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LETTER FROM AGA

Climate change is a defining challenge for our country and across the globe. As businesses,
communities, and governments focus on reducing greenhouse gas emissions, every sector
of the economy will need to make not just pledges, but progress.

America's gas utilities have consistently provided solutions to our nation’'s most pressing
energy needs and environmental goals, and they have crucial and enduring roles as the
country advances ambitious greenhouse gas emissions reductions goals. Energy is the
backbone of our economy and our quality of life, and the natural gas system will be central
to our energy future. Natural gas provided 34 percent of all energy consumption in the
U.S. during 2020. More than 187 million Americans use natural gas in their homes every
day, and the industry added nearly 900,000 new residential customers in 2020, the largest
increase since 2006. That equates to one new customer every minute and 21,000 new
business customers each year. Investments in the natural gas system support well-paying
jobs, power our nation’s industries, fuel economic growth, improve air quality, support
communities, and reduce pollution.

In 2020, on behalf of the nation’s natural gas utility industry, the American Gas Association
issued its "Climate Change Position Statement.” It made 10 collective commitments toward
achieving a significantly lower-carbon energy economy. Since that time, the industry has
doubled down onits innovation and investment, driving increased progress and reimagining
our energy future. These substantive efforts build on the progress already underway—gas
utility industry methane emissions have decreased 69 percent since 1990, and the use of
natural gas for power has enabled the expansion of renewables and led to carbon dioxide
emissions in the sector reaching three-decade lows. And the industry is not done yet.

To further advance our emissions reductions, | am pleased to present Net-Zero Emissions
Opportunities for Gas Utilities. It provides a comprehensive and rigorous analysis
demonstrating the multiple pathways that exist to reach a net-zero future, and the role
natural gas, gas utilities and delivery infrastructure will play in advancing decarbonization
solutions. There is no single pathway to a net-zero economy, and planning must consider
highly localized factors like geography, energy demands, resources, and weather. The
study presents several pathways to underscore the range of scenarios and technology
opportunities available as the nation, regions, states, and communities develop and
implement ambitious decarbonization plans.

Recognizing the critical benefits of gas industry infrastructure and the energy choices it
provides can help us better leverage all of the resources and tools required to innovate
toward the energy system of the future. This industry is advancing practical solutions today
and making investments that bring considerable advantages to meet the country's energy
goals and achieve our ambitious emissions reductions goals well into the future.



Industry and government must work together to advance innovative policies, scale-up and
deploy new technologies and invest in reliable and resilient infrastructure. Only through
an integrated approach to decarbonization that leverages the advantages of the gas
distribution system can we realize a reliable and resilient energy future that minimizes
negative impacts for customers.

As our nation pursues ambitious decarbonization goals, the U.S. gas utility industry is
committed to providing the solutions required to achieve a sustainable energy future.
AGA will continue to develop and advance the supportive policies and regulatory changes
needed at the federal and state levels, identify the investments necessary to deploy
and scale advanced technologies, and support actions essential to help companies and
communities successfully develop and implement effective decarbonization strategies.
We can accelerate the deployment of emission reduction technologies, keep our system
resilient and reliable, and still deliver the affordable energy that Americans need.

We look forward to the work and collaboration ahead to continue the course to a cleaner
energy future.

Karen Harbert



IMPORTANT NOTICE

This is an American Gas Association (AGA) Study. The analysis was prepared for AGA
by ICF. AGA defined the cases to be evaluated and vetted the overall methodology and
major assumptions. The EIA 2021 AEO Reference Case, including energy prices, energy
consumption trends, and energy emissions, was used as the starting point for this analysis.

This report and information and statements herein are based in whole or in part on
information obtained from various sources. The study is based on public data on energy and
technology cost and performance trends, and ICF modeling and analysis tools to analyze
the emissions impacts for each study case. Neither ICF nor AGA make any assurances as
to the accuracy of any such information or any conclusions based thereon. Neither ICF
nor AGA are responsible for typographical, pictorial or other editorial errors. The report is
provided AS IS.

NO WARRANTY,WHETHER EXPRESS ORIMPLIED, INCLUDING THEIMPLIED WARRANTIES
OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE IS GIVEN OR MADE
BY ICF OR BY AGA IN CONNECTION WITH THIS REPORT.

You use this report at your own risk. Neither ICF nor AGA are liable for any damages of any
kind attributable to your use of this report.

© 2021 American Gas Association. All rights reserved. Reproduction in whole or in part
without permission is prohibited.
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ABSTRACT

In recognition of the need to address climate change, a growing number of jurisdictions
and businesses are announcing goals to achieve deep decarbonization with an increasing
focus on meeting net-zero emissions targets within the next three decades. The American
Gas Association commissioned ICF to conduct an in-depth assessment of opportunities for gas
utilities to support these ambitious goals. The analysis examined the greenhouse gas emissions
associated with utility operations, gas production and transportation emissions, and utility
customer emissions created by the direct use of natural gas in the residential, commmercial,
industrial, and transportation sectors.

This study finds that through the use of a variety of technologies and approaches, gas utilities
can achieve net-zero emissions targets and contribute to economy-wide net-zero emissions
goals. Further evaluation of these emission reduction opportunities and their ability to support
tenets aligned with safety, affordability, reliability, resilience, and feasibility criteria will be
an important part of developing and implementing decarbonization strategies. Community
and customer benefits beyond greenhouse gas emissions reductions, such as reduction in
air pollution, increased economic development, and consumer energy savings, may also be
realized and are not reflected in this analysis. To be successful, any pathway to achieve net-zero
emissions—including those not assessed in this study—will require the support of policymakers,
regulators, and customers, along with investment into infrastructure and emerging technologies.

Given the importance of natural gas and gas infrastructure in the current U.S. economy, this
analysis shows that gas utilities can play crucial and enduring roles in building economy-wide
pathways to achieve a net-zero greenhouse gas emissions future. Pathways that utilize gas
infrastructure offer opportunities to incorporate renewable and low-carbon gases, provide
optionality for stakeholders, help minimize customer impacts, maintain high reliability, improve
overall energy system resilience, and accelerate emissions reductions. The ability of gas
infrastructure to store and transport large amounts of energy to meet seasonal and peak day
energy use represents an important and valuable resource that needs to be considered when
building pathways to achieve net-zero greenhouse gas emissions goals.

ICF analyzed various emission reduction technologies/options for gas utilities and worked with
the AGA to develop several illustrative pathways that showcase how different combinations
of these solutions can be designed to achieve net-zero emissions. The approaches examined
include managing energy demand by expanding energy efficiency and promoting emerging
technologies, supplying renewable and low-carbon fuels, reducing emissions from gas utility
operations and pipelines, and utilizing negative emissions technologies. The study presents
national-level results, dependent on a wide range of assumptions. The preferred mix of
measures will ultimately vary by region and utility. Further analysis that accounts for highly
localized considerations, including costs and impacts on consumers, communities, and the
economy, will be needed to study these and other pathways for a given area or gas utility
service territory.

The challenge of meeting net-zero emissions goals should not be understated. Reaching
economy-wide net-zero emissions targets will require transformational changes in producing,
transporting, storing, and consuming energy (gas, electricity, and other forms). All options
should be on the table to ensure a cost-effective, reliable, resilient, and equitable transition to
a net-zero emissions energy system, and gas and electric utilities both have roles to play to
support this transition. Expanded research, development, and deployment support are vital
to achieving these targets. Nonetheless, this study demonstrates the many opportunities and
solutions for gas utilities to help their customers and communities address climate change and
accelerate strategies to achieve net-zero emissions goals.



EXECUTIVE SUMMARY

Climate change is one of the defining challenges of our time. Addressing climate change
will require fundamental changes in energy use and reducing greenhouse gas (GHG)
emissions throughout the economy.

The Intergovernmental Panel on Climate Change has indicated that deep reductions in
greenhouse gas emissions will be necessary to mitigate the largest risks of climate change,
and that economy-wide net-zero emissions are needed by 2050 in order to limit global
warming to 1.5°C (in line with the Paris Agreement).! As a result, municipalities, states, and
the federal government have committed to clean energy or greenhouse gas reductions with
an increasing focus on meeting net-zero emissions targets within the next three decades. In
addition, many businesses—including natural gas utilities—have announced clean energy or
emission reduction commitments. But clear pathways to these goals are still unknown. The
starting point in any climate policy discussion should be the consideration of all potential
greenhouse gas emission reduction tools.

As policymakers and businesses consider strategies to meet economy-wide net-zero
emissions targets, many stakeholders have sought to mandate electrification of consumer
end-uses. Often these approaches have been pursued without a robust evaluation of
the associated challenges or risks, or considering and assessing the decarbonization
opportunities across the natural gas value chain.

This report provides an in-depth assessment of four illustrative pathways that rely on
gaseous fuels and gas infrastructure to achieve net-zero greenhouse gas emissions by
2050. Although the specific pathways differ significantly in approach, all encompass
expanded energy efficiency initiatives, a shift to renewable and low-carbon fuel supplies,
reduced emissions from gas operations and pipelines, carbon offsets, and negative
emissions technologies.

This report is not intended to provide a precise roadmap for
gas utilities to follow.

Instead, it illustrates the potential for gas technologies and
infrastructure to support deep reductions in GHG emissions
and highlights the need to consider these opportunities in
all planning for net-zero pathways.

1 Climate Change 2021: The Physical Science Basis, the Intergovernmental Panel on Climate Change, 2021: https://www.ipcc. _
ch/report/ar6/wgl/downloads/report/IPCC_AR6_WGI_Full_Report.pdf



https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Full_Report.pdf
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Full_Report.pdf
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Greenhouse gas emissions related to gas utilities can be considered in three separate
categories?:

° Direct gas utility emissions

° Customer emissions (residential, commercial, industrial, and vehicle fuel) from
the onsite combustion of gas

° Upstream gas emissions from the production and transportation of gas
purchased from utilities

As shown in Exhibit E.S. 1, 2019 greenhouse gas emissions associated with gas utilities
represented less than 13% of total US emissions.® Of those, customer emissions comprise
the bulk of overall emissions linked to gas utilities. The ability of gas utilities to help their
customersreduce these emissions will be critical to reaching economy-wide net-zero targets.
Much of the analysis in this study focuses on pathways to reduce customer emissions, but
separate opportunities and pathways are also presented for direct utility and upstream
emissions categories.

Exhibit E.S. 1 - Total 2019 US Greenhouse Gas Emissions
and GHG Emissions Categories Associated with Gas Utilities3
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Source: EPA* and EIA®

To be successful, all pathways to achieve net-zero emissions will require the support
of policymakers, regulators, and customers, along with significant investment into
infrastructure and emerging technologies. Reaching net-zero emissions targets will require
transformative changes to our energy systems and will have cost and other implications for
consumers (a full consideration of which is outside the scope of this study). Nonetheless,
this study suggests that there are crucial and enduring roles that gas utilities and gas
infrastructure can play when building pathways to achieve a net-zero emissions future. In
particular, decarbonization pathways that leverage both the gas and electric systems have
a greater potential to help minimize negative customer impacts, maintain high reliability,
accelerate carbon reductions, improve overall energy system resiliency, and create
opportunities for emerging technologies (such as power-to-gas and hydrogen) to support
the needs of both systems in a net-zero future.

The following sections discuss each of these topics in more detail.

2 The World Resources Institute and World Business Council for Sustainable Development (WRI/WBCSD) have established
widely adopted GHG measurement and tracking protocols. These protocols separate corporate emissions for reporting
companies into three categories or “Scopes.” This report avoids the scope terminology in an attempt to make the content easier
to comprehend by a broad audience. However, the three gas utility GHG emissions categories discussed here do generally fall
into the scope categories as well. Direct natural gas utility emissions are Scope 1 emissions. For gas utilities, customer emissions
from the onsite combustion of gas sold by the company are Scope 3 emissions. Customer emissions from combustion of gas
delivered but not sold by utilities are not included in Scope 3 but are sometimes included in this analysis. For gas utilities,
upstream emissions from the production and transportation of gas they sell are also Scope 3 emissions. Scope 2 emissions
related to electricity consumed by the gas utility are not included here but are typically negligible relative to the Scope 1or 3
emissions, and would be mitigated as electricity generation shifts to net-zero.

5 The GHG emissions associated with gas utilities shown here do not include any combustion or upstream emissions for
natural gas use by the electricity generation sector, or for natural gas that is not delivered by gas distribution companies (e.g.,
not all industrial natural gas demand is delivered by gas utilities). Total US GHG emissions are from EPA’s latest Inventory of U.S.
Greenhouse Gas Emissions and Sinks covering emissions in 2019. Customer emissions are calculated based on LDC delivered
volumes share of national gas consumption in 2019 based on EIA-176 reporting. Direct utility emissions include methane and CO2
emissions, based on the EPA inventory and methane GWP of 25. Upstream emissions are calculated based on volumes delivered
to customers captured here and an average emissions factor of 11.3 kg CO2e/Mcf.

4 Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2019 - Main Text - Corrected Per Corrigenda, Updated 05/2021
(epa.gov)

5 https://www.eia.gov/dnav/ng/ng_cons_sum_a_EPGO_vgt mmcf a.htm



https://www.epa.gov/sites/default/files/2021-04/documents/us-ghg-inventory-2021-main-text.pdf?VersionId=uuA7i8WoMDBOc0M4ln8WVXMgn1GkujvD
https://www.epa.gov/sites/default/files/2021-04/documents/us-ghg-inventory-2021-main-text.pdf?VersionId=uuA7i8WoMDBOc0M4ln8WVXMgn1GkujvD
https://www.eia.gov/dnav/ng/ng_cons_sum_a_EPG0_vgt_mmcf_a.htm

AGA Net-Zero Emissions Opportunities for Gas Utilities: Executive Summary February 2022

Gas utilities and gas infrastructure can play crucial and enduring roles
when building pathways to achieve a net-zero emissions future

Natural gas is a core component of the U.S. energy system, and customers and
policymakers value it for its affordability, flexibility, reliability, and resiliency. More than
fifty percent of American households currently use natural gas as a heating fuel, and
reliance on gas is even higher in many colder regions. Natural gas dominates space and
water heating consumption in residential households, as shown in Exhibit E.S. 2, and it is
also widely used in commercial and industrial facilities. The scale of the U.S. economy’s
dependence on natural gas highlights the crucial role for gas infrastructure on any pathway
to net-zero greenhouse gas emissions by 2050, and the need to address associated carbon
dioxide and methane emissions. Additionally, the ability of gas infrastructure to store and
transport large amounts of energy to meet seasonal and peak day energy use represents
an important and valuable resource that should not be ignored when building pathways to
achieve net-zero greenhouse gas emissions goals.

Based on the analysis presented in this report, there is a range of pathways to net-
zero greenhouse gas emissions utilizing the gas system. An integrated approach to
decarbonization that leverages the advantages of the gas distribution system is likely to
support a more effective, reliable, and resilient transition to a net-zero energy system that
minimizes negative impacts for customers.

Exhibit E.S. 2 - U.S. Household End-use Energy Consumption by Fuel (trillion Btu)
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Source: EIA 2015 Residential Energy Consumption Survey




AGA Net-Zero Emissions Opportunities for Gas Utilities: Executive Summary February 2022

Using a range of different approaches and technologies, gas utilities
can meet net-zero GHG emissions targets, and the appropriate mix of
measures will vary by region and utility

For this report, ICF worked with AGA to develop illustrative pathways to net-zero emissions
combining different technologies and approaches to emission reductions. In particular, ICF
and AGA focused on opportunities to reduce greenhouse gas emissions within gas utilities’
purview, including utility operations, gas production and transportation, and the direct
use of natural gas by utility customers across the residential, commercial, industrial, and
transportation sectors. This study finds that through the use of a variety of technologies
and approaches, gas utilities can achieve net-zero emissions targets and contribute to
economy-wide net-zero emissions goals.

At a high level, the emission reduction strategies for gas utilities included in this report
can be separated into four general categories, shown in Exhibit E.S. 3. The first approach
is to reduce gas demand; the second is to decarbonize the gas supply required to meet
the remaining demand; the third is to reduce utility system and upstream emissions from
methane leaks; and the fourth is to use negative emissions technologies to offset remaining
GHG emissions. These strategies can largely be employed simultaneously, and the relative
priority of individual approaches will vary by region and utility.

A wide range of existing and emerging energy efficiency and gas equipment and supply
options have potential to contribute to decarbonization goals.

Exhibit E.S. 3 - Examples of Gas Utility Approaches to Reducing Emissions
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The ability of gas infrastructure to store and transport large amounts
of energy to meet seasonal and peak day energy use represents an
important and valuable resource that needs to be considered when
building pathways to achieve net-zero greenhouse gas emissions goals

Many of the discussions and analyses looking at net-zero emissions targets begin from
the assumption that mandated electrification of all fossil fuel uses, including all uses of
natural gas, will be required (along with a shift to a net-zero emissions electric system),
and that most, if not all, of the existing natural gas distribution infrastructure will need to
be phased out. However, because a relatively limited amount of robust and comprehensive
decarbonization scenario analysis that includes natural gas decarbonization strategies has
been completed to date, policymakers and other key stakeholders should conduct more
analysis that considers the value of natural gas decarbonization strategies or the potential
risks of a limited decarbonization approach that focuses exclusively on electrification of all
sectors of the economy.

One important factor to consider in any comprehensive decarbonization scenario analysis
is that the peak energy demand currently served by natural gas is significantly higher than
that of the electrical system in most regions. The primary reason is that most locations in the
US have higher heating loads than cooling loads, as measured through heating or cooling
degree days.® The existing gas energy storage and delivery infrastructure was designed
to reliably serve customers through spikes in consumption driven by space heating during
cold winter periods, while the electric infrastructure was generally designed for lower levels
of peak demand (driven mainly by summer air conditioning loads). Exhibit E.S. 4 compares
total monthly electricity and gas demand in the U.S. The demand differential between gas
and electricity is even more pronounced when looking at the peak day or the peak hour
instead of monthly averages

Exhibit E.S. 4 - 2020 US Electric and Natural Gas Consumption Across all Customer Sectors
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Source: U.S. Energy Information Administration Electricity B Natural Gas

6 November 2021 Monthly Energy Review, US Energy Information Administration, 2021: https://www.eia.gov/totalenergy
data/monthly/pdf/mer.pdf



https://www.eia.gov/totalenergy/data/monthly/pdf/mer.pdf
https://www.eia.gov/totalenergy/data/monthly/pdf/mer.pdf
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As a result of this differential in peak demand between gas and electricity, it’s likely that
a large-scale shift to electric heating—even using highly-efficient technology such as
air-source heat pumps—would drive significant increases in peak electric loads, shift the
electric grid from summer peaking to winter peaking in many locations, and increase the
challenges associated with decarbonizing electric generation using intermittent renewable
sources. While careful analysis is required to understand the full extent of any challengesin a
specific region, electrification could spur additional infrastructure costs if it necessitates an
increase in available generating capacity and electricity grid upgrades to meet a new peak
electricity demand. As demonstrated by the 2021 cold snap in Texas, energy infrastructure
needs to be built to accommodate such peaks—even if very cold periods are infrequent.

Leveraging renewable and low carbon gas for heating and other uses can help bolster
decarbonization while maintaining high levels of energy system reliability with regards
to building heating needs. More broadly, continued utilization of gas infrastructure can
bring flexibility to future energy systems and could make net-zero pathways more feasible
for the electric grid. One possible example is hybrid gas-electric heating systems, which
provide space heating through the use of an electric air-source heat pump paired with a
natural gas furnace and utilize integrated controls that optimize the energy consumption,
emissions and cost of the system throughout the year. Hybrid heating can help provide
many of the decarbonization benefits of all-electric heat pumps (or even offer additional
flexibility benefits on days with low renewable generation by switching to gas heating)
while reducing high winter electric peaks, maintaining heat reliability for customers, and
helping to maintain lower energy bills during cold periods. It should be noted that the hybrid
heating opportunity would also create operational and cost challenges for gas utilities
(accommodating similar peak demand while annual demand declines), and may require a
much different regulatory paradigm. Leveraging gas and electricity in decarbonization plans
could also help alleviate other challenges associated with an electrification-only approach,
particularly the logistical and cost issues that utilities and others face in comprehensively
retrofitting existing buildings (across all sectors). Emerging strategies such as hydrogen
and power-to-gas may also help enable natural gas infrastructure to be used for renewable
energy storage, providing a potentially compelling long-duration energy storage solution
for variable renewable energy and helping the power sector add more renewables.

Some regional factors may pose challenges for wide-scale building electrification,
particularly if gas isn’t included as part of the overall decarbonization plan. These include:

° Limits on the region’s existing electric supply capacity and the outlook for
new capacity coming online. New renewable energy resources combined with
energy storage baseload capacity offer a viable pathto serveincreased demand
from electrification while reducing carbon emissions. Although renewable
electricity resources like solar and wind have become relatively inexpensive,
storing power from those intermittent resources remains expensive. While
declining battery storage prices support shifting renewable power to different
hours of the day, replacing dispatchable fossil fuel generation and storage
capacity is particularly challenging for long duration seasonal or reliability
requirements (for example, having multiple days of stored electricity to cover
periods of low renewable generation).

e The region’s adoption rate of electric vehicles (EVs), how much (and how
quickly) that will shift energy demand from gasoline to electricity, and whether
there are policies and incentives in place to sufficiently shift EV charging out
of peak demand periods. Both vehicle and building electrification can stress
the distribution grid—and create peakier, less-predictable power demand—so
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measures should be taken to avoid these increases in electric load occurring at
the sametimeandinthe same places when possible, and add new infrastructure
to manage them as needed.

e  The efficiency of the building stock in a region. The cost of all forms of energy is
likely to go up in pursuit of net-zero emissions targets. Energy efficiency is often
the most cost-effective emissions-reduction strategy and in many cases should
be the first action taken. As a result, it may make sense to prioritize and incentivize
energy efficiency upgrades, such as building envelope upgrades, before pursuing
building electrification. Older, less efficient buildings may also pose additional
hurdles to electrification due to increase costs, complexity of retrofits, and need
for upgraded electrical service.

The challenges and opportunities for electrification will also depend on the scale, speed,
and sectors being electrified. Not all forms of electrification will have the same costs or
impacts, and some gas end uses like space heating are likely to pose a particular challenge
to electrify. Pathways that leverage decarbonization strategies across both the gas and
electric system may have potential to better maintain low energy costs, improve system
reliability, create opportunities for emerging technologies (such as power-to-gas and
hydrogen) to support the needs of both systems, accelerate carbon reductions, and
improve overall energy system resiliency.

Planning for a net-zero future should not necessitate a choice between one energy system
or another energy system (gas, electricity, or other forms). Leveraging the gas and
electricity systems for their relative strengths should allow for a lower-risk pathway to
reducing emissions.
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Continued utilization of gas infrastructure can increase the
likelihood of successfully reaching net-zero targets while minimizing
customer impacts

Any pathway to net-zero emissions will require transformative changes to multiple energy
systems and the economy as a whole, and will face a number of significant emergent
challenges (both expected and unexpected). However, some decarbonization pathways
are likely to be more feasible to implement, appealing to customers, and have a higher
chance of success. All of the emissions reduction options need to be considered and, where
viable, deployed in net-zero emissions pathways in order to maintain flexibility, decrease
the chances of energy systems failing, maintain or increase existing public support for
aggressive climate action, and increase the chances of reaching net-zero targets. Pre-
selecting ‘winning’ technologies for 2050 or making decisions to shut down some energy
systems that customers across all sectors currently rely on will reduce the role that
innovation can play in supporting emissions reductions, and may make it more difficult and
expensive to achieve net-zero emissions goals.

The table in Exhibit E.S. 5 outlines the four pathways included in this analysis and highlights
the primary emission reduction measures in each pathway. These pathways are meant to
be illustrative of the kinds of combinations of emission reduction strategies that could be
pursued and they are not intended to be prescriptive. Many other pathways combining
emission reduction strategies differently could also be possible, and this study does
not attempt to establish an ‘optimized’ pathway. Particularly given the diverse array of
measures available, the optimal pathways for a specific region and utility will vary based
on highly localized factors, such as climate/temperatures, energy prices, the composition
of the housing stock, and commercial and industrial base, as well as the capacity, age and
GHG intensity of existing electricity generation, transmission, and distribution infrastructure.
The other decarbonization pathways adopted in a given area, including for sectors outside
the scope of this work (e.g., power generation’ and transportation), as well as the speed of
change, will also impact the optimal pathway for a given region.

Each of the four pathways studied reaches net-zero emissions for the gas utility and gas
utility customers by 2050. The pathways discussed in this report combine a number of
different measures to reach net-zero emissions targets, and Exhibit E.S. 6 summarizes how
each of these pathways leads to gas utility customer emission reductions. The color bands
represent the emission reductions achieved relative to a baseline ‘Business as Usual’ (BAU)
case, showing the diversity of strategies included in each pathway to net-zero emissions.
The relative portion of 2050 savings between reductions in gas demand, renewable and
low carbon gas supply, renewable and low carbon gas supply, and negative emissions
technologies are indicated to the right.

7 While gas demand in the power sector was not included in this analysis, the study assumed that greenhouse gas emissions _
from electricity generation would be net-zero by 2050; this is a critical assumption that drives the logic for several of the
measures explored in the different pathways.
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Exhibit E.S. 5 - lllustrative Gas Customer Decarbonization Pathways

Pathway Description Key Strategies
Gas Energy This pathway is designed to help maintain Gas heat pumps
Efficiency customer fuel choice by leveraging existing Aggressive fuel-neutral building
Focus infrastructure, demand-side management energy codes
prggrams, and regulgtory structures.l Major building shell retrofits
It drives emission reductions primarily . —_ )
through the significant expansion of utility High-efficiency g_a_s appliances
energy efficiency programs, promotion of 2tQhaesrusgsergy efficiency (E.E)
gas heat pump technology, building shell )
retrofits, more stringent fuel-neutral building RNG & hydrogen blending
energy codes, and considerable volumes of Negative emissions technologies
renewable and low carbon gases.
Hybrid This pathway focuses on coordinated gas Hybrid gas-electric heating
Gas-Electric | and electric infrastructure planning and Improved fuel-neutral building
Heating optimization through widespread adoption energy codes
Focus of hybrid gas-electric integrated heating Building energy efficiency
systems, as well as selective electrification retrofits
of certain end uses (with the goal of High-efficiency gas appliances
avoiding additional stress on the electric El . .
. ) . . . . ectric appliances
grid where possible), in conjunction with a
large push for more gas energy efficiency. Other E.E. measures
Greater coordination, and hybrid heating RNG & hydrogen blending
systems specifically, will require new Negative emissions technologies
regulatory structures to accommodate,
but may also offer the potential to achieve
a more optimized energy system (eg.
controlling hybrid systems to respond to
real-time signals like low levels of wind or
solar generation).
Mixed This pathway represents an “all of the Hybrid gas-electric heating
Technology above” scenario with fuel-neutral policy Gas heat pumps
Approach where customers choose from a range of Electric air-source heat pumps
applications. Rather than focusing primarily -
on a single technology or a single energy Improved guel—neutral building
system, this pathway illustrates a wide range engrgy codes .
of technologies to reach emission reduction Bu”d#”g energy efficiency
targets such adoption of gas heat pumps, rgtro |ts' ) )
a ramp-up in utility efficiency programs, High-efficiency gas appliances
hybrid heating technologies, and some Electric appliances
electric applications. Other E.E. measures
RNG & hydrogen blending
Negative emissions technologies
Renewable This pathway prioritizes the decarbonization Improved fuel-neutral building
and Low of the energy supply in order to limit the energy codes
Carbon Gas need for customers to make major changes Building energy efficiency
Focus in energy equipment and infrastructure. retrofits
It relies heavily on existing and emerging High-efficiency gas appliances
renewable and low carbon fuels and less on Gas heat pumps
aggressive retrofits of the building stock. Other E.E. measures
This pathway still includes significant levels o .
of gas energy efficiency improvements. RNG & hydrogen blending
Dedicated hydrogen
infrastructure
Negative emissions technologies
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As with any complex forward-looking projection incorporating a wide array of data inputs,
these pathways depend on a range of assumptions. First, the analysis in this study shows
the possibility to develop more RNG than previous estimates developed by ICF for the
2019 American Gas Foundation study on RNG. This study relied on the same resource
potential as the 2019 study but reflected a 10 year longer timeline, as well as changes in
expectations regarding the achievable share of the resource potential (see Section 4.4.1 for
further details). Second, all the pathways studied in this analysis are built off a range of key
assumptions from the U.S. Energy Information Administration’s (EIA) 2020 Annual Energy
Outlook (AEQ) reference case forecast, which assumes roughly 25% natural gas customer
growth between 2020 and 2050. This built-in expectation of customer growth shows how,
under the right conditions, gas utilities can continue to be critical parts of future energy
mixes while still enabling and supporting a shift to a net-zero economy. Because more
emphasis was placed on developing pathways showcasing a diversity of options to meet
2050 targets—rather than optimizing all technologies included in a given scenario or trying
to reach interim milestones—this study does not attempt to predict what is most likely to
happen by 2050. Finally, the results of this study are presented at the national level; further
analysis accounting for highly localized considerations (including costs) will be needed to
study these and other pathways for a given region.

