguarding ratepayer
interests and ensuring safe, reliable,
and cost-effective gas service
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Colorado 20M-0439G: focus MS | AL| Rhode Island: focus on
on options available to " role of RIE in achieving
decarbonize the gas industry, Act on Climate (details
costs and benefits and TBD)
approaches to limit stranded rt
o9 assets
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Studies investigating how to decarbonize natural gas
end-uses show several key commonalities

Commonalities found throughout literature:

Energy efficiency is a central component of decarbonization strategies. All existing decarbonization scenarios
studied, both in the U.S. and abroad, result in flat to declining gas sales through a combination of high energy
efficiency and fuel switching.

Gas can be an important component of a decarbonized energy system, particularly in supporting electric
reliability and delivering heat during cold-snaps. Studies from the U.S. and abroad have identified hybrid systems
as a potential solution, few studies have evaluated customer, business/regulatory implications of these choices.

Biomethane costs are significantly more expensive than natural gas and may be more expensive than low-carbon
electricity as a fuel, after factoring in building equipment efficiency. Pacific Northwest has limited access to local
bio-RNG feedstocks and would likely need to import these fuels from outside the region.

Alternative strategies, such as hydrogen and networked geothermal, are increasingly studied across the U.S.
International studies show various outcomes on the role of hydrogen in buildings. Some find that hydrogen could
have a significant role, while others emphasize cost and limited commercialization as key barriers.

Most studies find that electrification can efficiently convert electricity to low-temperature heat while making strides
toward climate goals when electricity is decarbonized. However, studies also note how electrification requires
high building retrofit costs and can result in significant electric grid impacts, particularly during cold weather.

e Energy+Environmental Economics 3



Decarbonization literature emphasize a combination of
four pathways to decarbonizing natural gas end-uses

Potential advantages

Potential drawbacks

Renewable
Gas

Repurposes existing infrastructure
with minimal consumer disruption,
fuel diversity/reliability

High fuel costs, high feedstock
needs, land-use constraints, not
commercial at scale, potential
methane leaks, criteria pollutants

Hybrid
electrification

Commercially available, utilizes
existing infrastructure, reduces
demand for expensive gas, reduces
grid impacts

Requires substantial regulatory
adjustments, reduces gas system
utilization while maintaining capacity
needs and system costs

Networked
Geothermal

Higher efficiency due to sharing of
heating and cooling loads across
buildings, reduces electric grid
impacts

Relatively new low-carbon strategy
in the U.S., high infrastructure
Investment costs, not suitable for all
locations

Electrification

Commercially available,
complementary to decarbonized
electricity, improves indoor &
outdoor air quality

Requires retrofits and high upfront
capital costs, potential electric peak
load impacts, may result in equity
issues/stranded costs

e Energy+Environmental Economics



Washington 2021 State Energy Strategy found that building electrification is a
lower-cost solution for decarbonizing Washington’s buildings

+ The Washington 2021 State Energy Strategy
identified building electrification as a lower-cost

Washington 2021 State Energy Strategy
solution to achieving the state’s greenhouse gas Average Annual Energy Expenditure by Scenario

emission targets compared to other strategies

 Electrification leverages a clean electricity supply to

I H
. - ! 1
decarbonize the building sector ! =] ﬂ®
L . L . 4.5% i |
 Electrification vs. Gas in Buildings scenarios show that 4 0% : :
electrification of buildings lowers costs over retaining gas 3'5; : :
.J7 1 1
USEs 3.0% i !
« Gas in Buildings is different from a scenario considering EL% 2.5% : i
dual-fuel heat pumps as it assumes existing buildings that S 2.0% 2.6% ] I 4.0%
use only gas for heating will continue to do so through = 15% i i
2050 1.0% | |
1 1
: : : 0.5% I
+ The State Energy Strategy did not evaluate in detail 0 0% : i
. . . (¢] 1
peak Ioad ImpaCt and consumer cost ImpaCt from Reference: Electrification i Transport Gasin Constrained
e| ectr | fl cat | on L : Fuels Buildings Resources

« Both building electrification and transportation

‘g . . : ) ) Source: Washington 2021 State Energy Strategy Report (p. 39)
electrification will contribute to higher peak electric demand
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Pacific Northwest has unique opportunities and challenges for

gas decarbonization

Key opportunities for Pacific Northwest

+ Relatively mild climate on the west of the
Cascades: heat pumps work very efficiently in mild
climates such as the Pacific Northwest leading to
moderate load growth from electrification and less
challenging peak impacts to manage