The gas utility customer GHG emissions for each of the four pathways are shown in Exhibit
E.S. 6. The customer emissions shown in this exhibit represent more than 80% of overall gas
utility-related GHG emissions. Pathways to reduce the remaining roughly 20% of emissions,
reducing the direct utility and upstream GHG emissions to net-zero levels, are also covered
in the full report.

Gas utilities can achieve significant emission reductions by pursuing
immediate actions like expanded energy efficiency, renewable fuels,
and methane emissions mitigation

Improvements in energy efficiency are typically the lowest-cost approach to reducing
emissions and can have asignificant impact while also offering arange of benefits to customers
(from reduced bills to increased comfort). According to 2020 AGA research, natural gas
utilities helped customers save 259 trillion Btu of energy and offset 13.7 million metric tons
of carbon dioxide emissions from 2012 through 2018 in the US.2 In a different 2020 report
from Lawrence Berkeley National Laboratory, researchers found an average overall levelized
program cost of saved natural gas of $0.40/therm across nearly 37 different utilities/program
administrators in 12 states over six years.? That level of cost-effectiveness is difficult to
match through non-efficiency approaches to gas demand reduction, and it underscores the
importance of energy efficiency in any successful decarbonization plan. Many of the energy
efficiency measures that gas utilities can promote, such as smart thermostats or building
insulation retrofits, also promote customer choice since they can support decarbonization
pathways using both electric and gas end uses.

8 Natural Gas Efficiency Programs Report 2018 F
globalassets/aga-ngefficiency-report-py2018-5-2021%

9 Cost of Saving Natural Gas through Efficiency Prog
National Laboratory, 2020: https://escholarship.org/uc/i



https://www.aga.org/globalassets/aga-ngefficiency-report-py2018-5-2021.pdf
https://www.aga.org/globalassets/aga-ngefficiency-report-py2018-5-2021.pdf
https://escholarship.org/uc/item/0164134n
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Exhibit E.S. 6 - U.S. Gas Utility Customer Emission Reduction Pathways
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Any pathway to net-zero emissions will also require significant increases in renewable and
low carbon gas, and all of the production that can be brought on-line will likely be needed.
Gas utilities could help aggressively develop these resources in the coming years (taking a
parallel approach to electric utilities that are working to develop emissions-free electricity
quickly). Finally, more accurate quantification and reduction of methane leaks is also a
key strategy for reducing GHG emissions. However, more precise and company-specific
methane emissions factors will likely be needed to capture direct utility emissions more
accurately and help utilities prioritize and track leak reductions.

While all pathways show an overall decline in customer gas demand by 2050, the degree of
gas demand decline depends upon the unique set of emission reduction solutions deployed
in each pathway. The line graph in Exhibit E.S. 7 shows the changes in gas demand over time
modeled in each of the four pathways studied in this report. The table in the exhibit shows
the percent change in gas demand from 2020 in 2050, split by the different utility customer
sectors. Overall, the pathways studied here would reduce utility customer gas demand by
between 6% and 39% from 2020 levels, or between 22% and 55% from 2050 AEO Reference
Case levels. The smallest reductions in gas demand come from pathways that rely more
heavily on renewable gases.

The pathways studied in this analysis are built on key assumptions from the U.S. EIA AEO
reference case forecast, which assumes natural gas customer growth of roughly 25% between
2020 and 2050. As a result, the demand reductions shown below would be significantly
larger without the growth in the customer base predicted by the AEO Reference Case, and
less renewable and low carbon fuel would be needed to meet customer needs in a lower
demand scenario.

Exhibit E.S. 7 - Total Gas Demand for U.S. Gas Utility Customers' in Each Pathway

Total Gas Demand in Study Scope

(Residential, Commercial, Transportation, & LDC Industrial Customers)
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10 Utility customer gas demand only. Utility industrial demand assumed to represent half of total industrial gas use, while this
chart also does not capture natural gas for power generation.




AGA Net-Zero Emissions Opportunities for Gas Utilities: Executive Summary February 2022

Large amounts of renewable and low-carbon electricity and gases, and
negative emissions technologies, will be required to meet an economy-
wide 2050 net-zero target

As in the power sector, rapid and widespread adoption of renewable, low-carbon, and
negative emissions resources will be essential to the gas sector achieving net-zero emissions.
All pathways included in this study incorporate a significant expansion of renewable natural
gas (RNG) and hydrogen production and consumption.

RNG has a clear role in helping different sectors to decarbonize. Uncertainties remain
regarding the pace of technology advancements, competition from other sectors for this
renewable energy, and policy approaches that will impact how quickly production levels
can be ramped up, costs, and what total volumes might be achievable. Nonetheless, given
its large potential to significantly reduce emissions, efforts should be taken to support the
development and deployment of RNG and hydrogen projects as these issues are being
studied and addressed. In order for the economy to reach net-zero targets, there will likely
be a use for all of the renewable gas that can be produced. Although the availability of
renewable gas is relatively limited at present in most regions, low-carbon fuel producers
have shown the ability to ramp up production relatively quickly when a market is developed
for the RNG. For example, a 2019 study performed on behalf of Argonne National Laboratory
estimated that 157 RNG production facilities would be operating in the U.S. at the end of
2020 (up 78% from 2019), 76 projects under construction (up 100%), and an additional 79
projects in the planning process."



https://energy-vision.org/wp-content/uploads/2020/12/EV-Argonne-2020-RNG-Release.pdf
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Exhibit E.S. 8 shows the RNG and hydrogen gas supply assumptions included in each of
the four pathways. Overall gas demand corresponds with Exhibit E.S. 7 and is represented
by the total height of the bars or bands. The graph shows the full 30-year evolution of
the gas supply mix for the first pathway, and the final 2050 gas mixes for the other three
pathways. Lower bars for pathways 2 and 3 represent larger reductions in gas demand. It
is important to note that different combinations of the available renewable and low-carbon
gas supply options could have been used in each of the pathways shown below. None of
the supply mixes are ‘optimized’ in conjunction with the demand reductions for a given
pathway. Instead, they illustrate a range of different possibilities for the gas supply. For
example, Pathway 2 was used to demonstrate a possible gas supply mix if hydrogen was
less abundant.

While pipeline infrastructure will still be leveraged for RNG and hydrogen in the pathways
shown above, all of the pathways represent a major reduction in the consumption of
geologic natural gas. However, it is important to note that this analysis and the chart
above focus on utility customers and do not cover all U.S. gas demand or transportation.
This chart does not include gas for power generation, transmission-connected industrial
customers, or LNG exports which may continue to rely on geologic gas. The gas supply mix
does not include potential hydrogen and RNG volumes used in the transportation or power
generation sectors.

Exhibit E.S. 8 - Utility Customer Gas Supply Mix
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To reach net-zero emissions reduction targets with some consumption of geologic
natural gas remaining, a portion of the emissions associated with gas combustion would
be captured using carbon capture and storage technologies in the industrial sector. We
anticipate other negative emissions strategies, offsets, other emerging technologies, or
more renewable and low carbon fuels to be used to close any final gaps towards net-zero
emissions. These pathways are meant to illustrate potential opportunities and were not
optimized, do not account for local considerations, and do not represent the full range of
potential or possible gas solutions. It is difficult to predict how technology will develop
over the next 30 years. A breakthrough in hydrogen production, carbon capture, or other
high-impact areas could lead to the emergence of different pathway options or different
mixes of measures.

There are a number of emerging strategies that can directly reduce

GHG emissions or extract CO2 from the atmosphere and sequester

it. There is significant uncertainty on when different options are likely to
mature and their ultimate cost-effectiveness. The advancement of such
technologies could significantly alter the kinds of pathways discussed in
this report and potentially allow for higher levels of geologic natural gas
to continue to be used in the gas system while enabling gas utilities to
achieve net-zero emissions.

With increased RD&D and coordination with the electric sector, there
are greater opportunities to unlock more decarbonization measures
that leverage the gas system

The net-zero pathways in this study include a balance of existing technologies in the
market today, early-stage commercial technologies just beginning to reach the market, and
emerging technologies at different stages of research, development, and demonstration
(RD&D). RD&D funding offers a critical opportunity to support major new emissions
reductions solutions, some of which may be envisioned here, while others may not yet have
been conceptualized. Given the scale of the challenge in reaching net-zero greenhouse
gas emissions across the economy and the inherent uncertainty in possible pathways to
achieving net-zero emissions in other parts of the economy, companies and the government
should continue to increase investment in gas system RD&D opportunities. Investments to
unlock longer-term opportunities do not mean avoiding taking action now, particularly on
the immediate actions, but parallel efforts to develop new and improved solutions can help
make achieving these targets more likely and cost-effective. While RD&D needs are by no
means exclusive to gas technologies, there are a number of promising areas to support,
including gas heat pumps, hydrogen blending, and thermal gasification.

There may also be opportunities to take a more collaborative approach to decarbonization
across both the electricity and gas systems. The current natural gas and electric systems
have evolved together to meet customer energy needs with a high degree of reliability,
at a relatively low cost, by effectively leveraging the relative benefits of both energy
systems. Responding to the need for deep greenhouse gas emissions reductions will
create fundamental challenges to both systems, particularly due to the need to shift from
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conventional gas supply and power generation sources to emerging renewable and low-
carbon power and gas sources. Supporting a system where gas and electric utilities can
continue to work together to reduce emissions could help minimize negative customer
impacts, maintain high reliability, and create opportunities for emerging technologies
(such as power-to-gas and hydrogen) to support the needs of both systems, accelerate
carbon reductions, and improve overall energy system resiliency. All options should be on
the table to ensure a cost-effective, reliable, resilient, and equitable transition to a net-zero
emissions energy system, and gas and electric utilities both have roles to play to support
this transition.

Supportive policy and regulatory approval will be essential for gas
utilities to achieve net-zero emissions

Reaching net-zero emissions targets will require transformative changes to our energy
systems and economy, and the analysis in this report lays out a series of illustrative pathways
demonstrating the kinds of ways in which gas utilities can support this transition. However,
gas utilities cannot implement decarbonization pathways on their own. Gas utilities operate
under strict regulations by state and federal regulators and must adhere to many rules and
processes. There are set parameters on the rates they charge customers to recover costs
for investments and operating expenses, including the gas supply acquisitions. Natural
gas utility regulations have historically focused on providing safe, reliable, and affordable
service to consumers. There would be benefits to integrating environmental considerations
into gas utility regulatory constructs. Environmental and climate policy must be aligned with
gas utility regulatory constructs for gas utilities to continue to invest in gas infrastructure
while advancing cost-effective emissions reduction opportunities.

While policy considerations and opportunities will depend on regional and state factors,
some specific regulatory actions that could support the gas GHG emission reduction
initiatives studied in this report include:

° Supporting expanded utility energy efficiency programs (e.g. through
increased funding, changes to cost-effectiveness tests, etc.) to support the
broader deployment of gas savings measures that are cost-effective relative
to other options for reducing GHG emissions

° Developing policies that incentivize market demand for low carbon gas and
advanced gas technologies in the residential, commercial, and industrial
sectors

° Coordinating gas and electric system planning to understand the full range
of decarbonization implications and pathway alternatives, as well as to
determine the lowest cost and least-impact pathways for customers while
meeting reliability requirements

° Considering updates to utility rate mechanisms and cost-recovery processes
to ensure all parties are incented to support GHG emission reductions

° Developing structures to address consumer equity issues related to the
distribution of decarbonization measures and impacts across all customers

° Considering methods to compensate gas customers for cost savings they
achieve for electric customers through services such as energy storage, load
flexibility, and peak shaving that are provided via the gas system (across a
range of different measures and technologies)
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Some additional technology-focused opportunities include:

° Supporting company-specific methane emissions factors to more accurately
capture direct utility emissions and better understand the emissions reductions
utilities are able to achieve

° Increasing research, development, demonstration, and deployment (RDD&D)
funding for low-carbon gas and negative emissions technologies

° Promoting system modernization programs to maintain and upgrade gas
infrastructure

° Improving building codes that reduce heating load while maintaining fuel
choice in order to make new buildings more efficient and prioritize energy
efficiency when buildings undergo major renovations

° Supporting hydrogen production and deployment through incentives, RD&D
support, pilot programs, blending agreements, and codes and standards
development.

Ultimately, the ability of both gas and electric utilities to successfully implement effective
and tailored decarbonization strategies in their territories will be highly dependent upon
support and approval from policymakers, regulators, customers, and other stakeholders.
However, the extensive and complex transformations being envisioned to reach net-zero
emissions targets have yet to be thoroughly examined in most regions. As a result, it’s
critically important that utilities, regulators, and other stakeholders perform careful and
objective analyses to find the most effective, equitable, achievable, and least-cost path to
net-zero—across both the electric and gas systems—that is in the best interest of customers
in their service territories and jurisdictions.

The pathways in this study are illustrative of the types of approaches that could lead
gas utilities to net-zero emissions by 2050. However, the optimal pathway will vary by
utility and region and depends on many factors. Exhibit E.S. 9 shows a sample of the
kinds of measures and screening criteria that utilities, regulators, and policymakers could
consider when developing gas emission reduction plans tailored to their region. It should
be noted that thoroughly evaluating these local screening criteria requires an intensive
analytical effort, and that plans will need to be re-visited periodically and evolve over time
as conditions change.
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Exhibit E.S. 9 - Example of Gas Utility Emissions Reduction Plan Options and Screening Criteria

Methane Emission
Reduction Measures

Emission
Reduction Options

Differentiated gas

Leak detection and repair
programs

More accurate emissions
measurement

Replacement of higher emitting
pipe and equipment

Operational and maintenance
measures

Negaﬁve

Emissions
Technologies

Carbon capture and
sequestration

Direct air carbon capture

GHG emissions offsets

Local Considerations

Screening

Criteria

Local, state, and regional emission
reduction targets and climate
policy

Regulatory environment (including
cost-effectiveness tests, etc.)

Climate (particularly heating
degree days and extreme
temperatures) and impact on
measure efficacy

Composition and age of existing
building and appliance stock

Commercial and industrial base

Current and projected economic
growth

Current energy prices (gas and
electricity)

Composition and age of existing
natural gas and electric utility
infrastructure

Existing/planned electricity
generation, transmission, and
distribution infrastructure
(capacity, age, GHG intensity, etc.)

Regional renewable resource
potential

Utility type (gas or dual fuel,
investor-owned, municipal,
co-op, etc.)

Local/regional plans for non-gas
decarbonization, and potential
competitive impacts from
surrounding regions

System hydrogen conversion
feasibility

Local Evaluation Criteria

Safety

Costs and affordability

Impacts to energy system
(resiliency, peak demand impacts,
reliability, etc.)

Impacts to customers (energy
prices, reliability, non-energy
impacts, etc.)

Customer equity

Consumer preferences

Feasibility and ability to scale

Renewable and low-carbon supply
considerations

Implementation support required
(traditional DSM program, market
transformation effort, etc.)

Technological readiness

Expected future technology
improvements (performance,
costs, etc.)

Current and projected natural gas
utility rate base

Prioritized
Utility Plan
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MAIN DEFINITIONS

Annual fuel utilization efficiency (AFUE) measures average annual seasonal efficiency
of a gas furnace or boiler and may be expressed as total heating output divided by total
energy (fuel) input. AFUE's for furnaces can range from 55% to 97%.

Bioenergy carbon capture and storage (BECCS) is another negative emissions technology
option under consideration and involves capturing the CO, from power plants or industrial
processes that are using biogenic fuels (and hence would have been considered carbon
neutral even without the CCUS).

Biogenic carbon is carbon cycling between the atmosphere and organic matter. This fast
carbon cycle has a timeframe of under 500 years, in contrast with the slow carbon cycle,
which moves carbon between the atmosphere and lithosphere over 100-200 million
years.” Thus, bioenergy leverages carbon already within the fast carbon cycle, rather
than drawing from the slow cycle’s long-lasting geologic carbon reservoirs.”™

Building energy codes establish minimum energy efficiency requirements for new
construction and renovations and can be set to require significant reductions in energy
consumption.

Building shell retrofits are improvements to the exterior, insulation, windows, and doors
of buildings.

British thermal unit (Btu) is the quantity of heat necessary to raise the temperature of
one pound of water one degree Fahrenheit from 58.5 to 59.5 degrees Fahrenheit under
standard pressure of 30 inches of mercury at or near its point of maximum density. One
Btu equals 252 calories, (gram), 778 foot-pounds, 1,055 joules or 0.293-watt hours.

Carbon dioxide (CO2) is a gas which is a product of combustion resulting when carbon
unites with sufficient oxygen to produce complete combustion, a component of many
natural gases.

Carbon dioxide equivalent (CO2¢) is a metric that represents the atmospheric warming
potential of different gases as compared to that of CO,. In decarbonization analyses,
COjye can be used to encompass the cumulative effect of multiple greenhouse gases
(most often CO», nitrous oxide, and methane).

Coefficient of performance (COP) indicates the efficiency of refrigerant-based systems
(including heat pumps), with a higher number representing a more efficient unit.

Dedicated hydrogen infrastructure is the build out of new infrastructure to enable
targeted customers/clusters to convert to higher levels of hydrogen use.

Demand side management (DSM) comprises utility programs and activities designed to
increase energy efficiency and influence the amount and timing of customer demand.

Direct air carbon capture is a technology option, currently under development, to capture
CO, directly from the atmosphere.

Gas heat pumps are a technology for space and water heating in the early stages of
commercialization that can achieve high heating efficiencies in the range of 130%
to 140%.

12 NASA, 2011. https://earthobservatory.nasa.gov/features/CarbonCycle/page2.php _

13 The Carbon Cycle and Atmospheric Carbon Dioxide, Chapter 3 in TAR Climate Change 2001 The Scientific Basis, 2001, IPCC.
https://www.ipcc.ch/site/assets/uploads/2018/02/TAR-03.pdf



https://earthobservatory.nasa.gov/features/CarbonCycle/page2.php
https://www.ipcc.ch/site/assets/uploads/2018/02/TAR-03.pdf

AGA Net-Zero Emissions Opportunities for Gas Utilities: Main Definitions February 2022

Gas meter is an instrument for measuring and indicating or recording the volume of gas
that has passed through it.

Gas utility is a company that is primarily a distributor of natural gas to ultimate customers
in a given geographic area.

Geologic natural gas refers to gas supply from shale / conventional natural gas production.
It is predominantly composed of methane.

Greenhouse gases are gases that absorb infrared radiation in Earth’s atmosphere,
effectively trapping heat there, creating a greenhouse effect. The key greenhouse gases
include water vapor, carbon dioxide, methane, and nitrous oxide.

HVAC System is a system that provides, either collectively or individually, space heating,
ventilation and/or cooling within or associated with a building.

Hybrid gas-electric integrated heating systems provide space heating through the
use of an electric air-source heat pump paired with a natural gas furnace and utilize
integrated controls that optimize the energy consumption, emissions and cost of the
system throughout the year.

Hydrogen blending into gas supply refers to hydrogen that is assumed to be mixed into
existing gas infrastructure without requiring significant infrastructure upgrades.

Methanated hydrogen: a renewable natural gas (carbon neutral methane that can be
blended without limit in existing infrastructure) produced by methanating clean hydrogen
with biogenic CO».

Negative emissions technologies: strategies that can directly reduce GHG emissions or
extract CO;, from the atmosphere and sequester it.

Renewable natural gas (RNG) is methane produced by anaerobic digestion and thermal
gasification from a variety of feedstocks (AGA definition).

Selective electrification is the selective use of electric appliances, equipment or vehicles
that have been determined for a specific region to achieve consumer cost savings,
greenhouse gas emissions reductions and reliability improvements relative to alternative
energy options for the same applications.




1 INTRODUCTION & BACKGROUND

1.1 ABOUT THIS STUDY

This study was commissioned by the American Gas Association (AGA). Climate change
is one of the defining challenges of our time. We cannot address climate change without
fundamentally restructuring energy use throughout our economy and using every available
greenhouse gas (GHG) reduction measure. To ensure that climate solutions leveraging gas
infrastructure can be given proper consideration as part of broader climate planning, AGA
asked ICF to provide an assessment of the opportunities for natural gas utilities to provide
solutions on pathways to a net-zero greenhouse gas emissions future. This report provides
an in-depth look at four potential pathways for gas utilities to reach net-zero emissions by
2050; the role of existing and emerging technologies; and other key considerations that
will be essential in creating effective and equitable decarbonization initiatives.

The study was a collaborative effort between AGA staff, industry representatives on the
AGA working group overseeing the study, and ICF. ICF worked with AGA staff and the
industry working group to develop pathways combining different technologies and
approaches to net-zero emissions by 2050, with a focus on opportunities to reduce
greenhouse gas emissions within gas utilities’ purview - including utility operations,
upstream emissions, and the direct use of natural gas by utility customers across residential,
commercial, industrial, and transportation sectors. ICF also worked with AGA staff and the
industry working group in developing technology and adoption assumptions consistent
with current and potential technology innovation. ICF provided independent analyses of
deeply decarbonized futures and led the modeling effort to assess a range of pathways to
achieve net-zero emissions for gas utilities and their customers. The AGA working group
contributed their expertise and worked with ICF to align on a common set of inputs and
assumptions, and modeling approach. They reviewed interim and final modeling results,
helped assess the study’s key findings, and contributed to finalizing the report.
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Broadly speaking, GHG emissions related to gas utilities can be considered in three separate
categories™:

° Direct gas utility emissions

° Customer emissions (residential, commercial, industrial, and vehicle fuel)
from the onsite combustion of gas

° Upstream gas emissions from the production and transportation of gas
purchased from utilities

As shown in Exhibit 1, greenhouse gas emissions associated with gas utilities represent less
than 13% of total US emissions.” Of those, customer emissions comprise the bulk of overall
emissions linked to gas utilities. The ability of gas utilities to help their customers reduce
these emissions will be critical to the country reaching economy-wide net-zero targets.
Much of the analysis in this study focuses on pathways to reduce customer emissions, but
separate opportunities and pathways are also presented for direct utility and upstream
emissions categories.

Exhibit 1 - Total 2019 US Greenhouse Gas Emissions
and GHG Emissions Categories Associated with Gas Utilities'

/— Direct Utility Emissions, 0.3%
A Upstream Emissions, 2.2%

—— Residential, 4.1%
Total c | 289
US Greenhouse _— Commercial, 2.8%
Gas Emissions ‘

Industrial, 3.4%
6,558 Million W
Metric Tons — Vehicle Fuel, 0.03%

CO2e

Source: EPA™ and EIA”

To reach net-zero emissions targets by 2050, decarbonization policy will need to drive
transformational changes in energy production, delivery, and use. These changes will
need to occur in an environment with significant uncertainty in terms of technology, costs,
regulatory structure, consumer behavior, and a host of other issues. This study illustrates
multiple pathways to net-zero greenhouse gas emissions for natural gas utilities and their
customers, highlighting a diverse range of opportunities and increasing or decreasing the
emphasis on different available decarbonization strategies, but it does not attempt to offer
an optimal solution for all utilities.

The approach that works best for some gas utilities may not be optimal for others. Different
utilities will have very different needs, face different regional considerations, and start with
very different circumstances with respect to weather, existing building stock, economic
activity, and regulatory environment. Additionally, it will be critically important for individual

14  The World Resources Institute and World Business Council for Sustainable Development (WRI/WBCSD) have established
widely adopted GHG measurement and tracking protocols. These protocols separate corporate emissions for reporting
companies into three categories or “Scopes.” This report avoids the scope terminology in an attempt to make the content easier
to comprehend by a broad audience. However, the three gas utility GHG emissions categories discussed here do generally fall
into the scope categories as well. Direct natural gas utility emissions are Scope 1 emissions. For gas utilities, customer emissions
from the onsite combustion of gas sold by the company are Scope 3 emissions. Customer emissions from combustion of gas
delivered but not sold by utilities are not included in Scope 3 but are sometimes included in this analysis. For gas utilities,
upstream emissions from the production and transportation of gas they sell are also Scope 3 emissions. Scope 2 emissions
related to electricity consumed by the gas utility are not included here but are typically negligible relative to the Scope 1or 3
emissions, and would be mitigated as electricity generation shifts to net-zero.

15 The GHG emissions associated with gas utilities shown here do not include any combustion or upstream emissions for
natural gas use by the electricity generation sector, or for natural gas that is not delivered by gas distribution companies (e.g.,
not all industrial natural gas demand is delivered by gas utilities). Total US GHG emissions are from EPA'’s latest Inventory of U.S.
Greenhouse Gas Emissions and Sinks covering emissions in 2019. Customer emissions are calculated based on LDC delivered
volumes share of national gas consumption in 2019 based on EIA-176 reporting. Direct utility emissions include methane and CO2
emissions, based on the EPA inventory and methane GWP of 25. Upstream emissions are calculated based on volumes delivered
to customers captured here and an average emissions factor of 11.3 kg CO2e/Mcf.

16 Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2019 - Main Text - Corrected Per Corrigenda, Updated _
05/2021 (epa.gov)

17  https://www.eia.gov/dnav/ng/ng_cons_sum_a_EPGO_vgt mmcf a.htm



https://www.epa.gov/sites/default/files/2021-04/documents/us-ghg-inventory-2021-main-text.pdf?VersionId=uuA7i8WoMDBOc0M4ln8WVXMgn1GkujvD
https://www.epa.gov/sites/default/files/2021-04/documents/us-ghg-inventory-2021-main-text.pdf?VersionId=uuA7i8WoMDBOc0M4ln8WVXMgn1GkujvD
https://www.eia.gov/dnav/ng/ng_cons_sum_a_EPG0_vgt_mmcf_a.htm
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utilities to consider cost, feasibility, customer equity, energy reliability and resilience, local
and national policy objectives, the existing and evolving regulatory guidelines, consumer
preferences, technological readiness, and renewable and low-carbon supply considerations.

As a result, no one path that can credibly be claimed to represent the “optimal” path, or
the only path, in any specific region. Similarly, although this study shows that the natural
gas distribution system can play an enduring role in a net-zero future, it is not intended
to provide a direct comparison with other pathway approaches, or determine which of
multiple viable approaches should be preferred by policy makers and consumers.

1.2 STRUCTURE OF THE REPORT

This report documents the rationale and results of the study. Section 2 offers a discussion
of the role of natural gas in deep energy decarbonization and net-zero emissions targets.
Severalrelevant decarbonization strategies are introduced in Section 3. The decarbonization
pathways are presented in Section 4, along with the analysis results. We have identified
many of the critical barriers and policy requirements that need to be addressed to implement
the pathways in Section 5 of the report. The key findings of the study are summarized in
Section 6.

1.3 AREAS FOR FURTHER INVESTIGATION AND ANALYSIS

The study was designed to identify and assess how natural gas utilities can contribute to
achieving climate change mitigation goals. This issue is extraordinarily complex and will
evolve. What appears to be the best approach today may not end up as the best approachin
the long term as technology, policy, and consumer behaviors change. As with any complex
forward-looking projection incorporating a wide array of data inputs, the ICF analysis in
this report depends on a range of assumptions that may be subject to change depending
on how the energy system evolves going forward. Below are some of the key areas that
may be especially likely to affect future decarbonization outcomes and strategies:

e Availability of renewable and low-carbon gases - This study builds on earlier
analyses of renewable natural gas potentials and assumes that low-carbon fuels
markets continue to evolve such that significant volumes of renewable and low-
carbon gas volumes are available to meet industry requirements. An understanding
of the future availability of costs of low-carbon fuels such as RNG, hydrogen, and
synthetic renewable natural gas remain an area of required study and are subject to
change. However, low carbon fuels technology is evolving rapidly. The volumes of
renewable and low carbon fuels included in this study already reflect an increase in
the resource potential compared with estimates from the 2019 ICF study conducted
on this subject for the American Gas Foundation.”® As the low-carbon fuels market
evolves and matures, it will be essential that gas utilities continue to adjust their
decarbonization planning accordingly.

e Emergence of new technologies - Within the next 30 years, there could be a number
of new technological developments that could significantly alter the assumptions
underpinning each of the pathways reviewed in this study. For example, these
technology advances may include new battery storage technologies, hydrogen
production and storage, end-use technologies, carbon-capture, or even carbon-
negative technologies that are being targeted as part of the U.S. Department of
Energy (DOE) Energy Earthshots® and other initiatives.

18  Renewable Sources of Natural Gas: Supply and Emissions Reduction Assessment, American Gas Foundation, 2019: https:// _
gasfoundation.org/2019/12/18/renewable-sources-of-natural-gas,

19 https://www.energy.gov/policy/energy-earthshots-initiative
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pathways, including this one, assume that electric utilities will be able to reach net-
zero greenhouse gas emissions by 2050. However, this level of comprehensive
decarbonization will be challenging to achieve. If the power sector falls behind
schedule, there may be additional opportunities for gas utilities to contribute to
net-zero initiatives across the entire energy sector.

- e Efficacyofelectricdecarbonizationinitiatives - Many analyses of decarbonization

e Transportation decarbonization - This study did not evaluate the impact of
decarbonizing the transportation sector. However, beyond the increasing adoption
of electric vehicles, it’s also possible that vehicles (particularly medium- and heavy-
duty transportation) could increasingly rely on technologies such as hydrogen fuel
cells to meet net-zero goals. Such a development could have significant impacts
on gas utilities’ decarbonization plans and overall business models.

e Changing energy needs and system reliability - Given the likelihood of emergent
challenges stemming from climate change to various energy systems and
technologies, it will be essential to maintain an ongoing awareness of (and focus
on) reliability and resiliency and to update decarbonization plans accordingly.
Similarly, any decarbonization plans assuming some level of fuel switching or
electrification should also maintain an ongoing focus on both these issues to
ensure future success.

e Emerging opportunities for collaboration - There may be a range of emerging
opportunities to take a more collaborative approach to decarbonization
across the electricity and gas systems. A decarbonization plan where gas and
electric utilities can continue to work together to reduce emissions could better
support lower energy costs and improved reliability and create opportunities
for emerging technologies (such as power-to-gas or hybrid heating systems) to
support the needs of both systems, accelerate carbon reductions, and improve
overall energy system resiliency.

NG —ich il |
— § ~T *
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- 2 THE IMPORTANCE OF NATURAL
GAS INFRASTRUCTURE IN
DECARBONIZATION PATHWAYS

The Intergovernmental Panel on Climate Change has indicated that deep reductions in
greenhouse gas emissions will be necessary to mitigate the largest risks of climate change,
and that net-zero emissions will likely be needed by 2050 in order to limit global warming
to 1.5°C (in line with the Paris Agreement).?° As a result, policymakers at the local, state, and
national level—and corporate leaders—have set deep emissions reductions targets to be
achieved by 2030 or 2035 and more aggressive targets to be achieved by 2050. In some
states and localities, these targets have been codified into law. In other jurisdictions, these
reflect policy guidelines and objectives. However, despite the urgency of these targets,
plans for implementation of the necessary strategies to adhere to them are often either
lagging or do not exist at all.

Identifying and implementing the appropriate strategies that can help the U.S. reduce
its greenhouse gas emissions to net-zero by 2050 is a complex technical and economic
task. Successful decarbonization of the energy system will impact consumers in multiple
ways and necessitate changes in behavior. The burden on consumers and communities
to make this transition must be minimized if it is to succeed. Consumers will likely need
to be convinced that the benefits of decarbonization efforts exceed the transition costs.

Many of the discussions and analyses that have been completed to date have focused
on the need to decarbonize electricity production and then rely on the decarbonized
electricity to displace the use of fossil fuels in a range of energy end uses. Electrification of
some fossil fuel demand is expected to be part of almost all strategies to achieve net-zero
targets. However, electrification paired with low-carbon electricity may not necessarily be
the best decarbonization pathway, and a sole decarbonization pathway raises practical
implementation challenges. As key stakeholders analyze their options, it will be essential to
address the impacts of the uncertainty related to the cost, feasibility, equity and reliability
of building electrification.

While reductions in energy demand and electrification of existing end-uses served by fossil
fuel applications will be among the pathways to decarbonization, the use of the existing
gas infrastructure (including the gas distribution system to transport renewable and low
carbon gaseous fuels to replace or be blended with fossil fuels) can also enable viable
decarbonization options. Pathways that instead leverage decarbonization strategies using
the gas system may have the potential to better maintain low energy costs, improve system
reliability, create opportunities for emerging technologies (such as power-to-gas and
hydrogen) to support the needs of both the gas and electric systems, accelerate carbon
reductions, and improve overall energy system resiliency. In particular, some potential
benefits include:

° Utilizing the capacity and reliability associated with the existing gas distribution
system to bolster decarbonization strategies across gas and electric systems

° Minimizing challenges and uncertainties associated with full electrification of
fossil fuel demand

° Maintaining the flexibility to adapt long term climate change policy as new
technologies are developed and as challenges become apparent with other
options

20 Summary for Policymakers of IPCC Special Report on Global Warming of 1.5°C approved by governments, 2018, IPCC. _
https://www.ipcc.ch/2018/10/08/summary-for-policymakers-of-ipcc-special-report-on-global-warming-of-1-5c-approved-by-

governments/
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° Minimizing disruptions to energy consumers

o Potential reductions in the cost of meeting decarbonization targets

e Adding optionality to enable a greater range of greenhouse gas reduction
strategies to increase the likelihood of meeting climate change mitigation goals
within the necessary timeframe

These potential benefits underscore the need to consider a full range of decarbonization
approaches across multiple fuel sources and are explained in greater detail below.

2.1 VALUE OF THE EXISTING NATURAL GAS DISTRIBUTION
SYSTEM IN THE U.S. ECONOMY

Natural gas is a core component of the U.S. energy system. Approximately 30.5 trillion
cubic feet (Tcf) of natural gas was used in the United States (U.S.) in 2020, accounting for
34% of U.S. total energy consumption and 28% of end-use energy requirements. As shown
in Exhibit 2, the total end-use consumption of natural gas was about 16.1 quadrillion Btu,
which was equally split between the buildings sector (residential and commercial) and the
industrial sector.

Exhibit 2 - U.S. Energy Consumption by Source and Sector in 2020
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More than fifty percent of American households currently use natural gas as a heating
fuel, and reliance on gas is even higher in many colder regions of the country. Natural gas
dominates space and water heating consumption in residential households, as shown in
Exhibit 3, and is also widely used in commercial and industrial facilities.

Exhibit 3 - U.S. Household End-use Energy Consumption by Fuel (trillion Btu)
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Source: EIA 2015 Residential Energy Consumption Survey

The scale of the U.S. economy’s dependence on gas infrastructure means that any realistic
pathway to net-zero emissions by 2050 will need to address carbon and methane
emissions associated with the use of natural gas. However, the current reliance on gas
infrastructure also highlights the importance of utilizing the existing infrastructure to
address climate change. Customers and policymakers alike have long favored gas for its
affordability, reliability, resiliency, and its ability to store and deliver massive amounts of
energy when cold outdoor temperatures drive large spikes in space heating energy use,
and those benefits also offer important opportunities when considering pathways to a net-
zero emissions future.

As shown in Exhibit 4, residential and commercial buildings currently account for about
13% of direct economy-level greenhouse gas emissions, mainly due to the use of natural
gas and petroleum products for heating and cooking needs. In comparison, the industrial
sector accounts for 23%.?' Emissions from natural gas consumption represented 80% of
the direct fossil fuel CO2 emissions from the residential and commercial sectors in 2019.
Emissions associated with electricity generation and use collectively represent about 25%
of economy-level emissions.

It’s important to note that the peak space heating load currently served by natural gas is
significantly larger than what the electrical system is designed for in most regions. This is
largely because the existing gas energy storage and delivery infrastructure was primarily
designed to reliably serve customers through spikes in consumption during cold winter
periods, while the electric infrastructure was generally designed for lower levels of peak
demand (largely driven by summer air conditioning loads). Over the last five years, the
demand for natural gas during the coldest winter month has been about 58% higher than

21  https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions _
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the demand for electricity during the peak summer month within the buildings sector, and
about 84% higher than the demand for electricity for all end-uses. Exhibit 5 compares total

monthly electricity and gas demand in the U.S.

Exhibit 4 - Total U.S. Direct Greenhouse Gas Emissions??> by Economic Sector in 2019
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The relationship is similar when compared on a peak daily basis. Over the last five years,
peak daily gas demand during the winter has exceeded the peak daily electricity demand
by about 62% during the summer.242526

Exhibit 5 - 2020 US Electric and Natural Gas Consumption Across all Customer Sectors
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22 The category “natural gas combustion” includes all emissions from gas combustion. The emissions associated with gas
utilities presented earlier in Exhibit 1 are a subset of these emissions, and did not include electricity generation emissions or
combustion of gas that was not delivered by gas utilities.

23  Greenhouse Gas Inventory Data Explorer | US EPA
24  Based on data from Ventyx for the Lower-48 U.S. for January 20, 2019 natural gas load relative to the July 25, 2016 electric load.

25 Based on Ventyx data, peak winter electricity load on January 2, 2018 exceeded the peak summer electricity load. Peak
natural gas load exceeded peak winter electricity load by 57 percent.

26 The peak day comparisons do not account for differences in peak hour. Peak hour gas demand is generally not available,
however industry rules of thumb for hourly gas demand (peak hour = 5% of peak day) are broadly consistent with the
relationship between peak hour and peak day for electric demand. For the U.S. lower-48, peak hour electric demand was 4.83%
of peak day demand.

27 EIA Electric Power Monthly (Retail sales of electricity to ultimate customers - Monthly by Sector) - https://www.eia.gov
electricity/data.php#sales

28 Based on data from Ventyx for the Lower-48 U.S. for January 20, 2019 natural gas load relative to the July 25, 2016 electric load.
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2.2 CHALLENGES AND UNKNOWNS WITH
COMPREHENSIVE BUILDING SECTOR ELECTRIFICATION
AS A DECARBONIZATION STRATEGY

A number of jurisdictions have set aggressive goals to reduce emissions from building
energy use through policy-driven electrification of both new and existing building stocks.
The movement toward electrification as a decarbonization approach for the buildings
sector is driven in part by a combination of advancements in renewable energy generation
and improvements in building and appliance technologies. However, electrification paired
with low-carbon electricity is only one of many potential decarbonization pathways, and it
is not without limitations and challenges. It is critical that decision-makers carefully address
uncertainty about the cost, feasibility, equity, and energy reliability impacts of mandating
building electrification or incentivizing electrification over other decarbonization options.

A few of the major uncertainties associated with rapid electrification of the fossil fuel
demand as a universal solution in the buildings sector are summarized below. Some of these
potential impacts are explored in more detail in the AGA’s 2018 study on the Implications
of Policy-Driven Residential Electrification.?®

Technology innovations such as highly-efficient air-source heat pumps (ASHP) for space
and water heating reduce the potential impacts of building electrification on the electric
grid. However, the efficiency and economics of those technologies depend on factors such
as local climate and the mix of buildings by age and type. For example, the unit cost and
efficiency of ‘cold climate’ air-source heat pumps are improving. However, most units still
rely on backup electric resistance heating for very cold periods - which means they still can
lead to significant new peak loads on electric infrastructure. As demonstrated by the 2021
cold snap in Texas, energy infrastructure needs to be built to accommodate such peaks -
even if very cold periods are infrequent.

While careful analysis is required to understand the full extent of any challenges in a specific
region, electrifying buildings can spur additional infrastructure costs if it’s necessary to
increase available generating capacity and upgrade the electricity grid to meet a new
peak in electricity demand. Adding significant levels of electric space heating often shifts
the electric grid from summer peaking to winter peaking. Many local power distribution
grids would require significant upgrades to handle the additional load fromm comprehensive
building electrification.

In addition to implications on the electric system infrastructure, electrification of residential
and commercial buildings can have potentially costly ramifications or technical limitations
that will impact current gas customers. For example, retrofitting commercial buildings in
major urban centers can be extremely difficult. In the 2021 Pathways to Carbon-Neutral NYC
report, the authors found that many smaller commercial buildings were built before 1945
with steam heating systems and limited space in mechanical rooms.*° In the U.S. there are
nearly 6 million commercial buildings and 46% of those buildings were built before 1979.
In the residential sector, homeowners experience diverse barriers to making home energy
upgrades (including converting to electric equipment), from the financial costs (for instance,
in existing buildings ASHP installation complexity and costs vary significantly by building
type/age), to behavioral barriers (for example, consumers with preference for gas cooking),
and practical constraints (like the need to restore heat as quickly as possible when a furnace
fails in winter). In multifamily residences, the landlord-tenant split-incentive and the need for
units to be vacated (to accommodate some major electrification retrofits) can be a major
challenge. Again, it is critical to study all these costs, impacts, and customer preferences for
a specific region and customer type.

29 AGA_study on_residential_electrification.pdf _

30 Pathways to Carbon-Neutral NYC: Modernize, Reimagine, Reach, NYC Mayor’s Office of Sustainability, Con Edison, and
National Grid, 2021: https://www]l.nyc.gov/assets/sustainability/downloads/pdf/publications/Carbon-Neutral-NYC.pdf
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. Some additional factors that will affect the impact of building electrification include:
[

The region’s existing generation capacity and outlook for new generating
capacity coming online. New renewable energy resources combined with energy
storage baseload capacity offer a viable path to serve increased demand from
electrification while reducing carbon emissions. While renewable electricity
resources like solar and wind have become relatively inexpensive compared to
conventional fossil resources, storing power from those intermittent resources
remains expensive. While declining battery storage prices support shifting
renewable power to different hours of the day, replacing dispatchable fossil fuel
generation and storage capacity is particularly challenging for long-duration
seasonal or reliability requirements (for example, having multiple days of stored
electricity to cover periods of low renewable generation).

° The region’s adoption rate of EVs, how much that will shift energy demand from
gasoline to electricity, and whether there are policies and incentives in place
to shift EV charging out of peak demand periods. Both vehicle and building
electrification can tax the distribution grid, so measures should be taken to
avoid these increases in electric load occurring at the same time and in the
same places.

e The efficiency of the building stock in a region. The cost of all forms of energy
is expected to go up in pursuit of carbon-neutral targets. Energy efficiency is
often the least expensive strategy and, therefore, should be the first action taken
in many cases., Before pursuing building electrification, it may make sense to
prioritize and incentivize energy efficiency upgrades, such as building envelope
upgrades.

° Natural gas distribution systems are designed to
provide service reliably with a plan to serve firm
customers without disruption during peak winter
periods, often called a “design day.” Winter load

Resiliency
refers to events that

fluctuations (the difference between peak design day
and an average winter day) tend to be much higher
than fluctuations in summer loads, creating additional
challenges associated with reliability. It is critical to
understand the expected performance of end-use
equipment on peak cold days when ASHPs may rely
on electric resistance back-up and to understand
electric system requirements to meet design day
peak demand for electrified end-uses.

Replacing the energy system reliability and resiliency
currently provided by the natural gas transmission
and distribution system with an electric grid designed
for a net-zero emission outcome will be an extremely
challenging and uncertain process. According to EIA
data on total electricity demand by region, the electric
grid is already close to its capacity for winter peaking.
On January 2, 2018, electricity demand in the Lower-48
states reached 98.5% of the highest summer day in the

are not likely but
have large impacts.
Resiliency is already
a matter of concern
in many parts of the
country, including the
ability to effectively
operate during major
winter storms.

Reliability

reflects the ability to
maintain service during
generally foreseeable
circumstances.

prior five years (on August 11,2016). Peak winter electric load has already exceeded
peak summer load on a daily basis in many regions of the country, including the
Southeast, Midwest, and Mid-Atlantic regions.®

° Most decarbonization studies have not addressed the cost of decommissioning
the gas system if all customers were to electrify fully.

31 Energy Information Administration, Total Electricity Demand by Region (MWH). https://www.eia.gov/electricity,
aridmonitor/dashboard/electric_overview/US48/US48?src=email
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The challenges and opportunities for electrification will also depend on the scale, speed,
and sectors being electrified. Not all forms of electrification will have the same costs or
impacts, and some gas uses like space heating will pose a particular challenge to electrify
given their peaky nature. The challenges discussed above highlight how full electrification
of any sector of the economy would be extremely expensive and is unlikely to be feasible.
As a result, decarbonization of the economy will not mean full electrification, nor is full
electrification likely to be the most effective pathway to net-zero emissions in every region
by 2030 or even 2050.

2.3 REACHING NET-ZERO IS LIKELY MORE ACHIEVABLE WITH
MULTIPLE APPROACHES

The goal to decarbonize much of the U.S. economy and to achieve net-zero GHG emissions
in specific jurisdictions by 2050 is an ambitious goal by any measure.

The analysis presented in this report suggests that there is a range of pathways to net-zero
greenhouse gas emissions utilizing the gas system and that taking an integrated approach
to decarbonization leveraging the unique advantages of the gas distribution system is
likely to support a more effective, reliable, resilient, and equitable transition to a net-zero
energy system.

Inthe near term, most of the decarbonization efforts will rely on technologies that are currently
commercially available or in the final stages of commercialization. However, in the mid-to-
long term time frame, technologies that are currently only in the pilot phase or conceptual
phase may play a major role in successful decarbonization efforts. Technologies that have not
yvet been commercialized are likely to influence the long-term approach to decarbonization.
The International Energy Agency (IEA) stated in their Net Zero by 2050 report that by the
year 2050, almost 50% of the reductions in CO, emissions must come from technologies
that are “currently at the demonstration or prototype phase. Major innovation efforts must
take place this decade to bring these new technologies to market in time.”®? However, we
don’t know when—or if—these innovations will arrive. We don’t know when consumers will
be ready to adopt them. That is the uncertain landscape stakeholders, including utilities,
policymakers, regulators, businesses, and consumers, face today when many decisions need
to be made in the short term that will guide decarbonization efforts for years to come. Local
considerations especially will create many different pathways to decarbonize.

One of the fundamental advantages of decarbonizing the gas system is the ability to
leverage existing gas transmission and distribution infrastructure in support of emissions
reductions objectives. The current gas system represents an existing long-term investment
in energy infrastructure that connects to more than half the households in the U.S,,
complements the capabilities of the power grid. The continued ability to use gas assets to
deliver energy is likely to reduce the overall investment in new infrastructure associated
with decarbonization, reduce risk, and could substantially reduce the transition’s costs and
complexities by minimizing disruptions to customers.

The best approach to reaching a broad decarbonization goal is not yet known. The changes
that will be needed to the energy distribution systems and how consumers will adapt to
using energy to reach this goal are not yet known. This study’s analysis of approaches to
decarbonizing the natural gas distribution system indicates multiple potential pathways
to reduce greenhouse gas emissions associated with gas demand in the buildings and
industrial sectors. However, there is also uncertainty inherent in all of the options available
to address climate change.

32 https://www.iea.org/reports/net-zero-by-2050 _
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There is significant value in considering multiple alternative approaches to maintain the
flexibility to respond to changes in technology or the market. Adopting multiple approaches
to decarbonization, maintaining the flexibility to adapt the decarbonization plans when
there are changes in circumstances, and relying upon gas system decarbonization and
other approaches to reach climate objectives will maximize the overall value of flexibility
while reducing overall risk.




3 INTRODUCTION TO KEY
NATURAL GAS EMISSION
REDUCTION STRATEGIES

There is a wide range of options to leverage gas infrastructure and technologies to support
reductions in GHG emissions. Some are well-established technologies, which should see
more urgent support to drive broader adoption. Others include emerging technologies that
will need support to reach scale in markets. Still other opportunities need RD&D funding
to develop. It is important to consider all possible options when planning pathways to
net-zero in order to develop more viable solutions and increase the likelihood of reaching
ambitious climate targets. That includes the options outlined in this report while leaving
the door open for other technologies and strategies that we have not yet conceived.

The emission reduction strategies for gas utilities included here can be categorized into
four approaches, as highlighted in Exhibit 6. The first approach is to reduce gas demand;
the second is to decarbonize the remaining gas required to satisfy demand; the third is to
reduce fugitive utility and upstream emissions from methane leaks; and the fourth is to use
negative emissions technologies to offset remaining GHG emissions. It is important to note
that while this section focuses primarily on gas-centric technologies, a wide range of other
technologies would also be required to reach net-zero targets. Section 4.1.3 discusses the
scope of this analysis in more detail—but this study generally assumes a transition to net-
zero happens across the economy, including in sectors not analyzed in this study.

Exhibit 6 - Examples of Gas Utility Approaches to Reducing Emissions
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3.1 STRATEGIES TO REDUCE NATURAL GAS UTILITY
CUSTOMER DEMAND

There are two fundamental approaches to reducing site-level gas utility customer
consumption with the goal of decreasing associated emissions: improving the gas efficiency
(by directly improving gas end uses or upgrading elements like building shells to reduce gas
waste) or replacing natural gas-consuming equipment with alternatives that use a different
source of energy (such as renewably-produced electricity or hydrogen) that result in lower
emissions even if overall energy consumption remains the same or increases. In both cases,
a range of established and emerging technologies will likely be needed to meet net-zero
goals, though the exact mix of measures will vary by utility and region. This section of the
report provides an overview of multiple such measures, and discusses where fuel-switching
may or may not be effective. Although not intended to be exhaustive, this list describes
some of the most common measures that many gas utilities are already able to support, as
well as additional opportunities that offer the potential for significant emissions reductions.

3.1.1 EXISTING GAS ENERGY EFFICIENCY OPTIONS

Energy utilities across the U.S. have seen ongoing success with demand-side management
(DSM) programs aimed at improving the efficiency of electric and natural gas end uses.
According to a 2020 AGA report, natural gas utilities helped customers save 259 trillion Btu
of energy and offset 13.7 million metric tons of carbon dioxide emissions from 2012 through
2018 in the US.**In a separate 2020 report from Lawrence Berkeley National Laboratory,
researchers examined the results from 37 different utilities/program administrators across
12 states over six years and found an average overall levelized program cost of saved natural
gas across all of those portfolios of $0.40/therm.?* Commercial and industrial efficiency
programs were especially cost-effective, yielding an average cost of just $0.18/therm. That
level of cost-effectiveness is difficult to match through non-efficiency approaches to gas
demand reduction, and it underscores the importance of energy efficiency in any successful
decarbonization plan.

In some regions, low gas prices have made it challenging to pursue expanded efficiency
measures based on traditional DSM program rules and cost-effectiveness tests. However,
there are many new opportunities for natural gas efficiency. Researchers noted in a 2020
American Council for an Energy-Efficient Economy (ACEEE) paper titled Sustaining Utility
Natural Gas Efficiency Programs in a Time of Low Gas Prices, “based on our review and
analysis, we conclude that natural gas energy efficiency programs are sustainable and
worth pursuing for both economic and environmental reasons.”3>

In the context of emerging industry-wide net-zero emissions goals and other mandates,
there may also be additional opportunities to pursue more aggressive gas efficiency
initiatives. For instance, regulators could consider the benefits to customers and adjust
cost-effectiveness tests to better encapsulate the value of GHG emission reductions in
order to help support expanded gas efficiency efforts. Alternatively, other complementary
strategies like the decarbonization of gas supply could make efficiency even more
attractive and cost-effective to pursue. Low-carbon or net-zero goals may also support
expanded efficiency offerings for income-qualified customers. According to the US Energy
Information Administration, the average price per BTU of delivered electricity in 2020
was 3.6 times higher than natural gas in the residential sector,’® suggesting that natural

33 Natural Gas Efficiency Programs Report 2018 Program Year, American Gas Association, 2020: https://www.aga.org
globalassets/aga-ngefficiency-report-py2018-5-2021.pdf

34 Cost of Saving Natural Gas through Efficiency Programs Funded by Utility Customers: 2012-2017, Lawrence Berkeley
National Laboratory, 2020: https://escholarship.org/uc/item/0164134n

35 https://www.aceee.org/sites/default/files/pdfs/sustaining_utility natural_gas_efficiency programs.pdf

36 Based on EIA reported US average annual 2020 delivered prices of 13.2 cents/kWh ($38.69/MMBTU) for electricity and
$10.84/MMBTU for natural gas for residential customers
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gas efficiency has the potential to drive deeper bill savings for many existing natural gas
customers compared with other decarbonization strategies such as electrification. And
gas utilities are already well-positioned to support such efforts: according to data from
the AGA, natural gas utilities spent $365.34 million on low-income efficiency programs and
assisted more than 214,581 low-income participants in 2018 alone.?”

Some of the opportunities possible to consider funding, often through existing utility
program structures, including the following:

Existing Building Retrofits

Building retrofits offer substantial potential to reduce energy consumption and associated
emissions and to improve comfort for occupants.

One of the first areas to target is typically
the building shell, which comprises the
building’s exterior, insulation, windows, and
doors and has an outsized impact on heating,
ventilation, and air conditioning (HVAC)
requirements. As a result, it is typically the
single largest contributor to energy use
in residential and commercial buildings,
and improvements can have a significant
impact on overall energy consumption. This
is particularly true for older buildings with
lower insulation levels, single-pane windows,
or poor air sealing. There are a number of
both established and emerging measures
to improve the building shell, which broadly
fall into a few general categories: insulation
improvements (for walls, roofs, attics, and
basements), air sealing (reducing air leaks),
and high-performance windows or doors.