+ Additional demand for air conditioning as
summer gets hotter: many homes in the Pacific
Northwest do not have air conditioning currently. As
the summers become warmer, the need for AC
may drive up the adoption of heat pumps given
their ability to provide both cooling and heating

+ Peak impact mitigation from energy efficiency:
Electric heating is already prevalent in Pacific
Northwest. It presents the opportunities to mitigate
the peak impact from electrification by replacing
current resistance heating with heat pumps

@Energy Environmental Economics

Key challenges for Pacific Northwest

Increasing electric demand : peak heat need will
increase due to electrification, a near-term challenge
given the region's winter-peaking and capacity
challenged electric system

Constraints on the distribution system: the
increasing electric demand from building electrification,
as well as EV charging demand, may add stress to
areas where distribution capacity is already
constrained

Availability and storage of zero-carbon fuels:
Pacific Northwest has lower availability of biomass
resources and geology that is not conducive to
hydrogen storage; renewable gases are likely to be
produced outside the region and delivered via pipeline

Long-term gas planning: Gas decarbonization may
lead to a spiral gas rate effect; a managed transition
helps mitigate rate impacts

14



Deep-dive on gas decarbonization
strategies
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Heat pump technologies are the primary tool utilized in

building electrification

Air Source HP Cold Climate ASHP Hybrid HP

Uses outdoor air as an energy source/sink with electric resistance backup

Electric resistance backup

Greatest peak impact Peak impact
Low upfront costs High upfront costs Lowest upfront cost

Natural gas/propane
backup

-

N
Ground Source HP

Uses ground as
energy source/sink

Backup may not be
required

Minimal peak impact

High upfront costs

J

Note: this list is not exhaustive but captures the main types of space heat electrification cited in literature. Electric stoves (induction & resistance), electric clothes dryers

(resistance & heat pumps) and water heaters (resistance & heat pumps) are other building electrification technologies.

@Energy Environmental Economics
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In Pacific Northwest, building electrification may drive
significant increases in winter peak demand

+ Studies estimate that peak electric demand may double by 2050 under building electrification scenarios without

energy efficiency and peak reduction measures

+ Majority of demand growth would occur in winter, driving up the peak electric demand of the already winter-

peaking systems in the Pacific Northwest

Building Electrification Load Impact in 2042,

Seattle City Light

Building Electrification Peak Impact in 2050,

Selected Consumer-Owned Utilities

Residential & Commercial Buildings, 2042

4,500
4,000
3,500
3,000
2,500
2,000
1,500
1,000
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0
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+1.9 GW (+120%)

Power Demand (MW)

250 -

g

:

Peak Load as a
% of Current 1-in-2
[
S

S

o

Tacoma Inland Clark Richland

Source: Figure 3-10 from Seattle City Light Electrification Assessment, 2022
showing a scenario consistent with the goals and policies outlined in the Seattle
Climate Action Plan reaching ~90% electrification of residential heating and ~80%
of commercial heating without energy efficiency and peak reduction measures
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Source: Figure 3-7 from E3’s 2022 report on Financial Impact of Fuel Conversion
on Consumer Owned Utilities and Customers in Washington showing peak impact
from adopting standard air-source heat pumps under the trajectory envisioned in
the Electrification Scenario of the 2021 Washington State Energy Strategy




However, there are discrepancies among studies in the electric
system peak impacts from building electrification

+ PNW studies all project moderate annual load growth under high levels of building electrification due to the high efficiency of heat
pump in providing space heating in the relatively moderate climate
+ Estimate of peak demand impact from building electrification vary among studies
+ Peak demand estimate from the SCL Electrification Assessment study is on the higher end, but its methodology is unclear based on the report

*  Synapse’s 2022 Towards Net Zero Oregon study is on the lower end, but we think it may have underestimated the peak impact

— lItlikely overestimated the efficiency gain from replacing electric resistance with heat pumps by applying an average space heating demand per household regardless of
heating fuel types, where in practice smaller homes tend to use electric resistance heating and larger homes tend to use gas for heating

— It makes an optimistic assumption about heat pump performance by assuming no electric resistance backup is used even at the lowest temperature of ~0°F

Comparison of Building Electrification Impacts in the PNW Studies

2021 Washington State E3-Commerce Study on Seattle City Light Towards Net Zero
Energy Strategy (SES) Consumer-Owned Utilities Electrification Oregon
in Washington Assessment
End year of the study 2050 2050 2042 2050
Heat pump penetration ~90%
by the end year ~90% (Modified SES Electrification 100% 100%
(scenario name) (EIectrificationOScenario) Scenario assuming heat pumps (Scenario 3: Full Adoption of (Both 2025 and 2030
instead of electric boilers for Electrification Technologies) Sales Target Scenarios)
commercial buildings)
Load Growth vs. +7-13%
0 0, 0
2019/2020 +37% (varies by utility) +33% +13%
Peak Growth vs. +33-72%
0, 0
2019/2020 N/A (varies by utility) +144% 1%
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Cold climate heat pumps can operate at high
efficiencies during cold winters, reducing peak impacts

Measured ccASHP Coefficients of Performance
Used in Pacific Northwest Studies

6.0 | ——E3 RESHAPE - Best-in-Class
—— E3 RESHAPE - Mid + In 2021, the US Department of Energy (DOE)
50 | —— E3 RESHAPE - Base

launched a technology challenge to
accelerate performance of cold climate heat
pump (ccHP) technologies

=== Synapse/Sierra Club (Ductless ccASHP)

4,0 | = Cadmus (ccASHP)

S| o e
© --- * The Challenge sets stretch goals for ccHPs to

achieving COP greater than 2.1 at 5°F and
optimized for -15°F operation

2.0

1.0

* In 2022, DOE announced that one prototype that

o 5 10 15 20 5 30 35 a0 as ach_|ev_ed the Technol_ogy Challenge’s standards by
Degree F delivering 100% heating at 5°F, and 70% to 80%

heating at -5°F and -10°F.

0.0

Both black COP curves are based on measurements by
Cadmus, Cold climate heat pumps can operate at low
temperature ranges at efficiencies higher than
conventional heat pumps and electric resistance.

Sources: Cadmus Group (2022) Residential ccASHP Building Electrification Study; Cadmus Group (2016)
Ductless Mini-Split Heat Pump Impact Evaluation; E3 using NEEP specification list for cold-climate ASHPs
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Several studies and programs begin to address the
potential of hybrid strategies in North America as well

Several recent studies and programs emphasize the

v’ Lifetime energy costs for a hybrid scenario in existing homes in Ontario, Canada, are

significantly lower than for a full-electric system while providing flexibility +  Climate Action Tracker (2022) found that hybrid systems as

replacement for existing boiler/furnaces could achieve rapid
transition to low carbon heating.

EXHIBIT 1. INCREMENTAL COST INCREASE COMPARED TO NATURAL GAS BASELINE PER HOME?

€Ol s CoN + EPRI Seattle City Light Electrification Assessment (2022) found
Existing Homes - Incremental cost increase New Homes - Incremental cost increase that with dual-fuel space heating options (WhiCh employ fossil-
compared to natural gas baseline compared to natural gas baseline fueled auxiliary heat at lower temperatures and do not affect peak
20 20

hours) helps limit impacts on system peak.

o 3% + ACEEE Analysis of Electric and Gas Decarbonization Options for
Homes & Apts. (2022) found that electric heat pump paired with
2 alternative fuel backup for below 5°F minimize the average
10 § e lifecycle equipment costs in relatively cold climates
& &
0 20
’ S . S 8 + Non-profit CLASP (2022) found that a hybrid heating strategy
ol 7 el | 73 K g ¢z - focused on air conditioning replacement could cut national
ahs o b= gls 2 heating costs by $13.6 billion annually.
0
CAPITALCOST  LIFETIME ENERGY TOTALLIFETIME  _ CAPITALCOST  LIFETIME ENERGY TOTAL LIFETIME + The Massachusetts Clean Energy and Climate Plan (2022) offers
PREMIUM COST PREMIUM  COST PREMIUM PREMIUM COST PREMIUM  COST PREMIUM

a plan that is based on a portfolio of hybrid heating

M Full Electric [l ASHP/Gas Hybrid [l CC-ASHP/Gas Hybrid . . . .
technologies alongside all-electric solutions.

+ HydroQuebec and Energir in Canada (2021) engaged in a dual
energy partnership to limit the impact of electric heating on
peak periods.