So-called “deep energy retrofits” aim to simultaneously improve the efficiency of the building
shell and the most energy-intensive end uses inside it to yield substantial savings as cost-
effectively as possible. By taking a whole-building approach (rather than just focusing on
improving individual end uses in a more piecemeal manner), deep energy retrofits have the
potential to yield energy savings of more than 50% and even improve the building value. In
addition to building shell measures, these retrofits may include gas-saving strategies such as:

° Duct sealing, which ensures that conditioned air goes where it is needed,
rather than being wasted (with associated energy penalties)

° Energy or heat-recovery ventilation (ERV or HRV), which transfers heat
(and in the case of ERV, moisture) between incoming and outgoing air
streams to reduce HVAC loads

° Controls to improve space and water-heating efficiency

e Adding heat recovery systems to reduce waste heat and associated
energy consumption

° New and more efficient HVAC equipment
° New water heating equipment

° Building commissioning to ensure that key systems are working efficiently
and as intended

37 Natural Gas Efficiency Programs Report 2018 Program Year, American Gas Association, 2020: https://www.aga.org _
globalassets/aga-ngefficiency-report-py2018-5-2021.pdf
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By expanding their residential and commercial DSM programs to take a more holistic
approach, gas utilities are a natural partner to help building owners overcome a range
of adoption barriers that could otherwise limit savings potential (such as cost, education,
and implementation effort) and realize substantial savings that can directly contribute to
decarbonization goals and other benefits.

Low Energy Building Codes & New Construction Programs

A key opportunity for gas demand reductions comes from building codes that establish
minimum energy efficiency requirements for new construction and building renovations.
Improving efficiency in new buildings through
effective design and equipment specification
is often much easier and less expensive
than retrofitting existing buildings, making
it a particularly cost-effective way to reduce
energy consumption. Since a significant level
of new construction is expected by 2050,
upgraded codes that prioritize higher levels
of efficiency will prove important in any
emissions reduction pathway. Additionally,
stronger building codes and utility new
construction programs are well-suited to
support customer choice since they can
support decarbonization pathways using
both electric and gas end uses.

Building energy codes can be divided into
two primary frameworks, prescriptive codes
and performance codes.

° Prescriptive codes assign specific minimum criteria that must be met when
constructing a building (e.g., minimum insulation levels [R-values] and
installation and control requirements for HYAC systems).

° Performance codes set a minimum energy performance target, giving
building architects and engineers more flexibility in how they meet the
targets. For example, a building in a cold climate may achieve more energy
benefits (across both gas and electric consumption) by emphasizing high-
performance insulation and HVAC systems over lighting design. In a marine
climate, however, a focus on maximizing natural daylight through windows
may provide more benefits than upgrading insulation.®

Onejurisdiction with a leading energy building code is British Columbia, Canada. As shown
in Exhibit 7,3° the BC Energy Step Code phases in a plan to shift the construction industry
to ‘net-zero energy-ready’ buildings over three building code cycles, with progressively
greater levels of energy efficiency requirements over the 2018 base building code in 2022
(20% more energy efficient), 2027 (40% more energy efficient) and 2032 (80% more
energy efficient). This performance code focuses on achieving 80% energy reductions,
not limiting customer choice or regulating the types of energy customers can use for
the significantly lower building energy requirements. It is an efficiency and GHG-focused
code that is fuel-neutral, concerned with the end results without prescribing a singular
approach. The main gas utility in that province, FortisBC, has demonstrated how natural
gas can still be used to heat qualifying ‘net-zero energy-ready’ homes, is providing
incentives and guidance to help builders in the transition, and also offers customers the
choice of renewable natural gas to achieve further GHG emission reductions.

38 https://www.aceee.org/sites/default/files/zeb-codes.pdf _

39 https://energystepcode.ca/how-it-works
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. Exhibit 7 - BC Energy Step Code Approach to New Construction
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High-Efficiency Gas Furnaces

HVAC is typically the single largest source of energy consumption in buildings, so improving
the efficiency of gas heating is an especially effective and practical approach to reducing
emissions. According to the Energy Information Administration (EIA), roughly 40% of
homes in the U.S. use natural gas furnaces for space heating, with the Midwest region
having by far the highest proportion of gas furnaces (63%).4° The efficiency of residential
furnaces is measured using a metric called Annual Fuel Utilization Efficiency (AFUE)—the
higher the AFUE rating, the more efficient the furnace is. Baseline equipment (meeting
current federal efficiency standards) has an AFUE of 78%, and the EIA’s AEO suggests the
average efficiency of gas space heating equipment in U.S. homes is 80%. But much more
efficient furnaces with AFUEs of 95% or even 98% are commonly available and can offer
gas heating savings as high as 20%.

High-Efficiency Gas Water Heaters

In residential and commercial buildings, water heating is typically the
largest energy-consuming end-use behind HVAC. According to the
U.S. Energy Information Administration, roughly 50% of residential
customers and 40% of commercial customers across the U.S. use
natural gas water heating, with more northerly states tending to
have higher proportions of gas water heating. Electric water heaters
are more prevalent in southern states, where electricity prices tend
to be lower and groundwater temperatures are higher.

There are two primary opportunities for improving the efficiency of
gas water heaters: upgrading to condensing models (which extract
more heat from the flue gas before it leaves the water heater) and
tankless water heaters, which heat water as needed without the
use of a storage tank and can offer unlimited hot water to users.
In residential applications, ENERGY STAR-qualified condensing
water heaters can reduce water heating gas demand by around 15%,
while qualified tankless models can result in savings of more than
30%. Condensing tankless water heaters combine both approaches

40 2015 Residential Energy Consumption Survey Data: https://www.eia.gov/consumption/residential/data/2015 _
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and are the most efficient models currently available, with efficiencies (measured using a
metric called Uniform Energy Factor, or UEF) as high as 97% and savings of more than 40%
compared with standard models.

Behavioral Programs and Gas Use Reductions

Home energy reports (HERs) and other behavioral programs have become more popular
over time with utilities since they offer demonstrated energy savings (typically up to 2% for
both gas and electricity) across a broad segment of utilities’ customer bases at very low
cost compared to other efficiency measures. HERs often use social norms (e.g. how do you
compare with your neighbors, and what next steps should you take to reduce your energy
use?) and other behavior-change strategies to help educate customers about how they
consume energy and help them become more efficient. Gas HERs, for example, might help
customers understand that taking simple steps (shorter showers, allowing slightly colder
temperatures in winter, conducting an energy audit, etc.) can help reduce their bills. Although
many HERs to date have been primarily targeted at electric customers, gas HERs can help
utilities realize significant, ongoing, and cost-effective energy savings and GHG reductions.

There are also several other promising approaches to behavior change, including online
marketplaces that use behavioral prompts to help customers choose more efficient
equipment, prepay billing programs, and mobile apps that provide real-time energy insights
along with HER-type suggestions for improvement. These strategies still need to be better
demonstrated before they can be widely adopted in DSM programs, but they show promise
as an emerging area of focus.

Smart Thermostats and Advanced Commercial HVAC Controls

A smart thermostat is a type of Wi-Fi-enabled programmable thermostat designed for
residential applications. Smart thermostats offer features intended to save energy and
improve comfort by automatically adjusting heating and cooling temperature settings
throughout the day. The specific approaches to saving energy can vary by product—for
example, smart thermostats may learn users’ temperature preferences and try to suggest
an efficient temperature setback schedule; they may use occupancy sensors or geofencing
(which tracks a user’s smart phone location) to reduce HVAC energy waste when users are
away from home; they may use optimization algorithms to adjust temperature schedules
automatically over time to be more energy-efficient; or they may offer behavioral prompts
to help users choose more efficient settings. In practice, they typically use a combination
of these approaches. Although savings can vary by climate, savings approach used, and
other factors, utilities have generally seen gas savings in the 10% range in their evaluations.
Additionally, the ENERGY STAR program offers qualification criteria for smart thermostats*
that prove their energy-saving capabilities based on anonymized field data.

In commercial applications, particularly those without an existing building automation
system, connected thermostats and other advanced HVAC controls can make it easier for
facility managers to set up efficient temperature schedules for multiple thermostats in a
building (or a campus of buildings) and monitor performance over time through a central
online portal or mobile app. These HVAC controls can also be part of more comprehensive
control systems that encompass other major end uses like lighting or plug loads. Commercial
connected thermostats often don’t offer the same kinds of features as their residential
“smart” counterparts, and more research is needed to better establish typical savings. Still,
they can nonetheless be an effective approach to saving energy.

41  https://www.energystar.gov/products/heating_cooling/smart_thermostats
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Other advanced HVAC controls can facilitate savings by controlling ventilation rates based
on occupancy or dynamic air balancing to improve occupant comfort while minimizing
energy waste. And some of these approaches can be especially effective. For example,
research from Pacific Northwest National Laboratory suggests that whole-building energy
savings of 18% (averaged across all U.S. climate zones) can be realized through the use of
occupancy-based ventilation controls.4?

High-Efficiency Cooking Equipment

There are numerous opportunities to choose gas
cooking equipment with higher efficiencies, particularly
for commercial food service equipment (such as
ovens, fryers, broilers, and burners). ENERGY STAR’s
qualification criteria for commercial food service
equipment*® offer an easy way to identify equipment
that’s often 15-30% more efficient than standard models.
Organizations like the Food Service Technology Center4
provide additional resources and support for identifying
additional cooking measures.

Commissioning and Retrocommissioning

Commissioning is the process of verifying that building systems are installed properly,
behaving as expected, and operating efficiently. In existing buildings that have not been
previously commissioned, or older buildings that are no longer operating at their design
levels, the process is referred to as retrocommissioning. Studies from organizations such
as Lawrence Berkeley National Laboratory have consistently found that commissioning
and retrocommissioning are highly cost-effective for building owners, with whole-
building (gas and electric) savings in the 10-20% range and simple payback periods as
short as a year.*®> Commissioning also typically offers significant non-energy benefits
to building occupants, such as improved comfort and indoor air quality. Another more
recent approach is monitoring-based commissioning, which uses sensors and software
to monitor building systems continually and ensure that they’re operating as efficiently
as possible. Because this approach reduces the chance of systems gradually becoming
less efficient over time after the initial commissioning process, it eliminates the need for
regular recommissioning every few years and offers the potential to yield larger energy
savings that persist for longer than traditional commissioning processes.

Heat Recovery

Once heat is created using fuel such as natural gas, heat recovery can help ensure that
it is used to its fullest potential and is not unnecessarily wasted. There is a wide range of
approaches to heat recovery, several of which include:

° Drain water heat recovery can help reduce hot water energy consumption
in residential and certain commercial applications by more than 30% by
recapturing waste heat in the water going down the drain.

° Energy- and heat-recovery ventilation systems (ERV and HRYV, respectively)
transfer heat and (in the case of ERV) humidity between the incoming and
outgoing air streams in an HVAC system. These systems reduce the need
for additional space conditioning and dehumidification and can yield more
than 25% HVAC energy savings for residential and commercial buildings in
extreme climates.

42  https://www.pnnl.gov/publications/nationwide-hvac-energy-saving-potential-quantification-office-buildings-occupant

43 https://www.energystar.gov/products/commercial_food service equipment _
44  https://fishnick.com

45  https://cx.bl.gov/documents/2009-assessment/lbnl-cx-cost-benefit.pdf
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° Flue/stack heat recovery systems pull heat out of exhaust air streams from
furnaces, boilers, or other combustion systems and can reduce energy
consumption by 5-30%.

° Miscellaneous heat recovery for industrial processes can help maximize how a
heat source can be utilized and reduce overall energy consumption.

ENERGY STAR-Qualified Products

h ENERGY STAR is a widely recognized program that offers certification
P * criteria for a range of products that can help reduce natural gas demand. It
includes standardized savings assumptions that can make them relatively
straightforward to include in DSM programs.*® For instance, it includes
criteria for building shell components (such as windows and doors), space
and water heating equipment, clothes dryers, smart thermostats, and commercial food
service equipment. ENERGY STAR-qualified products are typically designed to offer 10-
50% energy savings compared to baseline equipment.

Energy-Saving Kits

Many utilities offer free or low-cost kits
with a range of products intended to
help customers save energy, such as
faucet aerators, efficient shower heads,
and pipe insulation. These kits can
either be self-installed by customers or
directly installed by contractors or trade
allies as part of an in-home consultation
or home energy audit. In addition to
offering modest energy savings, these
kits also serve as an excellent platform
to share information on other efficiency
offerings, online utility marketplaces,
or other resources to help customers o i .
reduce their gas Consumption. Photo courtesy of www.bchydro.com

Combined-Heat and Power (CHP)

Combined Heat and Power (CHP) systems recover and utilize thermal energy and offer
energy and GHG emissions reductions compared with on-site space or water heating and
traditional utility power production. In CHP installations, the thermal heat lost (and wasted)
during conventional utility-scale power generation is instead captured and used to provide
on-site heating. Therefore, CHP systems must be local and sited near the location where
the heat is used to utilize the thermal energy byproducts (heat) productively.

Qs

As long as fossil fuels power the marginal source of power generation, CHP is expected to
reduce overall GHG emissions associated with electricity demand because it will continue
to displace fossil fuel power on the margin. Natural gas CHP systems will always result in
fewer emissions than separately-generating heat and grid power, even when compared to
the most efficient combined-cycle gas turbine plants, as long as the displaced generation
is from fossil fuel.

CHP is also favored by critical infrastructure, like hospitals, due to its significant reliability
and resiliency advantages over the electric grid. This was recognized by the U.S. Department
of Energy’s Combined Heat and Power for Resiliency Accelerator.” Those advantages
could become even more significant given the various emergent challenges associated
with climate change and a rapid transition to a net-zero emissions future.

CHP units are also already being marketed by some companies as hydrogen compatible—
able to transition to different lower carbon gases over time in support of net-zero objectives.

46 https://www.energystar.gov _

47  https://betterbuildingssolutioncenter.energy.gov/accelerators/combined-heat-and-power-resiliency
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3.1.2 EMERGING GAS TECHNOLOGIES

In addition to the relatively well-established efficiency measures described above, several
emerging gas technologies may offer substantial new opportunities for emission reductions.
These include gas heat pumps, which have made inroads in the commercial sector over the
past several years and which the gas industry expects to be on the market in all sectors
by 2025. Also featured here are hybrid gas-electric heating systems, an arrangement that
pairs a gas furnace with an electric air-source heat pump.

Gas Heat Pumps

Natural gas heat pumps are a promising technology currently available in the commercial
sector and in the early stages of commercialization in the residential sector. Gas-fired heat
pumps use thermal energy to drive a refrigeration cycle to provide space heating and
cooling, water heating, or even clothes drying. Because they move heat, rather than relying
solely on combustion, natural gas heat pumps have efficiencies of more than 100%. The
efficiency of gas and electric heat pumps is measured using the coefficient of performance
(COP) - the higher the COP, the more efficient the unit. Some currently available gas heat
pumps offer COPs as high as 2.2, though most estimates of expected COPs are around 1.3
to 1.4. When just heating is considered, a 1.4 COP would represent a potential reduction
in gas consumption of roughly 36% relative to a 90% efficient gas furnace and a 44% gas
reduction compared with a baseline 78% efficient furnace that meets the current minimum
federal efficiency standards.

Three different configurations of natural gas heat pumps are currently available:

° Sorption heat pumps: Absorption or adsorption heat pumps use thermal energy
from gas combustion to drive a refrigeration cycle, typically using comparatively
benign refrigerants like ammonia and water in lieu of traditional options.

e Engine-driven heat pumps: These are an older style of gas
heat pump that uses a small internal combustion engine
(similar to the electric motor in an electric heat pump) to
physically move refrigerants through a refrigeration cycle.

e Thermal compression heat pumps: Also called Vuilleumier
heat pumps, these essentially use a large piston that moves
in response to thermal energy from gas combustion. They
don’t use traditional refrigerants, but instead use gases like
helium or CO, as working fluids.

A variety of products will likely continue to emerge in the coming
years to meet a growing range of residential and commercial
needs. Some units provide just space heating, some provide
both space heating and cooling, and others are being developed
to provide both space and water heating to a building. Each
of these approaches has unique benefits and drawbacks with
regards to characteristics such as size, cost, heating or cooling
heat pump water heater capacity, noise level, maintenance, refrigerant global warming
from field trial. potential (GWP), and efficiency.

Photo of residential gas
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Particularly when compared with electric heat pumps, gas heat pumps have the potential

to offer several benefits to customers and utilities alike, including:

Overall, given the substantial energy, emissions, and customer benefits, as well as the
many active commercialization efforts currently underway, gas heat pumps represent a
compelling opportunity for natural gas utilities to expand DSM programs and support even

High heating performance even at very low temperatures without needing
to rely on supplemental heat sources (and without adding the strain of large
spikes on the electric grid from winter space heating on very cold days)

Lower operating costs than any other alternative heating systems—including
electric heat pumps—due largely to the high efficiencies offered combined
with the lower cost per BTU of energy delivered for natural gas compared
with electricity

Reduced GHG emissions in regions where the electricity supply relies primarily
on fossil generation, in colder climates where emissions-intensive electric
peaker plants are needed to meet winter loads, or where low/no-carbon gas
supply is available.

For certain customers (particularly in older homes), avoidance of electric
panel upgrades and ductwork upgrades that may otherwise be needed for
electric space heating

In the case of sorption heat pumps, reduced maintenance resulting from
having fewer moving parts

For sorption and thermal compression heat pumps, the opportunity to move
away from relatively high GWP refrigerants, further reducing lifetime GHG
emissions for the system

deeper reductions in customer gas demand in the coming years.

Hybrid Gas-Electric Integrated Space Heating System

February 2022

Hybrid heating systems, sometimes referred to as dual fuel systems, consist of an electric air-

source heat pump paired with a natural gas furnace and utilizes integrated controls that can
optimize the energy consumption, emissions, and cost of the system throughout the year.

Electric air-source heat pumps (ASHPs) can have efficiencies as high as 300-400% but their

performance degrades as the outdoor temperature drops. Falling temperatures increase

the temperature differential that must be achieved by the heat pump, and affect heat
pump performance in three ways:

At very low temperatures, heat pumps typically cannot provide adequate heat and
require some form of supplemental or back-up energy - typically less efficient electric

The heat pump’s coefficient of performance (COP) decreases, so it becomes

less efficient

The heat pump has reduced output capacity, so it provides less heat

The discharge air temperatures of the heat pump decrease.

resistance heating. While the performance of cold climate ASHPs continues to improve,

the low temperatures possible during cold snaps in many regions continue to necessitate

supplemental heating in most cases.
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As illustrated in Exhibit 8,*¢ the need for back-up electric resistance heating significantly
drives up the electricity required to heat a home as temperatures drop, even if this is only
for a relatively small number of the coldest hours in the year, raising important questions
about the ability of electric infrastructure to accommodate higher levels of peak demand.

Exhibit 8 - Example of Variability in ASHP Load
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In a hybrid heating system, the heat delivery systems can be programmed to switch from the
electric air source heat pump to the natural gas furnace below a balance point temperature.

This approach allows for a number of potential benefits:

° If power generation is decarbonized and few low-carbon gases have been
added to the gas system, carbon emissions can be significantly reduced by
using the ASHP to offset much of the heating loads on the gas system.

e A hybrid approach reduces electric demand spikes in the winter (particularly
when the use of electric resistance heating can be avoided entirely)—for
instance, in the example in Exhibit 8 electric demand from a hybrid ASHP
peaks a bit over 2 kW, whereas an equivalent ASHP with electric resistance

back-up peaks as high as 13 kW.

° Focusing ASHP uptake on times when customers are replacing their air-
conditioners, not their furnaces, may make it easier for them to adopt the
technology (as opposed to trying to install an ASHP when a furnace breaks
down and the quickest way to restore heat is simply to install a new furnace
rather than replacing the air conditioner and furnace at the same time).

48 Adapted from MaRS Future of Home Heating study, available at: https:

marsdd.ca/research-and-insights/future-of-home-

heating/
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° Having multiple heating fuel sources may add flexibility, redundancy, and
resiliency compared with an electric-only approach.

e There may be the potential to control hybrid systems based on real-time
signals in order to achieve a more optimized energy system. For instance, if an
electricity grid is experiencing a period of low levels of renewable generation
from intermittent sources such as wind and solar, it could be possible for the
hybrid systems to be switched to gas heating in order to shed electric load
and avoid electric shortages.

A hybrid approach also faces a number of significant challenges as well. For instance, it
may involve higher upfront costs than current heating equipment, and it may raise energy
bills for customers when compared with a natural gas-only heating system. These systems
will also likely require new regulatory approaches to accommodate in utility DSM programs.
There would likely be a need to study how to recognize the value of gas and electric
utility systems to allocate costs appropriately and compensate customers equitably since
this approach would significantly shift the gas utility operating model. For example, this
approach would see gas utilities continue to bear the costs and risks of meeting peak heating
loads (to avoid challenges/costs on the electric side), but would also see a significant
reduction in annual gas usage, and the associated utility revenue that supports the ability
to serve those challenging peaks. This would also represent a fundamental change from an
operations perspective - requiring utilities and regulators to re-evaluate how they maintain
their system and procure gas supply. There may also be opportunities for gas and electric
utilities to partner around combined DSM programs for hybrid space heating systems to
maximize program cost-effectiveness for both parties.

Micro CHP

Unlike traditional CHP systems that are primarily targeted at commercial and industrial
facilities, there are a variety of smaller CHP units with capacities ranging from less than
1 kW to 50 kW of electrical generation that could be applicable to residential and small
commercial applications. As with larger CHP systems, micro CHP has the potential to
reduce emissions associated with both heating and electricity consumption by producing
both on-site from a single fuel (such as natural gas) and reducing the waste heat involved
with the electric generation process. In residential applications, micro CHP can help meet
both space and water heating needs while producing low-cost electricity that can offset
consumption from the grid. Micro CHP can be particularly well-suited to replacing gas
boilers since both systems tend to be available in similar sizes and orientations. Particularly
in heating-dominated climates where broad electrification efforts may lead to larger winter
peak demand on the electric side, micro CHP may be especially valuable for its ability to
meet building heating loads while simultaneously reducing electric demand and overall
emissions. Micro CHP systems may also be appealing for microgrid applications (where
they can be treated as efficient grid assets) and in buildings where power reliability and
resilience are a priority.




AGA Net-Zero Emissions Opportunities for Gas Utilities: Section 3 February 2022

3.2 DECARBONIZATION OF GAS SUPPLY

There are several alternatives to geologic natural gas that can be supplied through
existing gas infrastructure but result in low or no net carbon emissions when combusted
by utility customers. These renewable and low carbon alternatives include renewable
natural gas and hydrogen, as well as ‘synthetic’ RNG produced from hydrogen (referred
to as methanated hydrogen in this study). All provide long-term, annual storage solutions
and can leverage the existing gas distribution infrastructure.

3.2.1 RENEWABLE NATURAL GAS

RNG is derived from biomass or other renewable resources and is a pipeline-quality gas that
is fully interchangeable with conventional natural gas. The AGA defines RNG as pipeline-
compatible (after processing) gaseous fuel derived from biogenic or other renewable
sources that has lower life cycle carbon dioxide equivalent (CO5e) emissions than geologic
natural gas.*®

As shown in Exhibit 9, RNG is produced over a series of steps: collection of a feedstock,
delivery to a processing facility for biomass-to-gas conversion, gas conditioning,
compression, and injection into the pipeline. Once the biogas is conditioned and upgraded,
and eligible for pipeline injection, it is called RNG. Finally, once injected into the pipeline,
RNG is indistinguishable from geologic gas. In this project, ICF considers two production
approaches: anaerobic digestion (AD) and thermal gasification (TG).

Exhibit 9 - RNG Production Process via Anaerobic Digestion and Thermal Gasification
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49 ICF notes that this is a useful definition, but excludes RNG produced from the thermal gasification of the non-biogenic m
fraction of municipal solid waste (MSW). MSW, specifically the non-biogenic waste that would be landfilled after diversion of

organic waste products, like plastics, is included as an RNG resource in this study even though it does not satisfy the AGA’s

definition of RNG, as is explained further in Section 4.4.1.
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Anaerobic Digestion

The most common way to produce RNG today is via anaerobic digestion, whereby
microorganisms break down organic material in an environment without oxygen. The four
key processes in anaerobic digestion are:

° Hydrolysis

° Acidogenesis

° Acetogenesis

° Methanogenesis

Hydrolysis is the process whereby longer-chain organic polymers are broken down into
shorter-chain molecules like sugars, amino acids, and fatty acids that are available to
other bacteria. Acidogenesis is the biological fermentation of the remaining components
by bacteria, yielding volatile fatty acids, ammonia, carbon dioxide, hydrogen sulfide, and
other by-products. Acetogenesis of the remaining simple molecules yields acetic acid,
carbon dioxide, and hydrogen. Lastly, methanogens use the intermediate products from
hydrolysis, acidogenesis, and acetogenesis to produce methane, carbon dioxide, and water,
where most of the biogas is emitted from anaerobic digestion systems.

The process for RNG production through AD generally takes place in a controlled
environment, referred to as a digester or reactor, including landfill gas facilities. When
organic waste, biosolids, or livestock manure is introduced to the digester, the material is
broken down over time (e.g., days) by microorganisms, and the gaseous products, referred
to as biogas, of that process contain a large percentage of methane and carbon dioxide.
The biogas is captured and then requires subsequent conditioning and upgrading before
pipeline injection. The conditioning and upgrading helps remove contaminants and other
trace constituents, including siloxanes, sulfides, and nitrogen that cannot be injected into
common carrier pipelines, and increases the heating value of the gas for injection.

Thermal Gasification

Biomass-like agricultural residues, forestry and forest produce residues, and energy crops
have high energy content and are thus ideal candidates for thermal gasification. The
thermal gasification of biomass and non-biogenic MSW to produce RNG occurs over a
series of steps:

° Feedstock pre-processing in preparation for thermal gasification (not in all
cases).

° Gasification, which generates synthetic gas (syngas), consisting of hydrogen
and carbon monoxide (CO).

° Water-gas shift reaction that generates more hydrogen and carbon dioxide.

° Filtration and purification, where the syngas is further upgraded by filtration
to remove remaining excess dust generated during gasification, and other
purification processes to remove potential contaminants like hydrogen sulfide,
and carbon dioxide.

° Methanation, where the upgraded syngas is converted to methane (CH4) and
dried prior to pipeline injection.
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Gasification technology is at an early stage of commercialization. A handful of thermal
gasification projects are in the late stages of planning and development in North America.
For example, REN is proposing to build a modular thermal gasification facility in British
Columbia using wood waste to produce pipeline-quality RNG for the local natural gas utility,
FortisBC.>° Sierra Energy’s thermal gasification and biorefinery facility in Nevada produces
RNG and liquid fuels using municipal solid waste as a feedstock.”® West Biofuels have a
number of demonstration and research projects using biomass to produce RNG, as well
as commercialized thermal gasification facilities producing other renewable fuels.5? Further
afield there are demonstration and early-commercialization thermal gasification projects
across Europe, including Sweden, France and Austria.>®

ICF notes that biomass, particularly agricultural residues, are often added to anaerobic
digesters to increase gas production (by improving carbon-to-nitrogen ratios, especially
in animal manure digesters). It is conceivable that some of the feedstocks considered here
could be used in anaerobic digesters. For simplicity, ICF did not consider any multi-feedstock
applications in our assessment; however, it is important to recognize that the RNG production
market will continue to include mixed feedstock processing in a manner that is cost-effective.

3.2.2 HYDROGEN PRODUCTION AND BLENDING

Hydrogen is an energy carrier; energy sources are used to create H,, which can later be
combusted or run through fuel cells to release its energy. The combustion of hydrogen
produces no GHG emissions and, given the potential to produce hydrogen through low- and
no-carbon pathways, it is increasingly seen as a valuable form of energy storage, delivery,
and use. Hydrogen’s functionality as a gas potentially makes it a high-value decarbonization
resource for multiple end-uses currently met by fossil fuels. It can be blended into natural gas
pipelines or transported through its own dedicated infrastructure—pipelines, tube trailers, or
by conversion or liquefaction.