@Energy Environmental Economics



Pacific Northwest has opportunities to manage large
electric peak loads from electrification

+ Pacific Northwest already has relatively high penetration of electric heating compared to other regions with
similar climate, an opportunities for managing peak impact from heating electrification

Electric heating makes up ~40% of existing residential heating in Washington and ~50% in Oregon

+ Replacing existing electric resistance heating with more efficient air-source heat pumps could significantly
alleviate peak impact from heating electrification

+ Other peak reduction measures such as adopting dual-fuel heat pumps, more efficient cold-climate heat
pumps and improving building shells can also be effective peak mitigation measures

Building Electrification Peak Impact with EE & Peak Building Electrification Peak Impact with Peak

Reduction Measures in 2042, Seattle City Light Reduction Measures in 2050, Tacoma Power

B No EE & Peak Reduction Measures B With EE & Peak Reduction Measures 2000 4 2021  Standard Base ER Tight Com Hybrid  Best-In
Phaseout Shell Hybrid Class HP

s 4,100 MW 1750 - 55%

S 4000 - 7 449,

2 3,500 MW 3,600 MW 15001 ///A ° 34 % 299

= in-10 . 0

& -60% % // % increase
£ 3000 -60% -60% 1250 - 7% // in 1-in-10
: 0]  ld
5 2000 1700 MW § 1000

2 1600 MW 1450 MW 1400 MW [~

g 8

= 1000 - s00d o

3 \

3 o 250 -

2020 2042 (Scenario 1) 2042 (Scenario 2) 2042 (Scenario 3) 0 . . . . . . .

Source: Data based on Figures 3-7, 3-10, 3-13 and 3-15 from Seattle City Light Source: Figure 5-3 from E3’s 2022 report on Financial Impact of Fuel
Electrification Assessment, 2022. Scenario 1: Moderate Market Advancement, Scenario Conversion on Consumer Owned Utilities and Customers in Washington

2: Rapid Market Advancement, Scenario 3: Full Electrification by 2030
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Networked geothermal may provide benefits in regions with near-term pipeline
replacement need; but carries many uncertainties

-+

Networked Geothermal Systems are closed vertical GSHP systems that
connect several homes to a central infrastructure.

They provide an alternative business model for gas utilities with aging gas
infrastructure that needs replacement in the near term, such as the Northeast

« However, there may not be as many opportunities in the Pacific Northwest, where gas
infrastructure is relatively new.

Advantages include minimization of the weather dependency of electric
heating and the potential for load sharing between buildings.

Key uncertainties however exist with regard to cost and feasibility of
networked geothermal systems

* Networked geothermal systems do not exist at scale and current evidence suggests that
systems are expensive to install and highly dependent on geological conditions.

* In addition, significant challenges exist with regard to system planning and customer choice
as installations would need to happen at block or neighborhood scales.

Networked Geothermal utility pilots

Several gas utilities in the U.S. are exploring the concept of networked geothermal systems:

» Eversource in Massachusetts plans to pilot a networked geothermal demonstration project in several types
of neighborhoods (total of 140 units with estimated installation costs of $10 million).

+ National Grid in Massachusetts submitted a Geothermal Program Implementation Plan in May 2022,
proposing up to four shared loop geothermal networks across its service territory at cost of $15.6 million.

* In Long Island (NY), National Grid launched a geothermal system connecting 10 homes to a shared system,
gathering data on cost, effectiveness and customer satisfaction.
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Image credit: BuroHappold
GeoMicroDistrict Feasibility Study
(2019), commissioned by HEET
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Source: E3 & ScottMadden (2022). 20-80 Decarbonization
Pathways Report. Total LDC revenue requirement in
Massachusetts with approximately 40% of customers
converted to networked geothermal in 2050.
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Several sources of decarbonized gas are considered
throughout literature

Biomethane based

Hydrogen based

Waste biogas Gasification of biomass Hydrogen Synthetic Natural Gas (SNG)
H &)
2
Sources: Sources: Sources: Electrolysis + zero- Sources: Renewable hydrogen +
Municipal waste, manure, Agriculture and forest residues, carbon electricity or Steam CO2 from biowaste (bi-product of
landfill gas and purpose grown crops, e.g. Methane Reforming of biofuel production) and/or direct air
switchgrass; natural gas with Carbon capture (DAC)

Capture and Sequestration

Constraints: Constraints: Constraints: Constraints:
Very limited supply Limited supply and competing Limited pipeline blends (7%  Limited commercialization, low
uses for biofuels by energy) without round-trip efficiency, high cost

infrastructure upgrades, cost

Note: The definitions of decarbonized gas sources vary across the literature. We use the definitions presented here throughout

our study:.
Energy+Environmental Economics 23



Utilities have started to acquire decarbonized gas, initially
targeting municipal waste and biogas capture from agriculture

PSE:

Summit:
HW Hill Landfill

Clinton Dairy

Vermont Gas:
Goodrich Farm

Unitil:
NW Natural: o
Columbia Blvd I A REI for RNG
WTE Milford Hog Férms Liberty: NationalGrid:
Bethlehem Landfill # — Newtown Creek
WWTP
SoCalGas: NationalGrid:

Dominion:
Align Manure

Southwest Gas:
Las Vegas WWTP

Calgren Dairy Freshkills Landfill

SoCalGas:

Chesapeak:
Rialto Bioenergy

Bioenergy DevCo
Southwest Gas:

Clark County
Sanitation

Chesapeak:
CleanBay

S DA i i *- |
GZirEiindranglncan I_IaWIE'il II'Gas . ‘ RNG Project
(2020). RNG Honouliuli WWTP

Activity Tracker

Energy+Environmental Economics  * Hawai‘i Gas has been blending up to 15% hydrogen into its gas mix since 1974. 24



Availability of local feedstock resources for production
RNG is limited in the Pacific Northwest

+ Estimates of decarbonized gas availability vary
across the literature but overall show that feasible
availability would meet a relatively small fraction
of demand

+ The Pacific Northwest is on the mid-to-low range
of potential feedstock availability from forestry,
wastes, and agricultural resources

+ Feedstocks for biomethane face competing
demands from other sectors

» The California Low-Carbon Fuel Standard (LCFS) market
offer credits to low-carbon fuel producers, which results in
direct competition for same feedstocks that can be used
for biomethane production

* In a deep decarbonization future, demand for low-carbon
liquid fuels such as biodiesel in transportation and
industry sectors will also compete for feedstocks for
biomethane

@Energy Environmental Economics

The Pacific Northwest is on the mid-to-low range of
potential feedstock availability from forestry, wastes,
and agricultural resources
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Sources: US Billion Ton Study (2016)

25



Federal initiatives may boost hydrogen industry in the
next decade

+ Hydrogen has gained renewed attention as an essential
clean fuel for the energy transition, particularly for e Government-led hydrogen
hard-to-electrify sectors hub initiatives in US, Canada

Projects or expressions of interest on behalf

» Federal initiatives, including the funding of regional Hydrogen (9 s T vinces
Hubs and the Production Tax Credit announced in the Inflation ]
Reduction Act (IRA) give a strong boost to hydrogen in the next z«"“ o
10 years
* DOE aims to bring down costs of hydrogen production to $1/kg . S \.--5'@"'----;:&
by 2030, highly increasing the fuel’'s competitiveness. The IRA's { e\ o }s’
$3/kg PTC may make hydrogen cheaper than natural gas in - o = e . ;“iﬂ“
. . i ] ] ¢ N
some areas % @ ! R - B
-h.";\\__ E || II-—- ::|1_ _______ o I S e
o , . " ! ;8 o Y
Hydrogen Initiatives relating to the Infrastructure & Jobs Federal Funding P . | @, Powersourss
Regional Hydrogen Hub Program $8 billion RN el
Clean Hydrogen Manufacturing and Recycling Initiatives $500 million
o Alberta (Edmonton Region Hydrogan Hub) 9 Colorado, New Maxico, Utah and Wyoming
Clean Hydrogen Electrolysis Program $1 billion @ Ponnsylvaria Wastarn Intr-Statas Hydrogan Hub)
e Wast Virginia e Louisiana, Oklahoma and Arkansas (HALO Hydrogan Hub)
— - - - @ New York, New Jorsay, Massachussaetts and Connacticut
Hydrogen Initiatives relating to ~ Federal Funding O Nebrasia @ Washingeon
the Inflation Reduction Act Q o ® caifornia
Hydrogen Production Tax Credit The Hydrogen PTC compensates producers O Kentucly
€) Georgia Dataasof Juna 10,2022
Map credit: Mahnoor Haider

Of green hydrogen Up tO $3 per kilogram1 MNumbered circles and dashed lines reflact the state or region that has expressad intarastinagursuingahydmyn hub.
. . . Source: Stakeholder announcements
depending on emissions levels
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There are several ways to produce hydrogen; “green hydrogen”

will likely be the lowest cost in some regions with IRA incentives

Most studies distinguish “blue hydrogen”
produced through Steam Methane Reforming
(SMR) with CCS (using natural gas) and
“green hydrogen” produced through
electrolysis with renewable electricity