Clean hydrogen, which indicates low to no carbon emissions associated with production, can
be produced through a variety of different processes. To help differentiate the source of clean
hydrogen production, a color-coding system is often used for shorthand:

o Green Hydrogen: hydrogen produced via electrolysis from renewable energy

° Blue Hydrogen: hydrogen produced from steam methane reforming (SMR) with
carbon capture and sequestration (CCS)

° Pink Hydrogen: hydrogen produced via electrolysis from nuclear energy

Steam methane reformation of geologic natural gas (gray hydrogen) is the conventional
approach to hydrogen production. Natural gas reforming accounts for approximately 95% of
U.S. commercial Hy production today.>* The process involves three key steps:

° Steam methane reforming uses a catalyst/heat input to react methane and steam
to generate carbon monoxide and hydrogen

° A water-gas shift reaction takes the CO and steam to generate additional H, and
carbon dioxide (COy)

° Pressure-swing adsorption removes impurities and CO, from the hydrogen stream

Other production methods for producing hydrogen from natural gas include partial
oxidation and autothermal reforming.

50 FortisBC, 2020. Filing of a Biomethane Purchase Agreement between FEI and REN Energy International Corp, https://www.
bcuc.com/Documents/Proceedings/2020/DOC 57461 B-1-FEI-REN-Sec-71-BPA-Application-Confidential-Redacted.pdf

51 Sierra Energy, 2020. https://sierraenergy.com/projects/fort-hunter-liggett

52  West Biofuels, 2020. http://www.westbiofuels.com/projects?filter=research

53 Thunman, H. et al, 2018. Advanced biofuel production via gasification - lessons learned from 200 years man-years of _

research activity with Chalmers' research gasifier and the GoBiGas demonstration plant. Energy Science & Engineering, 29.

54 Hydrogen and Fuel Cell Technologies Office, U.S. Department of Energy, n.d. Hydrogen Production: Natural Gas Reforming.
https://www.energy.gov/eere/fuelcells/hydrogen-production-natural-gas-reforming
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Due to its upstream emissions, gray hydrogen has higher life cycle greenhouse gas
emissions intensity than natural gas.>® Pairing hydrogen production from natural gas with
carbon capture reduces the GHG emissions associated with the production of hydrogen.
Blue hydrogen production (SMR with carbon capture) projects are being proposed with
plans to capture as much as 95% of the resulting CO,.%¢

Producing green hydrogen through electrolysis is a primary focus of the investment and
R&D momentum for hydrogen as a decarbonization strategy. Electrolyzers split water into
hydrogen and oxygen using electricity—power-to-gas (P2G). If the electricity is generated
from renewable or nuclear sources, the electrolysis hydrogen production process is
considered to have zero emissions.

Electrolysis has been a part of commercial hydrogen production for over 100 years and was
discovered long before. The technology is well established. The focus of ongoing R&D is to
make electrolysis production costs competitive with those of SMR. Today, there are three
main electrolyzer technologies in different stages of development and implementation:

e Alkaline electrolysis,
° Proton exchange membrane (PEM) electrolysis, and

° Solid oxide electrolysis.

In addition to the production of hydrogen, approaches to facilitate the distribution and
end-use of hydrogen are critical. Hydrogen has the potential to be blended into the
natural gas supply, with a 20% volume blend (equivalent to 7% on an energy basis as
hydrogen is less energy dense per unit volume than natural gas) commonly discussed as
an upper blending limit without requiring significant upgrades to customer equipment
or the gas distribution system.” A number of hydrogen blending projects have been
announced in U.S., including pilots by SoCalGas®*® and Dominion Energy.*® To leverage
higher percentages of hydrogen two options are methanating that hydrogen and
building/converting gas infrastructure to be dedicated to 100% hydrogen use. These two
approaches are discussed in the following sections.

3.2.3 METHANATED HYDROGEN

In addition to augmenting natural gas supplies via blending, hydrogen can be converted
to methane and injected into the natural gas system. A growing opportunity to reduce
methane emissions from the natural gas supply is through the production of RNG from P2G.
RNG from P2G can be a net-zero alternative to geologic natural gas.

A methanation process is used to convert the hydrogen into methane. There are two key
methanation reactions:

COy + 4Hy = CHy4 + 2 H,O
CO + 3H, €= CHy4 + HyO (this is the Steam Methane Reforming reaction run backwards)

55 EPA Green Vehicle Guide | Fuels https://www3.epa.gov/otag/gvg/learn-more-fuels.htm

56 Pembina Institute, Proposed hydrogen project a big improvement, 2021. https://www.pembina.org/media-release
proposed-hydrogen-project-big-improvement

57 https://www.nrel.gov/docs/fy130sti/51995.pdf

58 https://sempra.mediaroom.com/index.php?s=19080&item=137866

59 https://www.dominionenergy.com/projects-and-facilities/hydrogen#utah



https://www3.epa.gov/otaq/gvg/learn-more-fuels.htm
https://www.pembina.org/media-release/proposed-hydrogen-project-big-improvement
https://www.pembina.org/media-release/proposed-hydrogen-project-big-improvement
https://www.nrel.gov/docs/fy13osti/51995.pdf
https://sempra.mediaroom.com/index.php?s=19080&item=137866
https://www.dominionenergy.com/projects-and-facilities/hydrogen#utah

AGA Net-Zero Emissions Opportunities for Gas Utilities: Section 3 February 2022

Hydrogen can be converted into methane by using the CO, contained in the biogas resulting
from anaerobic digestion of wastes (gas typically made of a large share methane and a
smaller share of COy), creating a productive use for the CO, rather than having to scrub it
from the biogas. Similarly, syngas from thermal gasification can serve as a biogenic carbon
source. Leveraging thermal gasification as the carbon source for methanation also brings
potential benefits achieved by co-locating electrolysis and gasification operations. As with
AD gas, leveraging the CO and CO; in syngas with hydrogen increases RNG productivity.
Plus, biomass gasification requires oxygen, which is a by-product of electrolysis that is
typically wasted. Supplying gasifiers with a direct source of oxygen (rather than pulling it
from the air, which is predominantly nitrogen) increases the purity of their RNG output and
reduces gasification plant capital costs. Methanated hydrogen increases RNG supplies and
avoids the cost and inefficiency associated with storing and distributing hydrogen.

Though methanation was invented over 100 years ago, power-to-gas hydrogen methanation
is relatively new to the market. R&D into hydrogen methanation has demonstrated its
potential to grow overall renewable natural gas supplies significantly. Across the world,
from Belgium, Germany, Switzerland and other European countries to the U.S. and Japan
(among others) projects have been testing the concept, with most projects having been
developed since 2009. For example, Germany’s Audi e-gas plant has been using offshore
wind to power 6 MWe worth of electrolyzers partnered with biogas the generate synthetic
RNG since 2013.6°

3.2.4 DEDICATED HYDROGEN INFRASTRUCTURE

One approach that reduces the need for geologic natural gas is converting customers
to dedicated hydrogen infrastructure. This involves either building new hydrogen-specific
infrastructure or converting existing natural gas infrastructure to be used for hydrogen.
Key barriers to overcome include hydrogen compatibility with existing infrastructure and
addressing regulatory structure and safety considerations.

There are many factors that play into the safety of hydrogen systems. With consumer
education, monitoring devices, and unification of safety standards for equipment, hydrogen
has the potential to be used safely in new residential and commercial end uses. It has
different flammability characteristics than methane, which means that additional (and
different from natural gas) precautions are required for the safe management of the fuel.
Regarding pipelines, according to an analysis conducted by GTl and summarized by NREL,
lower blends of hydrogen into natural gas pipeline flows demonstrate a minor increase in
risk, whereas flowing “more than 50% hydrogen to either distribution mains or service lines
results in a significant increase in overall risk,” which would necessitate risk management
tools like increased monitoring. Still, new dedicated hydrogen pipelines could be designed
and managed according to hydrogen’s technical qualities and, therefore, not subject to the
same concerns as converted natural gas pipelines.®

While several hydrogen blending projects have been announced in the U.S., in general,
Europe has progressed further in planning its pathways to decarbonization and the
supportive role that dedicated hydrogen infrastructure can play. One example of this is the
European Hydrogen Backbone plan, shown in Exhibit 10, which lays out a plan to build an
integrated hydrogen network across the continent through a mix of building new hydrogen
pipelines and conversion of existing gas pipelines.®?

60 Bailera et al., Power to Gas projects review: Lab, pilot and demo plants for storing renewable energy and CO, 2017.
Available at https://www.sciencedirect.com/science/article/pii/S1364032116307833

61 https://www.nrel.gov/docs/fy130sti/51995.pdf m
62 Enagas, Energinet, Fluxys Belgium, Gasunie, GRTgaz, NET4GAS, OGE, ONTRAS, Snam, Swedegas, Teréga (European

Hydrogen Backbone) supported by Guidehouse, 2020. https://guidehouse.com/insights/energy/2020/developing-europes-
hydrogen-infrastructure-plan
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Exhibit 10 - European Hydrogen Backbone Map, Produced by Guidehouse

Mature European Hydrogen Backbone can be created by 2040

— Hj pipelines by conversion of existing natural gas pipelines (repurposed)
Newly Constructed Hy pipelines

-- Export/Import Hy pipelines (repurposed)

-- Subsea Hj pipelines (repurposed or new)

Countries within scope of study
Countries beyond scope of study

A Potential Hy storage: Salt cavern

A Potential Hy storage: Aquifer

¢ Potential Hy storage: Depleted field

® Energy island for offshore Hy production
* City, for orientation purposes
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In pursuit of its 2050 carbon dioxide emission targets, the UK’s Department for Business,
Energy & Industrial Strategy coordinated a ‘Hydrogen for Heat’ (Hy4Heat) program, a three-
year study beginning in late 2017 to evaluate the feasibility of displacing natural gas use in
residential and commercial appliances with hydrogen.®® Hy4Heat’s work packages include
two initiatives to develop domestic and commercial hydrogen appliances. These packages
focus on understanding the opportunities and challenges presented by converting natural
gas equipment to hydrogen appliances and delivering prototype H2 appliances that are
safety-certified along with compatible ancillary equipment.®* Developments have moved
faster on the residential side. Through the project, two show homes in Gateshead, England,
using 100% hydrogen were developed with hydrogen boilers, cooktops, and fires and
opened to the public in July 2021.%°> 66 The commercial hydrogen appliance work package
determined that existing hydrogen boilers used in the industrial sector and faster-moving
developments of residential H, appliances could demonstrate the potential for safety,
efficiency and ultimate feasibility of scaled-up 100% hydrogen appliances for the commercial
sector.?” Further refining of novel hydrogen appliance technology in the domestic space
will guide safety and efficacy design decisions for larger-scale commercial appliances. In
some applications, our understanding of current natural gas technologies can guide the
development of hydrogen versions. For example, some natural gas CHP manufacturers have
modified their designs to accommodate 100% hydrogen.®®

One R&D initiative underway in the U.S. is the Low-Carbon Resource Initiative (LCRI) which
is a five-year joint effort between the Electric Power Research Institute (EPRI) and the Gas
Technology Institute (GTI) to accelerate the development and demonstration of low-carbon
energy technologies, including hydrogen as an energy carrier. LCRI emphasizes large-scale
technology commercialization and deployment,®® aiming to identify promising technologies
worldwide with applications across the low-carbon energy value chain, demonstrate
those technologies’ performance, evaluate decarbonization pathways, and engage key
stakeholders.”® The LCRI demonstrates a recognition of the need to explore opportunities
for gas & electric infrastructure to coordinate in support of decarbonization pathways.

Another U.S. hydrogen R&D project is the HyBlend initiative, a collaboration between six
national laboratories and more than 20 participants from industry and academia led by the
National Renewable Energy Laboratory (NREL) to address the technical barriers faced when
blending hydrogen into natural gas pipelines. The project is divided into three main research
areas: hydrogen compatibility of piping and pipelines, life-cycle analysis of technologies
using hydrogen and natural gas blends, and techno-economic opportunities for hydrogen
production and blending.” Utilities are also exploring the potential for hydrogen in their
infrastructure, including plans to test their capability of running at 100% H,.7273

63 Arup, 2018. https://www.arup.com/projects/hy4heat

64 Hy4Heat Progress Report, 2020. https://www.hy4heat.info/s/2020-annual-report

65 UK Department for Business, Energy & Industrial Strategy, 2021. https://www.gov.uk/government/news/say-hy-to-the-
home-of-the-future

66 Hydrogen Home Launch 15 July 2021 - YouTube

67 Hy4Heat, 2020. WP5 - Commercial appliances, https://www.hy4heat.info/s/ERM-FINAL-2020.pdf
68 2G Energy, 2021. https://www.2g-energy.com/products/hydrogen

69 EPRI, 2021. https://www.epri.com/Icri

70 EPRI, Low-Carbon Resources Initiative (LCRI) Enabling the Pathway to Economy-Wide Decarbonization. https://www.epri.
com/research/products/000000003002020041

71 HyBlend Project To Accelerate Potential for Blending Hydrogen in Natural Gas Pipelines | News | NREL

72 Pendrod, 2020. https://www.utilitydive.com/news/hydrogen-is-having-a-moment-and-power-generation-is-leading-the-

way/587958/

73  Blunt, 2020. Utilities Look to Green Hydrogen to Cut Carbon Emissions, https://www.wsj.com/articles/utilities-
look-to-green-hydrogen-to-cut-carbon-emissions-11599298201#:~:text=U.S.%20utilities%20are%20increasingly %20
exploring,0.46%25%20and%20Dominion%20Energy%20Inc



https://www.arup.com/projects/hy4heat
https://www.hy4heat.info/s/2020-annual-report
https://www.gov.uk/government/news/say-hy-to-the-home-of-the-future
https://www.gov.uk/government/news/say-hy-to-the-home-of-the-future
https://www.hy4heat.info/s/ERM-FINAL-2020.pdf
https://www.2g-energy.com/products/hydrogen/

https://www.epri.com/lcri
https://www.epri.com/research/products/000000003002020041
https://www.epri.com/research/products/000000003002020041
https://www.nrel.gov/news/program/2020/hyblend-project-to-accelerate-potential-for-blending-hydrogen-in-natural-gas-pipelines.html
https://www.utilitydive.com/news/hydrogen-is-having-a-moment-and-power-generation-is-leading-the-way
https://www.utilitydive.com/news/hydrogen-is-having-a-moment-and-power-generation-is-leading-the-way
https://www.wsj.com/articles/utilities-look-to-green-hydrogen-to-cut-carbon-emissions-11599298201#:~
https://www.wsj.com/articles/utilities-look-to-green-hydrogen-to-cut-carbon-emissions-11599298201#:~
https://www.wsj.com/articles/utilities-look-to-green-hydrogen-to-cut-carbon-emissions-11599298201#:~

AGA Net-Zero Emissions Opportunities for Gas Utilities: Section 3 February 2022

3.3 OFFSETS, CARBON CAPTURE, AND NEGATIVE EMISSIONS
TECHNOLOGIES

There are several technologies that can be leveraged toreduce GHG emissions, either directly
from point sources in other sectors of the economy or extracted and sequestered CO;
from the atmosphere. These technologies can enable economy-wide emission reduction
pathways to reach net-zero, providing flexibility to companies and governments in pursuit
of emissions reductions and climate targets. There is uncertainty on the timeline for some
of these options, and the policy frameworks around some strategies and technologies are
subject to change. Yet, certain technologies have the potential to develop into relatively
cost-effective opportunities and play a role in the achievement of net-zero targets. A
selection of technologies is described below.

3.3.1 CARBON CAPTURE, UTILIZATION, AND STORAGE

Carbon capture, utilization, and storage (CCUS) offer a climate change mitigation solution
by removing CO, from point sources or the atmosphere and storing it underground.’
Current operational CCUS-equipped power plants and large industrial facilities can reduce
around 90%7°> of CO, emissions according to their original design. But, it is technically
feasible to design future plants with the capacity to remove 99% or more emissions using
the same existing technologies.”® There are a variety of CO,-capture approaches that fall
under the CCUS umbrella. Carbon can be captured from a large point source such as a
new or existing gas-fired power plant, municipal solid waste landfill, manure management
system, or industrial source involving fossil fuel or biomass use, hydrogen production,
among other sources. These volumes of captured CO, can be permanently stored in deep
geological formations. In addition, CO, can be used onsite for enhanced oil and natural gas
recovery or transported and used in different applications in the medical, agricultural, and
industrial sectors.

CCUS technologies have the potential to capture CO, from a fossil power plant before the
conventional combustion is completed (pre-combustion), as showcased through recent
pilot projects. This technology was, for the first time, tested in Porte, Texas, at a natural gas
power plant owned by NET Power LLC. The facility operates with an Allam Cycle, which
leverages oxy-combustion by burning natural gas with pure oxygen instead of air while
capturing the generated CO, and water. Most of the high-pressure CO, is contained and
reused to spin the turbine, so it isn’t released into the atmosphere.””

In addition, CO, emissions can be captured post-combustion by pulling out CO, of flue
gases from combustion exhaust or process stream. The oil and gas industry is one of the
earlier adopters of this technology. It has been deploying post-combustion capture since
the 1970s in the U.S. In some cases, the separated CO, is stored permanently through
underground injection and geologic sequestration into deep underground rock formations.”®
These formations are often a mile or more beneath the surface and consist of porous rock
that holds the CO,. Overlying these formations are impermeable, non-porous layers of rock
that trap the CO, and prevent it from migrating upward.”®

Another option to capture CO, post-combustion is directly from the atmosphere through
direct air capture (DAC) technologies. Similar to other carbon capture technologies, a DAC
system uses chemical reactions to selectively remove CO, from air when it passes through
a solid sorbent filter or a liquid system while returning the rest of the air to the environment;
the difference between DAC and other carbon capture technologies is that this process is
applied directly to ambient air.8° DAC technologies are currently under development, with
a focus on increasing efficiencies and decreasing costs for large-scale use.

74  Carbon-Removal-with-CCS-Technologies.pdf (globalccsinstitute.com)

75 https://www.c2es.org/content/carbon-capture,
76 CCUS in Power - Analysis - IEA
77 Technology | NET Power - Making Clean Cheaper Than Dirty

78 Brief-_CCS-in-OAG-3.pdf (globalccsinstitute.com) _
79 https://19january2017snapshot.epa.gov/climatechange/carbon-dioxide-capture-and-sequestration-overview_.html

80 Direct Air Capture - Analysis - [EA
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Bioenergy carbon capture and storage (BECCS) is another negative-emissions technology
option under consideration that involves capturing the CO, from power plants or industrial
processes that are using biogenic fuels (and hence would have been considered carbon-
neutral even without CCUS). The utilization of the gas CO, capture system to support the
combination of CCS and renewable gases could support net negative emissions outcomes.

The CO, captured that isn’t sequestered underground can be utilized in different ways. The
oil and gas industry widely uses it to produce oil through the enhanced oil recovery (EOR)
process (recompressed CO, is reinjected into the reservoir where it expands, pushing
additional oil towards production wells). It also can be compressed and transported to
another facility, usually in pipelines or ships, to be used in the creation of a variety of
products that include construction materials, plastics, chemicals, and algae-based products.
Some of these alternative uses are currently in the early stages of development, and it is
expected they will offer a significant potential to contribute to greenhouse gas reduction
in the coming decades.®

CCUS plays a significant role in IEA’s Net-zero by 2050 Scenario. In this decarbonization
pathway, IEA estimates that, by 2050, 22% of worldwide emissions reduction to net-zero
comes from CCUS, relative to 2020 total emissions. From that estimate, 95% is stored
in permanent geological storage, and 5% is used to provide synthetic fuels, including
carbon captured from fossil fuels and processes, bioenergy plants, and direct air capture.®?
To capture those levels of CO,, an expansion in the number of projects planned and in
operation is needed. Currently, there are 26 commercial-scale carbon capture projects
operating around the world, including some natural gas processing projects. In addition,
21 projects are in an early stage of development, and 13 are in advanced development.®s

Currently, there are no large-scale operational projects for direct air carbon capture. The
first large-scale plant is being developed in the United States; the Carbon Engineering plant
is planned to capture one million metric tons of CO, for use in enhanced oil recovery and
is expected to begin operations in 2023. Given that this technology isn’t yet demonstrated
at a large scale, carbon removal costs are uncertain.®

3.3.2 GHG EMISSIONS OFFSETS

A carbon offset®® occurs when GHG emissions reductions at one location are used to
“offset” the equivalent amount of GHG emissions from another location or project. Emission
reductions that are certified by a verified third-party are widely accepted as high-quality
offset credits that can be bought, sold, or traded in carbon offset markets. The carbon
offset approach to capturing the value of emission reductions can be used as a market
mechanism for many different types of projects. Some examples of carbon offsets are:

° Credits from improving forest management projects
o Credits from livestock projects

° Credits from urban forest projects associated to tree planting and maintenance
activities to permanently increase carbon storage in trees

° Credits from the destruction of high global warming potential ozone depleting
substances that would have otherwise been released to the atmosphere

81 Carbon Utilization— A Vital and Effective Pathway for Decarbonization Summary Report (c2es.org)

82 https://www.iea.org/reports/net-zero-by-2050

83 https://www.c2es.org/content/carbon-capture,

84 https://www.iea.org/reports/direct-air-capture

85 A carbon offset is a reduction in emissions of carbon dioxide or other greenhouse gases made in order to compensate for
(“offset”) an emission made elsewhere. https://www.ipcc.ch/2018/06/15/ipcc-meetings-go-carbon-neutral



https://www.c2es.org/wp-content/uploads/2019/09/carbon-utilization-a-vital-and-effective-pathway-for-decarbonization.pdf
https://www.iea.org/reports/net-zero-by-2050
https://www.c2es.org/content/carbon-capture/
https://www.iea.org/reports/direct-air-capture
https://www.ipcc.ch/2018/06/15/ipcc-meetings-go-carbon-neutral/

AGA Net-Zero Emissions Opportunities for Gas Utilities: Section 3 February 2022

° Credits from restoring a U.S forest that include improved forest management,
avoided conversion, and reforestation

° Credits from avoiding methane or other GHG emissions from an industrial or
agricultural process

° Nature-based solutions like allowing forests to regrow, restoring coastal
wetlands, and switching to restorative agricultural practices®®

Strict protocols are applied to ensure that the reductions are “additional.” Namely, that
they are actual reductions that would not have occurred but for the offset project. Among
other things, this means that the reductions cannot be the result of regulation or other
existing requirements. The reduction in greenhouse gas emissions from these projects
counts toward the balance of the entity buying the offset, rather than the entity installing
the project or the place it’s built.

Consumers can purchase offsets to mitigate their routine emissions for home use or travel.
Some gas utilities are piloting programs through which gas customers can voluntarily decide
to purchase offsets covering a portion of their emissions from gas use.®” Their voluntary
nature facilitates regulatory approval (no customers are being forced to purchase offsets).
While similar programs represent a pathway to finance initial emissions reductions efforts
for gas utilities, they do not replace the need to reduce customer emissions, which is the
focus of the pathways in this study.

Strict offset quantification and certification protocols exist to provide confidence that GHG
emissions reductions are achieved. Following the protocols, emissions reductions projects
can be turned into creditable and transferrable emission offsets. Protocol guidelines
establish that GHG reductions must be below the emissions that would otherwise have
occurred and in addition to reductions already occurring or required by regulation and
must be carefully and transparently measured and verified.

The offsets’ certification process is as follows: Once a project has been identified, the
developer identifies an appropriate offset creation protocol from one of the certification
organizations such as the U.N. Clean Development Mechanism, the Climate Action Reserve,
the American Carbon Registry, or other similar organizations. The developer submits
the required analysis and data on the project to the certifier. If the project qualifies, the
developer can periodically submit the data to quantify and be awarded creditable offsets.
The original certification would ensure that the reductions meet the qualitative criteria
and establish the parameters for ongoing quantification. These protocols ensure that the
offsets are based on accurate and verifiable reductions that would not have otherwise been
achieved. Offsets of this kind are widely accepted in emission cap and trade programs such
as the California, NESCAUM, and European Union cap and trade programs.
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3.4 METHANE EMISSION REDUCTION MEASURES

The previous sections have focused on strategies to reduce the CO, emissions from the
combustion of geologic natural gas by utility customers or to offset those emissions. This
section introduces opportunities to reduce methane emissions from gas utility operations
and upstream production, processing, and transportation of geologic natural gas. Methane
emission reductions are critical due to methane’s higher global warming potential than
CO5 and because these represent the largest component of the direct emissions from gas
utilities - emissions under their control.

3.4.1 GAS UTILITY EMISSIONS

The primary sources of direct GHG emissions for gas utilities are fugitive and vented
methane emissions and CO, from combustion for storage compressors, on-site generators,
and fleet operations. The methane emissions are typically the much larger share and on
a national basis comprise nearly 85% of the GHG emissions from natural gas distribution.
Over 90% of the methane emissions typically are from:

° Gas mains and services
° Meters/meter sets
e Third-party damage to pipes (also known as dig-ins or mishaps)

These emission estimates are typically based on factors the U.S. EPA has adopted for
the Greenhouse Gas Reporting Rule (GHGRP)® or the annual national Inventory of U.S.
Greenhouse Gas Emissions and Sinks (EPA GHGI).#° The emission factors were typically
developed in studies over the years, in which methane emissions from a sample of pipes
or a given type of equipment were measured and averaged. The resulting emission factor
represents the average emissions from that category of pipe or equipment at the time of
the study. Most methane emission estimates are developed by multiplying these average,
fixed emission factors by “activity factors” that represent equipment counts (miles of pipe,
number of meters, etc.). This approach is limiting because the only way to reduce the
emissions estimate is to reduce the counts (e.g., number of meters or miles of pipe), so
measures that reduce actual emissions from existing equipment are not accounted for in
the estimate. In addition, more accurate company-specific data reflecting actual emissions
reductions cannot be incorporated. The limitations of the existing approaches point to the
value in developing company-specific emissions factors to better account for emissions-
reduction efforts.



https://www.epa.gov/ghgreporting
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With this caveat, the most significant pathways for reducing actual (as opposed to
estimated) emissions typically are as follows:

° Pipes - There are different emission factors for different pipe materials.
Replacing the higher-emitting types of pipe (cast iron and unprotected steel)
with lower-emitting types of pipe that also have a lower emission factor
(protected steel and plastic) is the primary existing option to reduce both actual
and estimated emissions. Going beyond this pipeline replacement, companies
can reduce actual emissions by incorporating leak detection and reduction
programs. Reflecting the resulting emission reductions in estimates will require
developing company-specific emission factors, which some companies are
pursuing. In addition, gas utilities can reduce methane emissions by replacing
the higher emitting vintage plastic pipe with modern polyethylene (PE) pipe.
The resulting emission reduction could be demonstrated in emission estimates
either with company-specific emission factors or by developing updated
emission factors for PE plastic pipe.

° Meters - Since the standard emissions estimates, based on industry average
emissions factors multiplied by meter counts, would not be reduced even
if a company eliminated all meter leaks, accounting for reduction programs
requires the development of company-specific emission data. This can be done
through direct measurement as part of meter integrity programs combined
with leak detection and repair (LDAR) programs. Direct measurement
programs would provide more accurate estimates and help to document and
recognize reductions made through these programs.

° Excavation Damage / Mishaps - Similar to meters, company-specific data can
provide more accurate estimates than the standard mileage-based factors and
document company emission reduction programs. Many companies estimate
actual emissions from mishaps and this information can be used to develop
more accurate estimates.

° Other Operational and Maintenance Measures - There is a variety of O&M
measures that can help toreduce methane emissions. Leak detection and repair
(LDAR) are standard parts of LDC operations and could include meter and
regulator (M&R) stations and gas storage facilities. Expanded LDAR programs
can reduce methane emissions but must be coupled with measurement and
documentation to account for the reductions. Blowdowns (managed releases
of gas) are required for a variety of maintenance and repair operations. A
variety of techniques are available to reduce or eliminate these releases, which
again must be measured and documented.