« “Turquoise hydrogen” is produced through methane
pyrolysis with inputs of natural gas and zero-
emissions electricity

+ “Pink hydrogen” is produced through electrolysis
with nuclear power

SMR with 90% CCS likely has the lowest
production cost; but with IRA incentives,
green hydrogen in some regions will likely
be most cost competitive

Cost of green hydrogen depend on
electrolyzer power cost and capacity factor

* The bounds of each curve are traced out by
optimistic and conservative alkaline electrolyzer
capital cost trajectories

@Energy Environmental Economics

Cost Comparison of Major H2 Production Pathways and with IRA Incentives

18 -
12.2
16 - » $15.4
T 14
g $12.4
# 12 -
o
o 10 -
o
% 8 - 18 $7.1
— 6 - 4;2 4.0
o] . 0 0 0 0
2 o4 o4 $3.7 $4.2 $4.1
o] . . $3.0 $2.9
O 2.0 $1.7 %21 $2.1
2-%513 $1.3 — = %14 = $1.3 l $1.2
, N | | 0 - ||
Gray Blue 1 Blue 2 Blue 3 Optimistic  Turquoise Pink Pessimistic  Curtailed
Steam 90% 90% 96.2% Green Nebraska Texas Green renewables
methane Capture Capture + Capture + Texas [$4.42/ [$73/MWh WA CA
reforming [$4.42/ Upstream Advanced [$26/MWh MMBtu] 90% CF] [867/MWh [$0/MWh
[84.42/ MMBtu] Controls Upstream 40% CF] and with and with 19% CF] 5% CF]
MMBtu] and with [$4.42/ Controls and with ~ $0.75/kg H, $3.00/kgH, and with and with
$0.26/tH,  MMBtu] [$4.42/  $3.00/kgH, 45V asv $3.00/kg H, $3.00/kg H,
450Q and with MMBtu] and 45V 45V 45V
$0.60/kg H, w/ $0.75/kg H,
45V 45V
Capital I Fixed M Electricity I Natural gas Non-fuel variable
M CO:transport M CO: storage withIRATC @ LCA [ with 450

Source: Energy Futures Initiative. “U.S. Hydrogen Demand Action Plan,” February 2023.
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0
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Europe & Australia lead the way in global (planned)

low-carbon hydrogen production

Csstooees | NoOrth Ameri
* Lake Charles ;

Methanol LA (2022) %;5 -

(SMR + CCS) -

Coal gasification'+
38%

SMR+CCS
34%

Electrolysis

100%“
South America

Largest projects:
ECB Paraguay (0.3 GW
electrolysis) - 2022

Source: IEA (2020), Hydrogen Projects Database
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Europe

Largest projects:
H21 North of England (12 GW
ATR+CCS)
NortH2 NL (3-10 GW electrolysis) -
2027/2030/2040
SilverFrog Italy (10 GW
electrolysis) - 2030

Asia

27%

4%

Coal gasification + CCS

Coal gasification + CCS

~4

Largest projects:
Hyport Oman (0.25 GW
electrolysis) — 2022
Ningxia Solar H2 (0.2 GW)
- 2022

Australia

Largest projects:

* Asian Renewable Energy Hub
(14GW) — 2027/2028
Murchison Renewable
Hydrogen (5GW) - 2028

og®



Clean hydrogen "pilot” program developments are ramping
up rapidly in the U.S. in recent years

<4 Hydrogen as a low-carbon alternative for Announced Clean Hydrogen Project Activities
the IndUSt“al’ tra‘nsportatlon’ and Announced Hydrogen Hydrogen Production Projects in Development
bu”dlng sectors Production Capacity by Capacity and Technology
« Opportunity to blend hydrogen to decarbonize 290" ol 0
supply portfolio _ 200- - i
— High_ (_:ongentration_s (_)f hydrogen require - o hEOS . o, * & 7 ’
modifications to existing end-use technologies S 1.00- . P 3, X
. = % x .
+ More than 177 clean hydrogen production § Kl «: S &
.. 0.15- Xxxx ® . s s,
activities has been announced across the S g % x
U.S.; 47 have declared total production g S e
capacity of over 2.2 Mt per year g oo x S =
° Enbridqe Gas: p||0t program W|th renewable ° 1523 2 2 ’ & 1;02?:'P:’:z‘;;gdgf;i;i“ﬂ? ;‘::;_YEK ( \/ 300K-860K
hydrogen produced at a Power-to-Gas facility Number of Projects % Frofet Gapaciy Undetermined