° Replacement of Higher Emitting Equipment - There are other types of
equipment in addition to pipelines that can be replaced to reduce emissions.
One common option is the replacement of high bleed pneumatic controllers
with lower-emitting or “no-bleed” equipment.

All of these topics are addressed in more detail in Section 4.6 of this report.
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3.4.2 UPSTREAM NATURAL GAS EMISSIONS

There are opportunities across the U.S. oil and gas industry value chain to reduce emissions
of methane significantly.®® Some utilities are examining their gas supply procurement
practices to account for environmental performance criteria across the value chain.
There are several labels used for natural gas products meeting such criteria, including
‘differentiated gas,” ‘responsibly sourced gas,” and ‘certified gas.” All these approaches
focus on acquiring geologic natural gas with a minimized emissions footprint that has been
verified. Certification criteria are typically focused on methane emissions, but some also
consider additional qualities, including other air emissions or water use.”

Various entities have established certification programs for differentiated gas, although to
date no standards exist. Some companies have already begun acquiring differentiated gas.
For example, in 2018, Southwestern Energy entered into a bilateral contract®? with New
Jersey Natural Gas for natural gas produced at selected wells in the company’s Marcellus
play certified by IES’ TrustWell™, and in June 2021, Southwestern Energy announced it is
entering an arrangement to have all its natural gas production certified as “responsibly
sourced gas” by Project Canary and IES TrustWell™. In May 2021, Xcel Energy announced?®?
it agreed to buy TrustWell™ certified “responsibly sourced gas” natural gas for delivery to
its customers in Colorado from Crestone Peak Resources. In addition, several producers in
summer 2021 are piloting a MiQ (Methane Intelligence) certified low methane gas program
based on the Natural Gas Sustainability Initiative methane intensity protocol.

The biggest obstacle for gas utility purchases of differentiated gas is the lack of regulatory
approval to purchase natural gas at a cost premium. Most states have a regulatory
prudency requirement for “least cost” gas supply acquisition that does not leave discretion
for companies to select lower-emitting gas supplies, even if these amount to relatively
cost-effective emission reduction measures on a $/tCO,e basis.

90 https://www.edf.org/icf-methane-cost-curve-report
91  https://www.gti.energy/introducing-a-differentiated-gas-initiative
92 https://marcellusdrilling.com/2018/09/southwestern-sells-1st-certified-responsible-gas-to-nj-resources

93 https://www.reuters.com/business/energy/xcel-energy-strikes-deal-purchase-low-emissions-gas-colorado-2021-05-12
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https://www.reuters.com/business/energy/xcel-energy-strikes-deal-purchase-low-emissions-gas-colorado-2021-05-12/

Bl 4 NET-ZERO EMISSION PATHWAYS

This study is intended to explore several illustrative pathways to net-zero for gas utilities
but does not attempt to predict what is most likely to happen by 2050, nor to determine
the lowest cost pathway to meet net-zero emissions reduction targets. Instead, the study
examined the technologies and low-carbon fuels that gas utilities could leverage to support
emissions reductions for themselves and their customers. The study then analyzed several
combinations of these gas emission reduction strategies to understand their potential to
contribute to net-zero emissions targets.®*

The results show a diversity of potential pathways leveraging gas infrastructure and
technologies that could support 2050 net-zero objectives. This is not intended to say that
reaching these targets will be easy or that it will not require change. In this study and
other work, all net-zero pathways represent transformative and uncertain changes to our
energy system and the entire economy, to be implemented at an unprecedented pace.
These pathways show that gas infrastructure can support such a transition, demonstrate
that gas pathways should still be part of planning discussions in regions looking at net-zero
targets, and support the need to avoid ruling out any options to help reach 2050 targets
at this stage.

Establishing the GHG Inventory

Greenhouse gas emissions related to gas utilities can be considered in three separate
categories®:

° Direct natural gas utility emissions
° Customer emissions from the onsite combustion of gas

° Upstream emissions from the production and transportation of gas

As shown in Exhibit 11,°¢ customer

emissions are the largest category. Exhibit 11 - Gas Utility GHG Emissions by Category
The ability of gas utilities to help

their customers reduce GHG Direct Gas
emissions will be critical to the U““dtyciOZ
country reaching economy-wide ;nr;issioﬁs
net-zero targets. As such, much Customer _— 2%

of the focus of the analysis in this Em:;*f;ms

study is on pathways to reduce .

customer emissions, but separate Eﬁ:‘:::;

opportunities and pathways 17%

are also presented for direct
utility and upstream emissions
categories.

94 Global economy-wide net-zero requirements, supported by the climate science, do not necessarily mean that all sectors

of the economy will no longer have any GHG emissions. Some sectors might reach zero greenhouse gas emissions, while other
sectors might have some remaining emissions that could be balanced out by ‘negative’ emissions technologies or by different
sectors that are able to reach negative emissions, to achieve net-zero emissions cumulatively. For the purposes of this report, we
focus on achieving net-zero emissions for customers served by gas utilities as a simplifying assumption, but targets may vary by
sector and region.

95 The World Resources Institute and World Business Council for Sustainable Development (WRI/WBCSD) have established
widely adopted GHG measurement and tracking protocols. These protocols separate corporate emissions for reporting
companies into three categories or “Scopes.” This report avoids the scope terminology in an attempt to make the content easier
to comprehend by a broad audience. However, the three gas utility GHG emissions categories discussed here do generally fall
into the scope categories as well. Direct natural gas utility emissions are Scope 1 emissions. For gas utilities, customer emissions
from the onsite combustion of gas sold by the company are Scope 3 emissions. Customer emissions from combustion of gas
delivered but not sold by utilities are not included in Scope 3 but are sometimes included in this analysis. For gas utilities,
upstream emissions from the production and transportation of gas they sell are also Scope 3 emissions. Scope 2 emissions
related to electricity consumed by the gas utility are not included here but are typically negligible relative to the Scope 10or 3
emissions, and would be mitigated as electricity generation shifts to net-zero.

96 Data from https://www.eia.gov/dnav/ng/ng _cons_sum_a_EPGO vgt mmcf a.htm
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Structure of this Section of the Report
The results in the remainder of this section are split into the following categories:
° Summary of Study Approach and Pathways - This section provides a brief
overview of the different components of the analysis, what is included in the

four illustrative pathways, and discusses related areas outside the scope of
this analysis.

° Customer Emission Reduction Pathways Results - This section summarizes
pathways through which gas utilities can help their customers reduce GHG
emissions.

. Gas Demand Reductions - This section shows more detailed results of how
energy efficiency, the use of gas technologies, and selective electrification®”
measures in the pathways reduce the volumes of gas required by utility
customers.

° Decarbonization of the Gas Supply - This section shows more details on how
renewable and low carbon gas supplies can help gas customers reach emission
reduction targets.

° Upstream Emission Reductions - This section summarizes pathways to reduce
upstream GHG emissions corresponding to the customer pathways.

° Direct Gas Utility Emission Reductions - This section summarizes pathways
to reduce and offset remaining gas utility emissions directly attributable to
gas utility system operations (e.g., fugitive methane emissions).

While the actions taken by customers to reduce gas demand will impact upstream and
direct gas utility emissions, and the fuel supply mix dictates customer emissions, each
segment was evaluated separately in this analysis. Namely, the emissions accounting is
siloed, demonstrating how each category - customer, direct from gas utility, and upstream
emissions - can achieve net-zero GHG emissions. For example, suppose a customer
pathway calls for offsets. In that case, the offsets are not assumed to come from emissions
reductions elsewhere in these listed emissions inventory categories (like upstream), to
avoid accounting ambiguity.

4.1 SUMMARY OF STUDY APPROACH AND PATHWAYS

The analysis conducted in this study was designed to evaluate the potential for different
combinations of emission reduction strategies (pathways) for natural gas utilities and gas
utility customers to contribute to net-zero GHG emissions targets. While the pathways
highlight the magnitude of the impact of different approaches toward decarbonization
available to gas distribution companies, the different approaches are not optimized
pathways and are intended to be illustrative of different scenarios or opportunities rather
than prescriptive roadmaps for a given utility to follow. For instance, some pathways
include an element of selective electrification to help inform and shape the dialog around
how such measures may be able to work alongside emissions reductions in the gas
system without providing recommendations on the “best” approach. Detailed region-
specific and utility-specific analyses will be required to understand the optimal pathways
in different states and cities. However, these national-level results suggest that climate
solutions leveraging gas infrastructure should be given due consideration as part of local
and national climate planning.

This section provides a brief overview of the different components of the analysis included in
each of the four pathways. This section also discusses the limitations of the study scope and
what sectors were included in the analysis. Additional details on this analysis and assumptions
can also be found in the report appendices.

97 Selective Electrification as a possible approach within these illustrative pathways refers to the selective use of electric
appliances, equipment or vehicles that achieve consumer cost savings, greenhouse gas emissions reductions and reliability

improvements relative to alternative energy options for the same applications for a given area. Selective Electrification would also

be considered so to avoid or minimize adverse cost and reliability impacts to the electric grid to serve increased peak demand.
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4.1.1 STUDY APPROACH

This analysis presents emissions reduction pathways for three separate categories of GHG
emissions associated with the use of the gas distribution system:

° Utility customer CO, emissions from the consumption of natural gas
o Upstream methane and CO, emissions
° Gas utility methane and CO;, emissions

As shown in Exhibit 12, the analysis for each of these comprises many different steps. The
approach to reducing the most significant emissions component—customer emissions—is
further split into three components. The first component is an analysis of illustrative scenarios
for reduced gas demand by modeling different pathways combining efficiency and, in some
cases, selective electrification measures (Section 4.3). The second component looks at the
potential for renewable and low carbon gas supplies that could be used to decarbonize the
remaining customer gas demand in each pathway (Section 4.4). The first two components
were combined, along with consideration of negative emissions technologies and offsets, to
develop possible scenarios for achieving net-zero gas customer GHG emission reductions
(Section 4.2). A parallel analysis of upstream gas emissions pathways (Section 4.5) combines
some opportunities specifically targeting upstream emissions reductions with the impacts
driven by the assumptions for customer demand reductions and the changing mix of customer
gas supply. Finally, the analysis includes a look at key scenarios driving utility emissions to
net-zero (Section 4.6) through more accurate quantification of actual emissions followed by
combinations of targeted emission reduction measures, in combination with impacts from
the customer and upstream emissions segments.

Exhibit 12 - Overview of Study Components
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4.1.2 PATHWAY DESCRIPTIONS

Four pathways combining different technologies and strategies to reduce emissions were
developed to highlight a diversity of potential scenarios in which gas utilities support
economy-wide net-zero emissions targets using the existing and new gas infrastructure.
Each pathway increases or decreases the level of adoption for different demand- and supply-
side emissions reduction measures. The pathways are illustrative of the potential impacts
of different combinations and scenarios and do not represent an ‘optimized’ approach. The
logic behind each of the four pathways is highlighted below:

° Pathway 1: Gas Energy Efficiency Focus

This pathway is designed to help maintain customer fuel choice by leveraging
existing infrastructure, demand-side management programs, and regulatory
structures. It drives emission reductions primarily through the significant expansion
of utility energy efficiency programs, promotion of gas heat pump technology,
building shell retrofits, more stringent fuel-neutral building energy codes, and
considerable volumes of renewable and low carbon gases.

° Pathway 2: Hybrid Gas-Electric Heating Focus

This pathway focuses on coordinated gas and electric infrastructure planning
and optimization through widespread adoption of hybrid gas-electric integrated
heating systems, as well as selective electrification of certain end uses (with the
goal of avoiding additional stress on the electric grid where possible), in conjunction
with a large push for more gas energy efficiency. Greater coordination, and hybrid
heating systems specifically, will require new regulatory structures to accommodate,
but may also offer the potential to achieve a more optimized energy system (eg.
controlling hybrid systems to respond to real-time signals like low levels of wind or
solar generation).

° Pathway 3: Mixed Technology Approach

This pathway represents an “all of the above” scenario with fuel-neutral policy where
customers choose from a range of applications. Rather than focusing primarily on a
single technology or a single energy system, this pathway illustrates a wide range
of technologies to reach emission reduction targets such adoption of gas heat
pumps, a ramp-up in utility efficiency programs, hybrid heating technologies, and
some electric applications.

° Pathway 4: Renewable and Low Carbon Gas Focus

This pathway prioritizes the decarbonization of the energy supply in order to limit the
need for customers to make major changes in energy equipment and infrastructure.
It relies heavily on existing and emerging renewable and low carbon fuels and less
on aggressive retrofits of the building stock. This pathway still includes significant
levels of gas energy efficiency improvements.

None of these pathways is based on one single technology or approach. All the pathways rely
on a combination of different approaches to decarbonizing the gas system. The differences
between the four pathways reflect modifications in the emphasis placed on different
technologies and approaches. Additional details on some of the key assumptions included
in each of the pathways are outlined in Exhibit 13 below. A full list of measure adoption
assumptions can be found in Appendix B.
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Exhibit 13 - Examples of Changes to Customer Equipment (Demand-Side)

Pathway 1

Pathway 2

Hybrid Gas-Electric
Heating Focus

Pathway 3

Mixed Technology
Approach

Pathway 4

Renewable and Low
Carbon Gas Focus

Gas Energy
Efficiency Focus

Gas heat pump uptake Adoption of electric Gas heat pump uptake Gas heat pump uptake

Residential and
Commercial
Natural
Gas Demand

for both space and
water heating

Gas heat pumps are
assumed to grow to
80% of both space

and water heating
appliance sales for new
construction by 2040,

ASHPs with gas backup

for space heating

e 'Hybrid heating’
arrangements increase
to 80% of gas heating
installations in new
construction by 2030

for both space and water

heating

e Continuous growth of
gas heat pumps for
space heating covering
15% of new construction
and for 20% to 30% of
replacements by 2035

for both space and
water heating

Gas heat pumps reach
10% of appliance sales
in 2031 and 15% for
single-family homes

in 2035

with high-efficienc e Also used for 40% to Residential &
f 9 ¥ 80% of replacements | ®  Gas heat pumps for commercial customers
urnaces for space by 2040 (varies b tor heati . being served with 100%
heating for remainder Yy varies by water heating covering | puorogen

of gas customers

Gas heat pumps also
used for 40% to 80% of
replacements by 2040
(varies by sector)

Building envelope
improvements

Building codes shift in
steps towards ‘net-zero
ready’ homes for 50%
of new construction

by 2035

0.5% of existing
buildings undergoing
building shell efficiency
retrofits (25-30% lower
heating load) each year
from 2025-2050

sector)

Electric heat pump

water heater (HPWH)

uptake

e  Electric HPWHs
displace natural gas
equipment for 40% of
new construction and
replacements by 2035

Building envelope

improvements

e Higher ‘conventional’
building codes
apply for all new
construction. New
residential homes have
40% lower heating
load by 2035

25% of gas unit
replacements by 2040

Adoption of electric

ASHPs with gas backup

e ASHPs with gas backup
for space heating
covering 15% of gas
heating customers by
2030

Electric ASHP uptake (all

electric) for space and

water heating

e  Electric ASHP
displacement of natural
gas increases, growing
in new construction to
50% by 2035.

e ASHPs also used for 5%
to 10% of retrofits by
2031 (varies by sector)

e Electric HPWHs
displace natural gas
equipment for 40% of
new construction and
retrofits by 2035

Building envelope

improvements

e Higher ‘conventional’
efficiency-oriented
building codes apply
to all new construction
by 2035

Hydrogen furnaces/
boilers and district
energy adoption
gradually increase
from 0.5% in 2040 to
10% in 2050 of all new
construction

Building envelope
improvements

Higher ‘conventional’
building codes apply
for all new construction
by 2035

Other energy efficiency measures applied equally in all decarbonization pathways

1% of existing buildings undergoing moderate envelope improvements (5-15% heating load reduction) each year

from 2025-2050

Behavioral measures continuously increase to reach 80% of single family and 60% of multifamily existing homes in
2026 and 20% of existing commercial customers in 2023

Smart thermostats for residential homes and building control systems for commercial buildings progressively build
up to 85% of all new construction after 2035

Industrial Natural
Gas Demand

Process electrification

e Process electrification

Process electrification

Process electrification

of 2% gas demand of 9% gas demand of 16% gas demand of 2% gas demand
reduction from 2050 reduction from 2050 reduction from 2050 reduction from 2050
ref. case ref. case ref. case ref. case

Incremental energy
efficiency gas
demand reduction

e Accelerated adoption of energy efficiency measures (20% gas demand reduction of 15% from 2050
from 2050 ref. case) ref. case
e Some direct use of 100% hydrogen (10% gas demand reduction from 2050 ref. case) | * Direct use of 100%
hydrogen (17% gas

demand reduction
from 2050 ref. case)

Transportation
Natural Gas
Demand

413% projected gas demand growth from 2020 to 2050 (as per EIA AEO reference case)
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4.1.3 LIMITS ON SCOPE OF THE ANALYSIS

Net-zero emissions targets represent broad and complex transformations, with many inter-
dependencies between sectors. This analysis focused on the end-use sectors served by
AGA’s gas distribution company members, including gas utility customers in the residential,
commercial, industrial, and transportation sectors. Electric power generation customers
served by gas utilities were not included in the analysis. However, the analysis was completed
under the assumption that net-zero requirements were economy-wide. Therefore, even
sectors not explicitly analyzed here would contribute to net-zero GHG emissions by 2050.
Decarbonizing these other sectors will have implications for the cost and opportunities to
decarbonize the analyzed sectors. While not the focus of this study, these implications are
important to recognize. The exclusion of these out-of-scope sectors from this analysis is not
expected to have an impact on the validity of the study’s key take-aways.

Additional details on key aspects and limitations of the study scope are discussed below:

° Power Generation Sector

Gas demand in the power generation sector was not included in the reference
case for demand nor considered in the decarbonized gas supply mix. This study
did not include any analysis of the decarbonization of the power generation sector,
but it assumes that electricity generation will be net-zero by 2050; that it will be
possible to generate as much of this net-zero electricity as required by the economy;
and that selective electrification of some gas end uses will effectively result in the
elimination of their associated emissions. However, these assumptions are far from
certain. For instance, in many states, the current generation mix is so emissions-
intensive that electrification of gas end-uses can increase overall GHG emissions
rather than decrease them. Moreover, greatly expanding the electricity supply while
also transitioning to high levels of intermittent renewable generation is expected to
come with significant challenges and costs.

There may be untapped synergies between changes to the power sector driven by
net-zero targets and technologies included in these pathways. For example, in the
power sector, the National Renewable Energy Laboratory (NREL) views hydrogen as
one of the most promising® options for long duration energy storage (beyond the
daily cycling of batteries) to ensure that power is available in periods of extended
lack of renewable productions (e.g., low wind speeds for a week). A developing
market for green hydrogen in support of power generation, and other sectors, could
facilitate the technology’s adoption for pipeline blending, use in industry, and use
by residential or commercial customers. Additionally, one proposed strategy for
dealing with the intermittency of renewable generation is to ‘overbuild’ renewable
capacity so that there is a higher likelihood of having enough renewables on a greater
number of days of the year. A by-product of renewable capacity overbuilding would
be an increasing number of days with surplus renewable electricity generation. The
production of green hydrogen (discussed in Section 3.2.2) might be one use for such
surplus power.

° Non-utility Industrial Customers (inter-state pipelines)

This study did not include all industrial consumers of natural gas. The analysis focused
on customers to whom utilities deliver natural gas and not industrial customers who
take delivery of gas directly from inter- or intra-state pipelines (bypassing the local
distribution company). This non-utility portion of industrial customers is assumed
to remain roughly 50% of the total industrial gas demand, which is consistent with
the AEO reference case. Non-utility gas volumes are not included in the reference
case for demand or in the decarbonized gas supply mix shown in these results.
Similar to the power sector, there may be synergies from these out-of-scope sectors
also decarbonizing, with the largest industrial users representing some of the best
candidates to adopt emerging technologies like green hydrogen and carbon capture

98 https://www.nrel.gov/news/program/2020/answer-to-energy-storage-problem-could-be-hydrogen.html
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and storage, and the potential spillover benefits for the industry included in this
analysis (some of which are still large industry) from the broader drive to bring those
technologies to maturity.

° Transportation Sector

This study did not evaluate the impact of decarbonizing the transportation sector.
The study pathways include the AEQ’s reference case for natural gas growth in the
transportation sector. Section 4.3.4 provides an illustrative pathway that medium-
and heavy-duty transportation could follow on a pathway to net-zero, relying on a
mix of hydrogen fuel cell and battery electric vehicles, in addition to some vehicles
using gas. But the gas supply analysis here does not include those potential volumes
of hydrogen, only the transportation natural gas demand that would need to be met
through renewable natural gas (RNG) by 2050.

° LNG Exports

This study did not include any analysis of the liquified natural gas (LNG) exports,
and these volumes are not included in figures showing the reference case for gas
demand or the total gas supply of decarbonized gas.

e  Propane / Fuel Oil / Electric Customers

Beyond what is factored into the AEO reference case, the analysis did not include
pathways for buildings that currently rely on propane or fuel oil for space and/or
water heating. Due to higher emissions and more favorable conversion economics,
propane and fuel oil customers are typically the first groups of customers targeted
for electrification. Significant electrification of these customers would increase the
challenges on the electric grid to then also electrify natural gas customers. Though
conversion to natural gas could also afford emissions reduction opportunities, it was
not explored further in this study. This study also did not analyze existing all-electric
customers.

° National vs. Regional Analysis

Parts of the analysis were conducted at the national level (transportation sector,
industrial sector, upstream emissions, and utility emissions), while other aspects
(residential and commercial sectors) were modelled separately for the four main
census regions before the results were rolled up to national level totals presented
here. Given that the pathways are not presented in terms of suggesting a single
optimized approach, or even covering all the possibilities, this higher-level granularity
was deemed to be sufficient.

In practice, the optimal pathways for a specific region will vary based on highly
localized factors, such as climate and temperatures, energy prices, differences in the
housing stock, as well as the capacity, age and GHG intensity of existing electricity
generation, transmission, and distribution infrastructure, as well as the specific
characteristics of the natural gas distribution system. The other decarbonization
pathways adopted in a given area, including for sectors outside the scope of this work,
as well as the speed of change, will also impact the optimal pathways. Evaluation of
these pathways with aregional assessment of safety, affordability, reliability, resilience,
and feasibility criteria will be necessary. Community and customer benefits beyond
greenhouse gas emissions reductions, such as reduction in air pollution, increased
economic development, and consumer energy savings, may also be realized and are
not reflected in this analysis.

Exhibit 14 shows a sample of the kinds of measures and screening criteria that
utilities, regulators, and policymakers could consider when developing gas emission
reduction plans tailored to their region. It should be noted that thoroughly evaluating
these local screening criteria requires an intensive analytical effort, and that plans
will need to be re-visited periodically and evolve over time as conditions change.

February 2022
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Exhibit 14 - Example of Gas Utility Emissions Reduction Plan Options and Screening Criteria

Methane Emission
Reduction Measures

Emission
Reduction Options

Differentiated gas

Leak detection and repair
programs

More accurate emissions
measurement

Replacement of higher emitting
pipe and equipment

Operational and maintenance
measures

Ne_gagive

Emissions
Technologies

Carbon capture and
sequestration

Direct air carbon capture

GHG emissions offsets

Local Considerations

Screening

Criteria

Local, state, and regional emission
reduction targets and climate
policy

Regulatory environment (including
cost-effectiveness tests, etc.)

Climate (particularly heating
degree days and extreme
temperatures) and impact on
measure efficacy

Composition and age of existing
building and appliance stock

Commercial and industrial base

Current and projected economic
growth

Current energy prices (gas and
electricity)

Composition and age of existing
natural gas and electric utility
infrastructure

Existing/planned electricity
generation, transmission, and
distribution infrastructure
(capacity, age, GHG intensity, etc.)

Regional renewable resource
potential

Utility type (gas or dual fuel,
investor-owned, municipal,
co-op, etc.)

Local/regional plans for non-gas
decarbonization, and potential
competitive impacts from
surrounding regions

System hydrogen conversion
feasibility

Local Evaluation Criteria

Safety

Costs and affordability

Impacts to energy system
(resiliency, peak demand impacts,
reliability, etc.)

Impacts to customers (energy
prices, reliability, non-energy
impacts, etc.)

Customer equity

Consumer preferences

Feasibility and ability to scale

Renewable and low-carbon supply
considerations

Implementation support required
(traditional DSM program, market
transformation effort, etc.)

Technological readiness

Expected future technology
improvements (performance,
costs, etc.)

Current and projected natural gas
utility rate base

Prioritized
Utility Plan
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4.2 CUSTOMER EMISSION REDUCTION PATHWAY RESULTS

This section starts with a side-by-side comparison of the customer emission reduction
pathways from the four different pathways, followed by sub-sections looking in more detail
at each of the individual pathways. Later sections of this report will outline in more detail
the demand-side (Section 4.3) and supply-side (Section 4.4) results that build up these
customer emission reduction pathways.

4.2.1 OVERALL RESULTS

Exhibit 15 showcases the changes in GHG emissions for gas utility customers under each of
the four pathways relative to the Reference Case and a ‘Business-As-Usual’ (BAU) Case.%®
Each of the four pathways achieves net-zero emissions by 2050, although the pattern of
the emissions reductions differs modestly between pathways. The AEO Reference Case
includes significant growth in natural gas customers (around 24% from 2020 to 2050
overall, but varies by sector). The energy demand associated with that growth is partially
offset by energy efficiency improvement. The BAU pathway shows the same customer
growth, but per-customer gas demand does not change (shows emissions without the
expected reference case efficiency improvements). The four net-zero pathways include the
same expectations for customer growth but leverage different combinations of efficiency,
renewable and low-carbon gas supplies, and negative emissions technologies to drive
emissions down.

All four of the pathways follow a relatively similar timeline and trajectory. Less emphasis was
placed on optimizing all technologies included in a given pathway or trying to reach interim
milestones. More emphasis was placed on developing pathways showcasing a diversity of
scenarios for meeting 2050 targets. Different choices in the type and speed of actions
included in the pathways would have resulted in a different emissions reduction pattern
over time, although all of the pathways were designed to reach the same point by 2050.

Exhibit 15 - Total Natural Gas GHG Emissions in Study Scope
(Residential, Commercial, Transportation, & LDC Industrial Customers)
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Pathway 3 - Mixed Technology Approach AEO Reference Case (for relevant customer segments)

99 The analysis includes residential, commercial, transportation and industrial customers served by gas utilities - but not power
generation customers, industrial customers purchasing gas from inter- or intra-state pipelines, or emissions from customers in
these sectors that do not currently use natural gas.
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To provide an overview of how the emissions reductions shown in the previous exhibit
were achieved, Exhibit 16 shows the relative contributions of different emissions reduction
approaches towards 2050 net-zero emissions in each of the pathways.