- Blue Hydrogen . Green Hydrogen . Turquoise Hydrogen Pink Hydrogen

« Fortis B.C: plans to transition to hydrogen and
other zero-carbon fuels to consist 10% (in
volume) of supply mix in volume by 2030, and
30% (in volume) of supply mix by 2050

Sources: Energy Futures Initiative. “U.S. Hydrogen Demand Action Plan,” February 2023.
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Energy efficiency in gas end-uses is pivotal to minimize
the cost and technology risks of decarbonized gases

+ There are numerous high-efficiency gas technologies already on or coming onto the market, which,
combined with decarbonized natural gas, can help meet 2050 goals

A study by AGF found up to 40% CO, emissions reductions in the

High Efficiency Direct Use Natural Gas Technologies
U.S. residential sector from the deployment of emerging natural

gas direct use technologies (note: the study did not consider ndouse Technology P s
further reduction potential from decarbonized gas) (vear) efficiency)
Condensing Gas Furnace Now 97%
. 3 @ @ Gas Absorption Heat Pump 2022 140%
235 204 l ap'flf_e Energy Star Condensing Gas Boiler MNow 95%
eating Gas Absorption Heat Pump Boiler 2022 130%
-20% Thermal Compression Gas Heat Pum
195 37% Boiler i ’ 2030 160%
Gas Storage Condensing Now 0.77
154 Gas Tankless Now 0.84
Gas Tankless Condensing Now 0.95
:':::I:g Gas Hybrid Now 0.96
Solar Thermal with Gas Storage Now 1.00
Gas Heat Pump Water Heater 2022 1.30
Self-Powered High Efficiency Tankless 2030 1.10
Energy S5tar Gas Dryer Now 3.48
oryer MNext Gen Energy Star Gas Dryer 2030 4.00
2020 Baseline 2050 Incremental  Moderate Penetration  High Penetration Gas IC-Engine Driven System 1.5 kW 2022 23%
Baseline sCenario sCenaro MicraCHP SOFC 2.0kW 2030 2030 A0%
SOFC 1.5kW 2030 2030 60%

Soufce: American Gas Foundation (2019)
Energy+Environmental Economics
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A range of optimistic and conservative approaches to
key assumptions strongly influence study outcomes

Optimistic perspective

The cost of heat pumps decreases with time as

markets scale

Consumer choices lead to high levels of
electrification by mid-centur

With energy efficiency and demand flexibility,
peaks can be substantially reduced

Market transformations lead to increased
availability of RNG from gasification

Electrolytic fuels (H2, SNG) come down in cost
as markets scale and challenges are overcome

Deep retrofits can reduce space-heating
demands with manageable costs

Targeted electrification approach can bring
down gas system costs significant!

Heat pump costs

Consumer
acceptance

Electric peak demand
impacts

Availability of
decarbonized gas

Availability of hydrogen

Building shell
improvements

Gas system cost
savings

Conservative perspective

Cold-climate heat pumps will continue with a
cost-premium over other models

Technology cost premiums lead to lack of
consumer incentives to decarbonize

ASHPs require large amount of supplemental
heat, particularly during design load conditions.

RNG supply is limited by competing demands
for biomass and sustainability concerns

Deployment of hydrogen may be limited by
infrastructure or blending challenges

The costs of deep shell retrofits are high and
exceed enerqgy cost savings

There are limited opportunities to save gas
system costs due to choice & technical barriers

e Energy+Environmental Economics
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Utilities will need to balance a combination of GHG
reduction strategies while managing key uncertainty

Utility decarbonization plans may include a combination of strategies

¢ Differentiated Gas

¢ Leak Detection and
Repair Programs

* More Accurate
Emissions
Measurement

* Replacement of
Higher Emitting Pipe
and Equipment

* Operational and
Maintenance Measures

¢ Carbon Capture and
Sequestration

* Direct Air Capture

* Greenhouse Gas
Emissions Offsets

Methane Emissions

Reduction
Measures

Offsets
and Negative
Emissions
Technologies

@Energy Environmental Economics

* Expansion of Gas Energy
Efficiency Programs

=
[

Gas Demand
Reductions

* Building Envelope
Improvements

* Emerging Highly Efficient
Gas Technologies

E3 Note: Most studies include

building electrification as
a strategy for gas demand
reduction

Gas Utility
Approaches
for Reducing
Emissions

* Renewable Natural Gas
* Hydrogen Blending
* Methanated Hydrogen

Decarbonize
Gas Supply

* Dedicated Hydrogen
Infrastructure

Source: AGA (2022) Net-Zero Emissions
Opportunities for Gas Utilities

Key uncertainties and considerations need to be
taken into account

<+ Availability of renewable gases (e.g.,
biomethane, synthetic natural gas) and
hydrogen production levels

+ Reliance on alternative fuels by other hard-to-
decarbonize sectors

+ Emergence of new technologies and cost
trajectories of existing technologies

+ Changing energy system reliability and
resilience needs

+ Opportunities for electric and gas system
collaboration

+ Consumer impacts and influence over
customer decisions

+ Equity, stakeholder acceptance and community
engagement
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Equity, affordability, and community engagement will be
key to a successful implementation strategy

Sources: David and Hausman (2021)
Gas utility decarbonization implicates equity and affordability, but the consumer perspective is Who will pay for legacy utility costs?;

often not a central focus in utility gas decarbonization studies USDN (2021). Equity and Buildings:
A Practical Framework for Local
Recognizes and addresses
historical, cultural, and

+  Most studies focus on societal cost metrics or technology-specific roadmaps
+ Some studies have begun to examine capital cost barriers to low-income building electrification and
consumer implications for rising gas prices as customers exit the natural gas system

Government Decisionmakers
institutional dynamics and

structures that created past
and current inequities

Decarbonization studies suggest the following practices to ensure consumers, especially those

historically excluded from clean energy policy and decision-making, are at the center of future
decisions:

+
+
+
+
+
+

Achieves a fair distribution of
opportunities, benefits, and
burdens for all communities

Address root causes of past inequities in resource distribution or program participation

Shift funding to provide increased decarbonization support in impacted communities

Ensure information transparency, build transparent decision-making and accountability processes
Directly tie program success to equity

Invest in interdepartmental and cross-agency collaboration

Build out equitable stakeholder engagement (see below)

and proarams
ana .,IL)(J AMS

An Equitable
Energy System...

Institutionalizes

accountability for achieving
equitable outcomes from
government, utilities, and
other stakeholders

Considers intergenerational
impacts and does not create
policies or programs that

unjustly burden future
generations

Stakeholder engagement should center the communities most impacted by climate change and

XF

Ensures representation, power,
and influence from community
members and/or environmental
justice advocates in
decision-making and
implementation processes

upcoming policy decisions, but these communities have been underrepresented in the past

+ Decarbonization studies suggest the following to improve community engagement:
* Hire facilitators
*  Work with community-based organizations and environmental justice groups
*  Compensate contributors for their time and expertise

* Build community engagement into pgdget . . Image credit: ACEEE. Energy Equity Webpage.
* Develop clear and transparent decision-making and accountability processes

ACEE

orzan Counch for an Energy-Efcent Esamamy

@ Energy+Environmental Economics 40



Washington needs to access a larger share of the US air-source heat pump
market and prepare labor force for the potential market transformation from
building electrification envisioned in the State Energy Strategy

+ Across the US, air-Source Heat Pump market
has seen rapid growth in the past decade at
10% per year, reaching 4.3 million shipments in

2022. Air-Source Heat Pump (ASHP) Market Transformation
* In the Northwest, ASHP sales and market 05:4.3 wilion (2022) e e .
. :4.3 Million — istorica ipment
growth have lagged behind the US average
4 Million - —==Northwest Population-Weighted Share of US Shipment
+ If Washington state achieves the level of
. . g . . .. . N Northwest Residential ASHP Sales (BPA&NEEA)
building electrification envisioned in the §\é
Electrlflcatlon SCenarlo from the 2021 State 3 Million - o —‘\SNA FuFu)re Residential ASHP Sales (SES Electrification
cenario
Energy Strategy, ASHP sales need to ramp up
rapidly to half a million in 2030 and 1.8 million in .. | WA’l-S""""°"‘2°5\°’
2050.
» Such pace of electrification would require the Cwition | W: 0.5 Milion (2030)
state to access a larger share of the US ASHP Northwest: 70,426 (2021)
market while it continues to grow and \
manufacturers continue to expand productions Million | S=ESmmE S EEEmmmEEn —
2003 2008 2013 2018 2023 2028 2033 2038 2043 2048

* It is also important to make sure skilled labor
force keeps up with and support the potential
market growth

@Energy Environmental Economics
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