Exhibit 16 - Summary of Types of 2050 Emission Reductions
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More detail on the types of measures included in each of these emissions-reduction
approaches and their relative contributions to 2050 targets are provided in Table 1. The
groups of measures from this table are briefly explained below:

Table 1 - 2050 Emissions and Percentages
of Total Emissions Reduction by Pathway and Measure Categories

Annual Emissions (million metric tons of CO5e)

Pathway 1 Pathway 2 Pathway 3 Pathway 4
Gas Energy Hybrid Gas- Mixed Renewable and
Efficiency Focus Electric Heating Technology Low Carbon Gas
Focus Approach Focus

Category / Measure

Estimated Change Between 2020 and 2050 195 195 195 195
Demand Reductions =279 (32.8%) | -439 (51.6%) | -446 (52.4%) | -230 (27%)
Buildings Efficient Envelopes -63 (7.4%) -34 (4%) -34 (4%) -34 (4%)
Buildings Gas Heat Pumps -63 (7.4%) - -31 (3.7%) -14 (1.6%)
Buildings Selective Electrification - -71 (8.3%) -6 (13.7%) -
Buildings Hybrid Gas/Electric Heating - -146 (17.2%) -66 (7.7%) -
Buildings Dedicated Hydrogen Infrastructure - - - -6 (0.7%)
Buildings Other EE -62 (7.2%) -80 (9.4%) -69 (8.1%) -80 (9.5%)
Industrial Hydrogen Clusters -27 (3.2%) -27 (3.2%) -27 (3.2%) -48 (5.6%)
Industrial EE & Selective Electrification -64 (7.5%) -81 (9.5%) | -102 (12%) -48 (5.6%)
Low Carbon Supply -497 (58.4%) | -344 (40.4%) | -333 (39.1%) | -500 (58.8%)
Renewable Natural Gas -284  (33.4%) | -295 (34.7%) | -201 (23.6%) | -284 (33.4%)
Methanated Hydrogen (RNG) -173 (20.3%) | -35 (4.1%) -104 (12.2%) | -173  (20.3%)
Hydrogen Blended into Gas Supply -40 (4.7%) -14 (1.7%) -28 (3.3%) -43 (5.1%)

Carbon Capture,
Offsets and Negative Emissions Tech

Industrial Carbon Capture and Sequestration | -28 (3.3%) -27 (3.2%) -14 (1.7%) -28 (3.2%)

-75 (8.8%) -68 (8%) -72 (8.5%) =121 (14.2%)

Offsets and Negative Emissions Tech -47 (5.5%) -41 (4.8%) -58 (6.8%) -93 11%)

° Reductions in natural gas demand

° Buildings - Envelope Efficiency: Efficient building envelopes include building
shell improvements and retrofits for existing buildings and different levels of
improvement to energy building codes for new construction in both residential
and commercial sectors

° Buildings - Gas Heat Pumps: This category includes gas-fired heat pumps to
provide space heating and cooling, and gas heat pump water heaters. Both
technologies are expected to address new and existing buildings in residential
and commercial sectors
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Buildings - Selective electrification: The selective electrification category
assumes that a portion of residential and commercial consumers’ use of
natural gas is replaced by electricity through the adoption of air-source heat
pumps (ASHPs), electric heat pump water heaters, electric cooling, electric
clothes dryers, electric cooking appliances, and other electric end uses

Buildings - Hybrid Gas-Electric Integrated Heating Systems: Hybrid heating
category assumes adoption of a heating system that pairs an ASHP with a
natural gas furnace in residential and commercial sectors

Buildings - Other Energy Efficiency Measures: This category includes
residential and commercial customers adoption of natural gas conventional
efficiency measures such as behavioral programs, smart thermostats, energy-
saving kits, ENERGY STAR appliances, high-efficiency gas furnaces, boilers,
and tankless water heaters

Industrial - Energy Efficiency and Electrification: Includes industrial energy
efficiency improvements and selective electrification for process heating,
boilers, and space heating

Industrial - Hydrogen Clusters: This represents the build-out of new
infrastructure to enable the development of clusters of industrial customers
using 100% hydrogen

Buildings - Dedicated Hydrogen Infrastructure: This category represents the
build-out of new infrastructure to enable targeted residential and commercial
customers to convert to 100% hydrogen use for space and water heating

° Low carbon fuel supply

o

Renewable Natural Gas (RNG): Includes methane produced by Anaerobic
Digestion and Thermal Gasification from a variety of feedstocks

Methanated Hydrogen: This portion represents RNG (carbon-neutral methane
that can be blended without limit in existing infrastructure) produced from a
clean hydrogen feedstock and biogenic CO2

Hydrogen Blended into Gas Supply: Hydrogen that is assumed to be mixed
into existing gas infrastructure without requiring significant infrastructure and
end-use upgrades

° Carbon Capture, Offsets, and Negative Emissions Technologies

o

Industrial Carbon Capture and Sequestration: This approach to reducing
remaining emissions involves carbon capture and storage at industrial facilities

Offsets and Negative Emissions Technologies: This indirect approach involves
buying offsets from a validated third party to fund projects that reduce the
equivalent amount of remaining GHG emissions or extract CO2 from the
atmosphere through direct air carbon capture, biomass combustion with CCS,
and nature-based solutions
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4.2.2 PATHWAY 1 - GAS ENERGY EFFICIENCY FOCUS

Pathway 1 focuses on leveraging existing utility energy efficiency technology and DSM
program infrastructure, as well as aggressive fuel-neutral building codes, to drive significant
emissions reductions. This pathway also incorporates programs that support greater adoption
of existing high-efficiency technologies, achieving major uptake of emerging technologies
like gas heat pumps, and significantly reducing the energy used by new buildings. Exhibit 17
shows how emissions reductions from the different measures build over time towards the
2050 net-zero target.

Exhibit 17 - Pathway to Net-Zero Customer GHGs (Gas Energy Efficiency Focus)
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Exhibit 18 provides a more detailed snapshot of the customer emission reductions
measures building up to the 2050 net-zero target for the Pathway 1. Strict energy codes
for new building construction, as well as programs to retrofit existing building envelopes
and drive adoption of gas heat pumps and other gas efficiency technologies, reduce 2050
gas demand in the residential sector by 23% and in the commercial sector by 11%, relative
to 2020 levels, despite ~24% customer growth over that 30-year period. The mix of low-
carbon gas sources used to decarbonize the remaining 2050 gas demand could be varied or
optimized in different ways, but this pathway is presented with a mix of RNG, methanated
hydrogen, and hydrogen blended into the pipeline system.
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Exhibit 18 - 2050 Customer GHG Emissions Reductions (Gas Energy Efficiency Focus)
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4.2.3 PATHWAY 2 - HYBRID GAS-ELECTRIC HEATING FOCUS

Pathway 2 focuses on using hybrid gas-electric integrated heating systems to achieve
significant gas demand and emission reductions while continuing torely on gasinfrastructure
to meet peak winter energy needs and minimize the electric infrastructure expansion costs.
This approach is not without challenges and the need for regulatory changes, with gas
utilities continuing to serve growing peak demand loads while annual sales volumes decline
significantly. The pathway also includes greater adoption of gas efficiency technologies
and building envelope improvements, as well as increased energy building codes. Exhibit
19 shows how emissions reductions from the different measures build over time to reach
the 2050 net-zero target.

Exhibit 19 - Pathway to Net-Zero Customer GHGs (Hybrid Gas-Electric Heating Focus)
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Exhibit 20 provides a more detailed snapshot of the customer emission reduction measures
building up to the 2050 net-zero target. Hybrid gas/electric space heating, selective
electrification of some other end-uses, as well as other energy efficiency measures, reduce
2050 gas demand in the residential sector by 54% and by 46% in the commercial sector,
relative to 2020 levels, despite ~24% customer growth over that 30-year time period. The
mix of renewable and low-carbon gas supplies used to decarbonize the remaining 2050
gas demand could be varied or optimized in different ways, but this pathway is presented
with increased emphasis on RNG, demonstrating that a pathway exists even if hydrogen
supply or use is more constrained than otherwise expected.

Exhibit 20 -
2050 Customer GHG Emissions Reductions (Hybrid Gas-Electric Heating Focus)
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4.2.4 PATHWAY 3 - MIXED TECHNOLOGY APPROACH

Pathway 3 focuses on leveraging a wide range of technologies and approaches to reach
emissionreductiontargets, reflective oftheneedto considerthearray ofemissionreduction
technologies available in order to increase the feasibility of reaching transformative
net-zero targets by increasing consumer choices, lowering system risks, and potentially
decreasing overall costs. This pathway features the adoption of energy efficiency
measures, gas heat pumps, hybrid gas-electric technologies, and some electrification of
building end-uses. The use of selective electrification in this pathway reflects, in part, a
logic that some regions may have the electrical system capacity to support a degree
of electric space heating without requiring major infrastructure upgrades in the power
sector. Exhibit 21 shows how emissions reductions from the different measures build over
time towards the 2050 net-zero target.
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Exhibit 21 - Pathway to Net-Zero Customer GHGs (Mixed Technology Approach)
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Exhibit 22 provides a more detailed snapshot of the customer emission reduction measures
building up to the 2050 net-zero target. Gas efficiency upgrades, gas heat pumps, hybrid
gas-electric heating, and some electrification of natural gas customers (primarily replacing
new construction / part of gas customer growth) reduces 2050 gas demand in the
residential sector by 52% and by 44% in the commercial sector, relative to 2020 levels. The
mix of renewable and low-carbon gas supplies used to decarbonize the remaining 2050
gas demand could be varied or optimized in different ways, but this pathway is presented
with a mix of RNG, methanated hydrogen, and hydrogen blended into the pipeline system.

Exhibit 22 - 2050 Customer GHG Emissions Reductions (Mixed Technology Approach)
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4.2.5 PATHWAY 4 - RENEWABLE AND LOW CARBON GAS FOCUS

Pathway 4 focuses more heavily on existing and emerging renewable and low carbon
fuels. This represents a pathway with less impact on consumers in that it is less reliant on
consumers taking on aggressive retrofits of their homes or equipment. Exhibit 23 shows
how emissions reductions from the different measures build over time towards the 2050
net-zero target.

Exhibit 23 - Pathway to Net-Zero Customer GHGs
(Renewable and Low Carbon Gas Focus)
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Exhibit 24 provides a more detailed snapshot of the customer emission reduction
measures building up to the 2050 net-zero target. Gas efficiency and building envelope
measures, moderate gas heat pump adoption, and some buildings being built or converted
to 100% hydrogen use reduces 2050 gas demand in the residential sector by 9% and by
5% in the commercial sector, relative to 2020 levels (while also accounting for roughly
24% customer growth over that 30-year period). The mix of no-carbon gas supplies
used to decarbonize the remaining 2050 gas demand could be varied or optimized in
different ways, but this pathway is presented with a mix of RNG, methanated hydrogen,
and hydrogen blended into the pipeline system.
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Exhibit 24 - 2050 Customer GHG Emissions Reductions
(Renewable and Low Carbon Gas Focus)
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4.3 GAS DEMAND REDUCTIONS

This section starts with a side-by-side comparison of the total gas demand reduction from
the four different pathways, followed by more detail on the individual sectors and measures
included in the analysis.

4.3.1 OVERALL GAS DEMAND RESULTS

Including all the sectors within the scope of this analysis, Exhibit 25 shows the total gas
demand changes for the four pathways studied here. These pathways are compared against
a modified version of the reference case from the EIA’s AEO (adjusted to include only the
~50% of industrial load assumed to be from gas utility customers).

This AEO Reference Case would see gas demand increase 16% between 2020 and 2050,
while the study pathways achieve overall gas demand reductions of 6%, 13%, 37%, and
39% by 2050 compared to 2020 levels. These pathways assume the same gas customer
growth levels as the AEO Reference Case (~24% residential customer growth and ~33%
commercial customers growth over that 30-year time period). Thus, the gas demand
reductions are even higher when compared against the projected demand in 2050 in the
AEQO Reference Case.

The ‘Business as Usual’ case is calculated using the AEO customer growth projection and
assuming that gas demand by end-use remains constant over time. The demand estimation
reflects that consumption by end-use varies among different Census regions and sub-
sectors. In total, the approximate number of natural gas customers estimated in 2020 is 91
million, from which 88 million are residential homes (8% multifamily homes and 92% single-
family homes), and 3 million are commercial customers (45% retail businesses, 23% offices,
8% institutional buildings, and 23% other businesses). The AEO customer growth between
2020 and 2050 is approximately 24% for residential and 33% for commercial.
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Exhibit 25 - Total Gas Demand in Study Scope
(Residential, Commercial, Transportation, & LDC Industrial Customers)
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More specific values on the assumed base year and 2050 gas demand are provided for
each pathway and sector in Table 2.

Table 2 - Total Gas Demand by Sector

Demand 2050 (Trillion Btu) Demand variation 2020-2050 (%)
Pathway 1 Pathway 2 Pathway 3 Pathway 4 Pathway 1 Pathway 2 Pathway 3 Pathway 4
Hybrid Hybrid
Trillion |'Gas Energy Gas- Mixed Renewable . Energy Gas- Mixed Renewable
. . and Low . . . and Low
Btu Efficiency Electric Technology Carbon Gas Efficiency Electric Technology Carbon
Focus Heating Approach Focus Focus Heating Approach Gas Focus
Focus Focus
Residential 4,969 3,838 2,283 2,410 4,51 -23% -54% -52% -9%
Commercial 3,313 2,939 1,800 1,848 3,149 -11% -46% -44% -5%
Industrial 3,982 3,556 3,230 2,836 3,463 -11% -19% -29% -13%
Transportation 87 448 448 448 448 413% 413% 413% 413%

12,352 10,781 7,541

The detailed results highlight that while some pathways may look similar from a total
gas demand perspective, there may be significant differences between the individual
components and where gas demand reductions are achieved. For example, while Pathway 3
(Mixed Technology Approach) may have had the largest overall gas demand reduction, this
table highlights how this was driven in part by greater inclusion of industrial electrification
options, while Pathway 2 (Hybrid Gas-Electric Heating Focus) achieved larger demand
reductions in the residential and commercial sectors.

The significant gas demand reductions achieved in the residential and commercial sectors
are also worth noting in context to the smaller overall percent changes in demand. The
lower percentage reduction in gas demand in the industrial sector and the potential growth
of natural gas use in the transportation sector, partially offsets the deeper reductions made
in the building sectors.

The following sections explore additional detail in the analysis for each sector.
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4.3.2 RESIDENTIAL AND COMMERCIAL SECTOR (BUILDINGS)

Focusing first on the residential sector, Exhibit 26 shows gas demand changes modeled
for the four pathways in this study. The AEO Reference Case for the residential sector
includes a 3% demand reduction, despite the 24% customer growth over this period. This
chart also includes a dotted ‘Business as Usual’ line showing how customer growth would
increase gas demand if per customer gas consumption was unchanged (no efficiency gains
or selective electrification). The large gap between the AEO Reference Case and the BAU
represents expectations for significant energy efficiency improvements to be achieved by
gas utility customers.

Pathway 4 features the most modest level of energy efficiency improvements and
therefore shows residential gas demand that is marginally lower than the AEO reference
case, reaching gas demand reduction of 9% from 2020 levels by 2050. The average per-
customer gas demand reduction in Pathway 4 is approximately 27%.

Among other measures that feature higher levels of energy efficiency, Pathway 1 leverages
more gas heat pumps, deeper energy efficiency retrofits of buildings, and a more stringent
new construction energy code to reduce gas demand by 23% from 2020 levels by 2050.

Pathway 2 achieves a 54% demand reduction, the highest amongst these pathways,
through a focus on the adoption of hybrid heating systems. Pathway 3 follows a similar
trajectory, but with a broader mix of technologies - gas heat pumps, electric ASHPs, high-
efficiency furnaces, hybrid heating—achieving a 54% reduction in gas demand. Reductions
in residential and commercial sector gas demand tied to electrification efforts could lead
to an increase in the power sector’'s gas demands before 2050, but that dynamic is not
modeled here.

Exhibit 26 - Residential Sector Gas Demand
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To give more context on some of the key changes envisioned in each pathway, Exhibit
27 shows how the gas heating equipment stock from the AEO reference case (existing
units and expected growth) is modeled as shifting over time in the different pathways.
‘Existing’ gas space heating equipment, which has a stock-average efficiency level of 80%
in the AEO Reference Case,’® is replaced over time by high efficiency gas furnaces, gas
heat pumps, hybrid heating systems, electric ASHPs, and hydrogen furnaces and boilers.
Note that the analysis only looks at how natural gas equipment from the reference case
is shifted over time and does not analyze existing or reference case electric, propane, or
fuel oil equipment. More details on the specific adoption assumptions for each technology
included in the analysis can be found in Appendix A.

While the energy efficiency assumptions in most of the pathways represent a significant
step-change in demand reductions from current participation levels and savings of gas
DSM programs, they are not as aggressive as some other net-zero forecasts like the [EA’s
Net Zero by 2050 report.” For example, the IEA report assumes that retrofit rates will
increase in advanced economies from less than 1% per year today to about 2.5% per year
by 2030, whereas the retrofit rates for building shell improvements in the pathways of this
analysis range from 1% to 1.5% per year. These comparatively conservative assumptions
provide a buffer to help ensure that the pathways in this study are likely to be realistic and
feasible. Ultimately, any opportunities to drive additional energy efficiency improvements
beyond what is modeled in this analysis will make it easier for the gas customers to reduce
gas demand and, consequently, support reaching net-zero targets.

Exhibit 27 - U.S. Residential Gas Space Heating Equipment Stock
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Details on the breakdown of 2050 residential sector savings by end-use are provided
in Exhibit 28. Space heating typically dominates residential gas demand, followed by
domestic hot water. Larger reductions in space heating gas demand in Pathways 2 and
3 drive the higher overall gas demand savings for those pathways. In addition to space
heating, roughly half of the gas heat pumps included in this analysis are also assumed to
provide space cooling, resulting in a growing demand for this end-use that was roughly
zero in 2020.

Exhibit 28 - 2050 Residential Sector Gas Demand by End Use
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For the commercial sector, Exhibit 29 shows the gas demand changes modeled for the four
pathways in this study. The AEO Reference Case for the commercial sector includes a 13%
increase in gas demand—larger than the residential sector, but still below the 33% growth
in the square footage of gas-heated commercial buildings over this period (i.e., customer
growth). This chart also includes a dotted ‘Business as Usual’ line showing how customer
growth would increase gas demand if per-customer gas consumption was unchanged
(assuming no efficiency gains adopted past 2020 levels). The pathways for commercial
buildings leverage similar measures to the pathways modeled for the residential sector, but
in some cases with lower adoption levels.

Exhibit 29 - Commercial Sector Gas Demand
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Pathway 4 features the most modest levels of energy efficiency improvements and achieves
commercial emission reductions of 5% from 2020 levels by 2050. Again, the average
reduction in gas demand per square foot of buildings in that pathway is approximately 28%,
which means the overall pathway reduction is achieved despite growth in building stock.
Pathway 1 reduces commercial gas demand by 11% from 2020 levels by 2050. Pathway 2
achieves a 46% demand reduction, with Pathway 3 achieving a 44% reduction in gas demand.

Details on the breakdown of 2050 commercial sector savings by end-use are provided in
Exhibit 30. While space heating also represents the largest gas end-use for the commercial
sector, water heating, cooking, and ‘other’ end-uses also represent significant gas demand.
The ‘other’ end-use for the commercial sector includes significant gas volumes for
combined heat and power (CHP) systems. In Pathways 1 and 4, these CHP units would
run on renewable and low carbon gases by 2050, while Pathways 2 and 3 would see gas
and electric boilers replacing a portion of CHP loads by 2050, in conjunction with higher
purchases of grid electricity.

Exhibit 30 - 2050 Commercial Sector Gas Demand by End-Use
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More specific values for the 2050 end-use level changes in the residential and commercial
sectors are shown in Table 3. Additional detail on the specific measures that build up to
these savings in each of the pathways is then provided below in Exhibit 31.

Table 3 - Summary of Gas Demand by End-Use

2020 Demand 2050 (Trillion Btu) Demand variation 2020-2050 (%)
Pathway 1 Pathway 2 Pathway 3 Pathway 4 Pathway 1 Pathway 2 Pathway 3 Pathway 4
o % Gmeunsy Veleewic” oy, ndlow’ CREey carbiecc e, Cndlow
Focus ESchs Approach Eocis Focus EScts Approach Eoeis

Residential 4,969 | 100% 3,838 2,283 2,410 4,51 -23% -54% -52% -9%
Space Heating 3,527 71% 2,429 1,555 1,665 3,102 -31% -56% -53% -12%
Hot Water 1,007 20% 704 552 466 872 -30% -45% -54% -13%
Other 435 9% 706 176 280 537 62% -59% -36% 23%
Commercial 3,313 | 100% 2,939 1,800 1,848 3,149 -11% -46% -44% -5%
Space Heating 1,773 54% 1,148 915 931 1,425 -35% -48% -47% -20%
Hot Water 612 18% 558 405 364 632 -9% -34% -A% 3%
Cooking 344 10% 442 246 246 442 28% -29% -29% 28%
Other 583 18% 791 233 306 650 36% -60% -47% 1%
tﬁ_&é‘:ﬁ:&"ia' 3,982 - 3,556 3,230 2,836 3,463 1% -19% -29% -13%
Transportation 87 o 448 448 448 448 413% 413% 413% 413%

12,352 11,571
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Exhibit 31 - 2050 Residential and Commercial Savings by Measure

(P1) Gas Energy Efficiency Focus (P2) Hybrid Gas-Electric Heating Focus

Higher Efficiency Gas Cooling  0.1% Higher Eg;\fg‘g 2?2203:;1% oo
ENERGY STAR Clothes Dryer | 0.4% ENERGY STAR Cooking Appliances | 0.2%
Behavl|ora| Me.?sures 0.5% ENERGY STAR Appliances | 0.2%
ENERGY STAR Cooking Appliances | 0.6% High Efficiency Cooking Appliances | 0.2%
ENERGY STAR Appliances ' 0.6% Behavioral Measures  0.3%
High Efficiency Cooking Appliances | 0.7%

Electrified Cooling ' 0.3%

Building Recomissioning and O&M Measures | 0.5%
Electric Clothes Dryer | 0.6%

Behavioral - Home Energy Reports 1 0.8%

Tankless Water Heaters ' 0.7%
Building Recomissioning and O&M Measures | 0.9%
Building Control System | 1.3%

. R o Building Control System | 0.8%
Behavioral Hor‘rle EnFelrgy ’F:.er;)orts 1.3/: Tankless Water Heaters 1 0.9%
ow Flow Fixtures R 2.7% Efficiency Improvements to Reduce Other Use (incl CHP) 1 1.5%
ENERGY STAR Tank Water Heater 1 2.8% Low Flow Fixtures 1 1.6%
Energy Saving Kits 1 2.9% Energy Saving Kits 1 1.6%
Existing Building Retrofits - Building shell improvements 3.3%

Existing Building Retrofits - Building shell improvements 1.9%
ENERGY STAR Tank Water Heater 1 2.2%

Smart Thermostat » 2.5%

Electric Appliances 3.6%

Smart Thermostat 4.0%
Efficiency Improvements to Reduce Other Use (incl CHP) 4.2%

Existing Building Retrofits - Deep Energy Retrofit 4.4%

High Efficiency Gas Furnaces / Boiler 9.1% High Efficiency Gas Furnaces / Boiler = 3.9%
] - o Electric Cooking Appliances 4.6%
New Construction - Improved Building Shells (40%) 10.6% Replacing Other Use (Incl. CHP) with Electric 6.b%
Gas Heat Pump Water Heéter 15.0% New Construction - Improved Building Shells (40%) 8.3%
New Construction - Net-Zero Ready Homes (80% reduction) 15.2% Electric Heat Pump Water Heater 12.2%
Gas Heat Pumps for Space Heating 18.7% Hybrid Gas-Electric (ASHP with Gas Furnace) 44.3%
- 1000 2,000 3,000 - 1,000 2,000 3,000
Trillion Btu Trillion Btu

(P3) Mixed Technology Approach
Higher Efficiency Gas Cooling | 0.03%

(P4) Renewable and Low Carbon Gas Focus

ENERGY STAR D Higher Efficiency Gas Cooling | 0.1%
ryer  0.1% Replacing Other Use (Incl. CHP) with Hydrogen  0.3%
ENERGY STAR Cooking Appliances ' 0.2% P o ¢ Distric)t WateryHeatg?ng 0.4%
ENERGY STAR Appliances @ 0.2% o
High Efficiency Cooking Appliances @ 0.2% ENERGY STAR'CIothes Dryer | 0.5%
Behavioral Measures | 0.3% Behavioral Measures = 0.8%
Electrified Cooling | 0.3% ENERGY STAR Cooking Appliances  0.8%
Building Recomissioning and O&M Measures | 0.5% ENERGY STAR Appliances  0.8%
Electric Clothes Dryer | 0.6% Hydrogen District Heating = 0.8%
Behavioral - Home Energy Reports 1 0.8% Hydrogen Boiler | 0.9%
BTU”?('I”Q Cvo\/nttr0| System 0.8% High Efficiency Cooking Appliances | 0.9%

ankless Water Heaters 1 0.9% S issioni
Building Recomissioning and O&M Measures | 1.3%

ENERGY STAR Tank Water Heater 1 1.4% .

Efficiency Improvements to Reduce Other Use (incl CHP) 1 1.5% Behavioral - Home Energy Reports | 1.8%
Low Flow Fixtures 1 1.6% Building Control System | 1.9%

Energy Saving Kits 1 1.7%
Existing Building Retrofits - Building Shell Improvements 1.9%

Smart Thermostat = 2.6%

Hydrogen Furnace/Boiler 1 2.0%
Tankless Water Heaters 1 2.2%

Low Flow Fixtures 1 3.7%
Gas Heat Pump Water Heater 3.1% Energy Saving Kits 1 3.8%
High Efficiency Gas Furnaces / Boiler = 3.2% Gas Heat Pump Water Heater 1 4.3%
. Elect_rlc Appl!ances 3.7% Existing Building Retrofits - Building shell improvements 4.4%
Electric Cooking Appllan;es 4.8% Efficiency Improvements to Reduce Other Use (incl CHP) 1 5.4%
Gas Heat Pumps for Space Heating 6.7% .
Replacing Other Use (Incl. CHP) with Electric 7.1% Gas Heat Pumps for Space Heating u 5.5%
New Construction - Improved Building Shells (40%) 8.6% Smart Thermostat 1 5.9%
Electric Heat Pump Water Heater 12.6% ENERGY STAR Storage Water Heater 1 7.7%
Electric ASHP 14.2% New Construction - Improved Building Shells (40%) 19.5%
Hybrid Gas-Electric (ASHP with Gas Furnace) 20.4% High Efficiency Gas Furnaces / Boiler 24.1%

= 1,000 2,000 3,000

> 1,000 2,000 3,000
Trillion Btu

Trillion Btu
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4.3.3 INDUSTRIAL SECTOR

For the industrial sector, Exhibit 32 shows the gas demand changes modeled for the four
pathways in this study. The AEO Reference Case for the industrial sector includes a 32%
increase in gas demand—significantly larger than the projected growth in the residential
and commercial sectors. Although only half of the U.S. economy-wide industrial gas load is
included in this analysis, accounting for the portion of industry customers of gas utilities, the
same growth rate is assumed here.

Significant energy efficiency improvements are assumed in all industrial pathways. Thus the

industrial gas demand trends shown below for the different pathways are relatively similar.

Higher levels of adoption of hydrogen clusters are assumed in Pathway 4, which leads to
additional gas demand reductions relative to the other pathways. Dedicated hydrogen
infrastructure adoption is shown as a reduction in pipeline gas demand within this chart.

Exhibit 32 - Industrial Gas Demand in Study Scope
(Gas Utilities Industrial Customer at 50% of Total Industry)

__/\j

=== Pathway 1 - Gas Energy Efficiency Focus

== Pathway 2 - Hybrid Gas-Electric Heating Focus

- Pathway 3 - Mixed Technology Approach

1 === Pathway 4 - Renewable and Low Carbon Gas Focus
== AEO Reference Case

— ]

Quadrillion Btu
N W » (3, ()] N

-2020 2025 2030 2035 2040 2045 2050

Additional details on 2050 industrial gas demand reductions by measure type are shown in
Table 4. For Pathways 1, 2, and 3, energy efficiency drives higher savings levels, representing
48%, 45%, and 39% of total natural gas savings, respectively. Aligned with the results
from residential and commercial sectors, Pathway 3 shows higher savings from selective
electrification measures than the rest of the approaches, and Pathway 4 results indicate a
higher adoption of hydrogen clusters.

Table 4 - 2050 Industrial Sector Gas Demand Reductions by Measure Type

Trillion Btu
Pathway 1 Pathway 2 Pathway 3 Pathway 4
Measure .
GasEneray o MEIICA  Mixed Technology RenSiiable ard
Efficiency Focus Eee Approach Eoels

Selective Electrification 124 6% 471 20% 862 32% 124 5%
el Fhye reg 511 23% 511 22% 511 19% 206 39%
Infrastructure
Gas Energy Efficiency 1,077 48% 1,055 45% 1,059 39% 775 33%
Crilzei CElpine fne 533 24% 301 13% 266 10% 519 22%
Sequestration
Total 2,245 100% 2,338 100% 2,698 100% 2,324 100%
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4.3.4 TRANSPORTATION SECTOR

Over time, EIA projections suggest that the transportation sector will see growth in natural
gas demand. Per the EIA’s AEO reference case, as shown in Exhibit 33, transportation gas
energy demand could grow fivefold by 2050. By 2050, the EIA analysis anticipates that
freight transport will account for nearly 70% of transportation gas demand. The analysis in
this study modeled the same total transportation gas demand included in the EIA Reference
Case and specified that this gas demand be met by renewable or low-carbon gas supplies,
or offsets, by 2050.

Exhibit 33 - EIA AEO 2021 Projected Transportation Sector Natural Gas Use by Mode
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The transportation sector could shift significantly from the EIA’s projections over time
under pressure to decarbonize. There are facilitative regulatory frameworks and incentives
like the federal Renewable Fuel Standard and California’s Low Carbon Fuel Standard and
their Zero Emission Vehicle (ZEV)'®?2 program, which are being mirrored in multiple states.
For the transportation sector, transitioning to low/zero-emission vehicles will depend on
the availability of advanced vehicle technology, requirements such as weight class and
duty cycle, costs, refueling infrastructure, and consumer preference.

Electrification and low/zero-carbon fuels will likely all factor into transportation
decarbonization. It is possible that geologic natural gas use for transport will increase,
particularly inthe short term, during a shift away from diesel and gasoline. Renewable natural
gas and hydrogen will likely be incentivized for transport. In particular, transportation is a
key future market for hydrogen, where the fuel could out-compete battery electric vehicles
for certain ZEV applications like long-haul freight. Consequently, the natural gas sector
could consequently see increased transportation reliance on their networks for natural gas,
hydrogen blending, or even conversion to hydrogen.

102 ZEVs generally include battery electric vehicles and hydrogen fuel cell electric vehicles. Some programs allow for some m
plug-in hybrid electric vehicles to qualify.
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4.4 DECARBONIZATION OF THE GAS SUPPLY

This section focuses on how the remaining gas demand can be decarbonized to support
deeper customer emissions reduction pathways. The significant volumes of low- or no-
GHG gas supply presented in these pathways play a major role in supporting net-zero
targets by 2050.

This section describes the array of renewable and low-carbon gas supply options included
in four different customer pathways—the results of which fed into the customer emissions
pathways presented earlier in Section 4.2. Adding low-/zero-GHG supply diversity
facilitates decarbonization, often without requiring consumer change.

The pathways include different combinations and approaches using geologic natural gas,
renewable natural gas, and hydrogen. These are split into the following five supply options:

° Geologic natural gas: Gas supply from shale / conventional natural gas production

° Renewable natural gas (RNG): This includes methane produced by Anaerobic
Digestion and Thermal Gasification from a variety of feedstocks

° Methanated hydrogen: This portion represents RNG (carbon-neutral methane
that can be blended without limit in existing infrastructure) that was produced
from a clean hydrogen feedstock and biogenic CO2.

° Hydrogen blending into gas supply: Hydrogen that is assumed to be mixed into
existing gas infrastructure without requiring significant infrastructure upgrades

° Dedicated hydrogen infrastructure: This represents the build-out of new
infrastructure to enable targeted customers/clusters to convert to higher levels
of hydrogen use.

Details about the supply availability of low-GHG gases are addressed later in this section,
which showcases the possibilities for a significantly expanded low-GHG gas supply.
Additional examination of the greenhouse gas emissions associated with the use of
renewable and low-carbon gas resources is briefly described in this section and addressed
in more detail in Section 4.5 on Upstream Emissions.

4.4.1 AVAILABILITY OF RNG SUPPLIES
RNG Feedstocks

After biogas is produced through anaerobic digestion and thermal gasification of organic
matter and waste, it can be cleaned and processed up to pipeline quality renewable natural
gas. The variety of renewable feedstocks and production methods from which RNG can be
produced are described in Section 3.2 and illustrated here in Table 5.

The categories of feedstocks examined in this analysis align with categories evaluated
included in the 2019 RNG Supply and Emissions Reduction Assessment that ICF conducted
for the American Gas Foundation (AGF).103

While ICF’s resource assessments apply these feedstock categories as a framework to
assess RNG potential, ICF notes that these categories are not necessarily discrete and that
RNG production facilities can utilize multiple feedstock and waste streams. For example,
food waste is often added to anaerobic digester systems at water resource and recovery
facilities to augment biomass and overall gas production. In addition, current waste streams
can potentially be diverted from one feedstock category to another, such as municipal
solid waste or food waste that is currently landfilled being diverted away from landfills and
LFG facilities.

103 https://gasfoundation.org/2019/12/18/renewable-sources-of-natural-gas



https://gasfoundation.org/2019/12/18/renewable-sources-of-natural-gas/

AGA Net-Zero Emissions Opportunities for Gas Utilities: Section 4 February 2022

To avoid the potential double-counting of biomass, landfill gas (LFG) potential is derived
from current waste-in-place estimates and does not include any projections of waste
accumulation or the introduction of waste diversion. Such an approach likely underestimates
the potential of RNG from landfill gas, but additional materials that could potentially be
used to produce RNG are captured in other feedstock categories, such as municipal solid
waste and food waste.

Table 5 - RNG Feedstock Types

Feedstock for RNG Description

c . Manure produced by livestock, including dairy cows, beef cattle, swine, sheep,
I Animal manure
= goats, poultry, and horses.
3 Commercial, industrial and institutional food waste, including from food
o Food waste .
a processors, grocery stores, cafeterias, and restaurants.
] . The anaerobic digestion of organic waste in landfills produces a mix of gases,
2 Landfill gas (LFG) |, 1 ding methane (40-60%).
:1'? Water resource Wastewater consists of waste liquids and solids from household, commercial,
c recovery facilities and industrial water use; in the processing of wastewater, a sludge is produced,
< (WRRF) which serves as the feedstock for RNG.
The material left in the field, orchard, vineyard, or other agricultural setting
Agricultural residue | after a crop has been harvested. Inclusive of unusable portion of crop, stalks,
g stems, leaves, branches, and seed pods.
'-g Inclusive of perennial grasses, trees, and annual crops that can be grown
ks Energy crops to supply large volumes of uniform and consistent feedstocks for energy
?'7" production.
8 Biomass generated from logging, forest and fire management activities, and
I Forestry and forest | milling. Inclusive of logging residues, forest thinnings, and mill residues. Also,
E product residue materials from public forestlands, but not specially designated forests (e.g.,
g roadless areas, national parks, wilderness areas).
L .. . Refers to the non-biogenic fraction of waste that would be landfilled after
Municipal solid . ; . . .
diversion of other waste products (e.g., food waste or other organics), including
waste (MSW) . L R -
construction and demolition debris, plastics, etc.

Available RNG Supply

In 2019, ICF completed a study of renewable natural gas supply potential for the American Gas
Foundation, referred to below as ‘the AGF Study.™4 It looked out to 2040 and analyzed data on
the resource availability for different RNG feedstock options to develop a ‘Technical Potential’
for annual RNG production in 2040, around 14,000 tBtu of combined anaerobic digestion and
thermal gasification RNG supplies. The AGF Study also calculated ‘High’ and ‘Low’ cases for
2040, where projects capturing different portions of the technical potential feedstock would
be developed. The ‘High’ and ‘Low’ cases considered what was achievable from the technical
potential, factoring in resource competition, the timing of technology deployment, and other
practical limitations. The 2019 AGF study did a high-level review of power-to-gas methanated
hydrogen but did not incorporate it into the AGF Technical Potential estimate because the
potential was “dependent on market developments beyond scope of study.”

A lot has changed since 2019. Climate policy discussions have increasingly focused on the
need for deeper reductions and more solutions to be brought to the table to reach net-zero
targets. RNG markets have also continued to grow rapidly inregions like California and British
Columbia, Canada—where different market mechanisms have assigned a premium value
to RNG and driven the construction of projects. Some projects that would not previously
have been thought to be economic have also been developed through innovations such as
clustering enabling agricultural facilities together to achieve the scale required for an RNG
project. There are also several promising technologies for both anaerobic digestion and
thermal gasification feedstocks that could unlock more RNG supply potential.

104 American Gas Foundation, Renewable Sources of Natural Gas Supply and Emission Reduction Assessment study, 2019.
https://gasfoundation.org/2019/12/18/renewable-sources-of-natural-gas
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This AGA analysis was built off the same 2040 Technical Potential from the AGF Study but
assumed that a larger portion of that technical potential could be captured by 2050. Higher
RNG resource availability has significant implications for economy-wide decarbonization
pathways. Furthermore, the greater availability of RNG enables gas utilities to provide
more opportunities to fulfill net-zero greenhouse gas emissions objectives.

The RNG resource availability developed for this analysis is referred to as the ‘AGA Net-
zero 2050 Case.’ This case represented 48% of the 2040 technical potential. In contrast, the
2040 ‘High Case’ for the AGF Study was about 27% of the technical potential. Importantly,
not all of the available AGA Net-zero 2050 Case’s RNG supply was assumed to be utilized
by the gas demand sectors covered in this analysis. To develop the AGA’s 2050 resource
potential, the levels of available resources of the eight different AD and TG feedstock
categories analyzed in the AGF study were reconsidered, and the higher feasible portions
of each that could be captured by 2050 are aggregated into the results in Exhibit 34.

To illustrate the RNG resource availability in the pathways examined in analysis relative to
available RNG estimated in earlier analyses, Exhibit 34 showcases the 2040 AGF Study
Technical Potential for RNG production alongside the 2050 estimate for this study and the
AGF study’s ‘High Case’ for 2040, and the amount of low carbon gas from of each category
used in the four pathways of this study. The percentages in Exhibit 34 refer to the share
of the AGA study’s 2050 resource availability leveraged in each pathway. For example,
Pathways 1, 2, and 4 all utilize the full amount of RNG from anaerobic digestion supplies
considered available in the study’s AGA Net-zero 2050 Case. This chart also showcases an
expansioninthe expectations for RNG productionthrough the methanation of hydrogen; this
is discussed in more detail in Section 4.4.2 but represents another significant opportunity
to develop larger renewable and low carbon gas supplies. The P2G supplies evaluated at a
high level in the AGF 2019 study are captured under the methanated hydrogen umbrella in
Exhibit 34 for the AGA Net-zero 2050 Case. This is an emerging area of RNG production
and not necessarily an upper limit on methanated hydrogen resources.

While uncertainty exists in the future production volumes of RNG developed from different
feedstocks, the feedstock potential is significant. Furthermore, RNG resource development
is a key area of focus for the gas utility industry to ensure that further emission reductions
opportunities develop. RNG resource expansion (via improved efficiencies, easier access,
and lowered costs) also represents a significant area for additional research, development,
demonstration, and deployment funding to unlock low carbon energy supplies that can
make a considerable difference towards reaching net-zero greenhouse gas emissions.

Exhibit 34 - Amount of RNG Supply Leveraged in Each Pathway
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The potential for increased RNG resource availability is further illustrated in Exhibit 35. The
possibility for a more significant portion of RNG supply to be developed is a critical aspect
of this study and can be supported by the following rationales:

e This analysis (conservatively) does Exhibit 35 - Comparison of
not assume that more feedstock 2040 and 2050 Cases for RNG Supply
becomes available. Rather, an

AGA Net Zero

add_itional decade to de\_/elo_p RNG High Case from AGF 2019 Study 2050 Case
projects allows for a significantly 7,000 R
higher portion of the available ! }
resource that can be captured. 6,000
¢ As shown in Exhibit 35, the scale of 5,000

RNG projects added from 2040 to
2050 is like what was projected that

could come online in the previous 3,000
decade. ’

e The AGF ‘High Case’ for 2040 was 2,000

2
@ 4,000

based on relatively conservative 1,000
assumptions on the uptake of some
types of RNG technologies. It did o ..
not represent an upper boundary on 2020 ) 2030 2040_ 2050
what might be possible. Landfill Gas ﬁ:lorr;a‘llvr::::re

e The climate policy landscape and :::R::Sidue E:)or(e’ité'%/:el;%rf:t
targets have shifted dramatically B Eneroy Crops B vsw

in the last two years. Given more
ambitious 2050 targets for GHG reductions, more aggressive technology
adoption (RNG or otherwise) will be required and can be justified.

e Utilities that have studied RNG potential in their service territories since the AGF
Study have indicated that higher levels of RNG would be capturable.

e Companies in California and other regions with markets assigning a value to
RNG are bringing online projects that were not previously thought to be
feasible—through innovations such as clustering—and this is unlikely to be the
last innovation or improvement in this nascent market.

e While not explicitly modeled here, in the net-zero emissions 2050 envisioned in
this study, electrification of light-duty vehicles will free up more biogenic sources
(no gasoline being used by 2050 could mean ethanol is no longer required),
which could support additional RNG production or be used for new low carbon
transportation fuels.

Because the availability of RNG resources is vital for gas utility plans to support their
customers in reducing emissions through RNG use, it is important for stakeholders to
understand the above logic and the underlying analysis from the 2019 AGF Study. ICF is
not alone in highlighting significant resource potential. For example, analysis included in the
California Energy Commission’s (CEC) study titled ‘The Challenge of Retail Gas in California’s
Low-Carbon Future’ gave an estimate of 4,785 BCF/year of RNG potential for the U.S., not
including energy crops.'® It should be noted that the CEC study’s authors indicated their
model’s expectation was for much of those potential RNG feedstocks to accommodate liquid
biofuels (the competition for RNG feedstocks is discussed in the next section). In a separate
report by the same authors, published two months after the CEC report, they explained how
their expectations for hydrogen costs had dropped dramatically from what was included
in the CEC analysis, indicating how quickly technology developments can occur.’®® Their
conclusion further suggests the possibility that transportation end-uses may be more likely
to favor hydrogen fuel cells over biofuels.

105 https://ww2.energy.ca.gov/2019publications/CEC-500-2019-055/CEC-500-2019-055-AP-G.pdf m

106 https://www.ethree.com/wp-content/uploads/2020/07/E3_MHPS_Hydrogen-in-the-West-Report_Final June2020.pdf
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Competition for RNG with Sectors Outside the Scope of this Analysis

A consideration in the development of gas utility plans to support RNG projects to help
their customers reduce GHG emissions is whether those sectors will need or want the
RNG. For example, Section 4.4 presented a high-level pathway that might be possible
for the medium- and heavy-duty transportation market. That pathway saw RNG play
an increasingly prominent role, but it also showed that transportation demand largely
being met by electrified vehicles (which may be applicable for some MDV/HDV routes)
and hydrogen fuel cell vehicles (seen as a leading option for applications where battery
energy density is insufficient). Depending on future hydrogen production cost reductions,
it may be more cost-effective for many transportation applications to use fuel cells over
RNG. Similar uncertainty exists in the industrial sector, part of which is included in the
scope of this analysis and uses a significant portion of RNG supply. Will hydrogen, carbon
capture, or using carbon offsets be a more attractive option than RNG for some large
industrial facilities not captured in this analysis? Will large industrial facilities competing in
commoditized international markets be in a position that they can switch to RNG without
losing market share to foreign competition?

Finally, in terms of the actions that should be taken
in the next decade to support the development of

RNGsupplies,itmaynotmatterwhowillbetheexact Accounting for

customer for renewable and low carbon gas supply
in 2050. Gas distribution companies are best
positioned to help drive demand for RNG by
supporting their customers in reducing emissions.
This utility-supported adoption, coupled with an
increased focus on RD&D in the area, could unlock
large renewable and low carbon gas supplies that
will be critical to overall 2050 net-zero targets,
and are less likely to materialize without the gas
industry helping drive the market forward.

GHG Emissions Accounting for RNG

Another area for consideration is the GHG
intensity of RNG. Exhibit 36 illustrates two distinct
accounting methods for determining the carbon
or GHG intensity of fuels. Exhibit 36 demonstrates
how RNG emissions are accounted for between
the different methodologies.

For the customer emissions pathways, this analysis
uses the ‘combustion approach,” which focuses on
the GHG emissions attributable to the combustion
of natural gas at the end-use, such as in a home,
business, or industrial facility. When determining
the combustion GHG emissions factor, the GHG
emissions attributable to the fuel use are divided

Biogenic Emissions

IPCC guidelines state that CO»
emissions from biogenic fuel
sources (e.g., biogas- or biomass-
based RNG) should not be included
when accounting for emissions in
combustion; only CH4 and N2¢p

are included.

This is to avoid any upstream
“double counting” of CO2 emissions
that occur in the agricultural or land
use sectors per IPCC guidance. Other
approaches exclude biogenic CO»

in combustion as it is assumed that
the CO2 sequestered by the biomass
during its lifetime offsets combustion
CO2 emissions.

This method of excluding biogenic
CO2 is still commonly practiced

for RNG users and producers. For
example, LA Metro did not include
CO2 emissions in the combustion

of RNG in the agency’s most recent
Climate Action and Adaptation Plan.

by the amount of energy in the finished fuel. A combustion GHG accounting framework
is the standard approach for most volumetric GHG targets, inventories, and mitigation
policy frameworks (e.g., cap-and-trade programs and renewable portfolio standard (RPS)
programs) as they are more closely tied to a particular jurisdiction—where the emissions
physically occur.0”

107 Estimating and attributing greenhouse gas emission reductions from RNG is inextricably linked to the type of commitment,
voluntary or regulatory, and the associated GHG emission accounting approach.
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Using the combustion framework, the CO2 emissions from the combustion of biogenic
renewable fuels are considered zero, or net-zero. In other words, RNG has a combustion
emission carbon intensity of zero.'®® This includes RNG from any biogenic feedstock,
including landfill gas, animal manure, and food waste. Upstream emissions, whether
positive (electricity, etc. emissions associated with biogas processing) or negative
(avoided methane emissions), are not included in the customer emissions.

ICF separated out the customer emissions into a combustion emission conversation
to facilitate a conversation about gas end-use. This report aimed to demonstrate the
complete picture of gas utility-related emissions, so the direct and upstream emissions
are also discussed, as categorized in the emissions inventory in Exhibit 11. Thus, in addition
to the carbon-neutral combustion of RNG by utility customers, upstream emissions from
RNG (positive and negative) are analyzed as part of the upstream emissions analysis in
Section 4.5.

Exhibit 36 - RNG Upstream Emissions and Combustion Approach for Customer Emissions

_ Lifecycle Approach

Combustion Approach

biogas source clean-up injection pipeline fuel
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L —

Collection & Processing Pipeline End-Uses
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American Gas Foundation (AGF) in 2019, non-biogenic MSW is included in the RNG resource potential for this analysis. In most
cases, the thermal gasification of the non-biogenic fraction of MSW yields lower CO,e emissions than geologic natural gas. In the
same AGF study, ICF developed an estimated emissions factor of 15 kg/MMBtu for renewable gas from thermal gasification of
non-biogenic MSW, which is incorporated in this analysis.

108 Excluding RNG from the non-biogenic fraction of MSW. Consistent with the ICF assessment of RNG conducted for the m
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4.4.2 AVAILABILITY OF HYDROGEN SUPPLIES

This study assumes a mix of gray, blue, and green hydrogen for initial consumption of the
fuel, with a transition over the study period to lower-emitting sources, resulting in 75% green
and 25% blue hydrogen by 2050. For the purposes of customer emissions, all hydrogen is
treated as zero-emissions fuel use. The upstream emissions analysis (Section 4.5) includes
upstream emissions from the different production sources, with the decreasing upstream
emissions factor over time as the supply shifts to clean hydrogen.

For RNG, the key limiting factors on available supply are expected to be the total RNG
feedstock potential, competing uses for RNG across sectors, as well as the RNG supply costs.
But hydrogen is a little different, with more constraints on the ability of gas customers to
acquire and use hydrogen, not on the hydrogen supply that could potentially be available.
Hydrogen production is generally limited only by the expansion of renewable or nuclear
electricity generation, and reforming methane coupled with carbon capture. To illustrate,
as part of the H2@Scale project, NREL conducted a ‘Resource Assessment for Hydrogen
Production’ and found that potential hydrogen needs would only require a relatively small
percentage of the technical potential for renewable generation in the United States.’®® While
the technical potential likely includes many challenging-to-develop projects, as discussed
in Section 4.1.3, there are also discussions of strategies that would ‘overbuild’ renewable
generation capacity and may be synergistic to large-scale hydrogen production.

Further, forecasted hydrogen prices have been decreasing significantly. The Hydrogen
Insights report published by the Hydrogen Council and McKinsey & Company in early 2021
noted that green hydrogen costs are declining faster than previously expected such that
it could reach cost parity with gray hydrogen before 2030 in some cases, largely due to
declining renewable electricity costs. In the last year, the Hydrogen Council’s projections
of renewable costs for 2030 dropped by as much as 15%. Anticipated electrolyzer capital
cost reductions by 2030 (which are also accelerating at 30-50% lower than projected
in the Council’s 2020 report) will also reduce the price of green hydrogen."™ Through its
Energy Earthshots Initiative, the Department of Energy aims to reduce the cost of green
hydrogen to $1/kg by 2030." This facilitative initiative establishes funding and guidance to
accelerate the drop in hydrogen prices further. If successful, it could dramatically transform
the industry. Though green hydrogen production is dependent on water resources and
gray hydrogen uses natural gas resources, potential hydrogen production is overarchingly
an issue of economic feasibility and not an issue of resource supply.

In another study for the H2@Scale project, in place of hydrogen production limits, NREL
focused on limitations on how hydrogen could be used—assuming that with current gas
infrastructure up to 20% hydrogen (by volume) could be blended into the U.S. natural gas
pipeline system."?

This analysis takes a similar approach, assuming the limitations on hydrogen use are a
function of constraints on customers’ ability to acquire and use hydrogen, not in the
production of hydrogen. The pathways considered here for the deployment of hydrogen
are outlined in Exhibit 37 and described below.

109 https://www.nrel.gov/docs/fy200sti/77198.pdf

10 Hydrogen Council, McKinsey & Company, 2021. Hydrogen Insights, https://hydrogencouncil.com/en/hydrogen-
insights-2021/

1M1 U.S. Department of Energy, 2021. https://www.energy.gov/articles/secretary-granholm-launches-energy-earthshots- m
initiative-accelerate-breakthroughs-toward

N2 https://www.nrel.gov/docs/fy21osti/77610.pdf
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. Exhibit 37 - Hydrogen Deployment Pathways

1 H2 Blended into NG Supply 2

H2 Methanated into Synthetic NG &
Blended into NG Supply

3 H2 Clusters for Industry a New Customers in Targeted Regions
Built for 100% H2

& Power Generation

5 Targeted Conversion of Existing 6

Customers to 100% H2 Any Other Approaches

E.g., H2 powering distributed fuel cells

Hydrogen Deployment

° Hydrogen Blended into the Gas Supply: The 20% by volume (closer to 7%
on an energy basis) level is commonly discussed as an upper blending limit
without requiring significant upgrades to customer equipment or the gas
distribution system. Existing transmission pipelines are considered to have a
higher tolerance limit, of up to 50% by volume.™ This is an area of significant
research and testing for AGA members to validate the levels possible with and
without equipment upgrades and understand what changes might be required
to achieve higher blending levels. All the pathways in this study allow up to 20%
hydrogen blending by volume (but not all pathways go up to the full 20%).

° Hydrogen Methanated into Synthetic RNG and Blended into the Natural Gas
Supply: Without exceeding a 20% hydrogen blend by volume or building new
hydrogen infrastructure, one option for customers to take advantage of even
more low/no-carbon hydrogen supplies is by transforming that hydrogen
into a synthetic form of renewable methane. Adding the clean hydrogen to
a biogenic CO, supply in a methanation process can produce a synthetic
renewable natural gas that avoids the need for customer equipment or
infrastructure changes. The limitation on this pathway is the availability of
biogenic sources of CO,, which ensures the resulting synthetic natural gas is
carbon neutral.

Methanation is a commercially available process, and various sources of
biogenic CO, might be available. The potential here is quantified based on
an assumption that the RNG thermal gasification processes are paired with
green hydrogen, thus taking advantage of biogenic CO, coming off that
process and in effect doubling the RNG produced by thermal gasification. By
some estimates, increasing yields by more than the doubling assumed here
could be possible, but even this level of hydrogen methanation yields a very
large source of renewable and low carbon gases to decarbonize customer
demand. The exact yield varies as it depends on multiple process variables:
the composition of syngas being used, which is in turn a function of feedstock
composition, operating temperature, air mix vs. pure oxygen flow, and gasifier
type, among other factors.

N3 Blending Hydrogen into Natural Gas Pipeline Networks: A Review of Key Issues (nrel.gov)
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advantages that make it particularly attractive for certain industrial sectors with
high-temperature heating requirements and long-duration storage applications
for power generation. Clean hydrogen could also meet lower temperature
space, water, and process heating needs if economics were favorable (e.g.,
if aggressive hydrogen price reduction forecasts materialize, especially for
equipment where electric efficiency not greater than 100%). One approach
being considered is developing clusters or hubs grouping facilities looking
to use 100% hydrogen to facilitate better the deployment of new hydrogen
infrastructure. Grouping large energy consumers into clusters serves more
load with less new infrastructure. The results show this opportunity under the
‘dedicated hydrogen infrastructure category’ for all four pathways, and more
details on specific industrial assumptions were included in Section 4.3.3.

. ° Hydrogen Clusters for Industry and Power Generation: Hydrogen has some

° New Buildings in Targeted Regions Built for 100% Hydrogen: One approach to
leverage hydrogen beyond the 20% blending limits would be to shift some end-
uses to dedicated hydrogen infrastructure and equipment. This might require
sections of existing gas distribution system to run on 100% hydrogen or building
out new segments with hydrogen-specific infrastructure. Demonstration
projects in Europe are already showing how different appliances for homes can
run on hydrogen, and neighborhood scale demonstrations are planned. While
residential and commercial customers are unlikely to be ‘anchor tenants’ initially,
meaning these customer support in initial buildout of dedicated hydrogen
infrastructure, there may be opportunities in some regions, potentially adjacent
to industrial hydrogen clusters for example. Such conversions will also be
easier for new construction—where buildings/neighborhoods can be designed
for hydrogen from the start, potentially even with hydrogen power a district
heating loop. This opportunity was included only for Pathway 4 in the analysis,
with the first buildings come online in 2040—but this would be an opportunity
that continues to grow beyond 2050. The results show this opportunity under
the ‘dedicated hydrogen infrastructure category,” and more details on specific
assumptions were included in Section 4.3.

° Targeted Conversion of Existing Buildings to 100% Hydrogen: This approach
would involve the conversion of existing buildings to 100% hydrogen. Hydrogen-
compatible equipment is increasingly available for end-uses ranging from
residential boilers to commercial CHP units. Equipment could be replaced over
time in anticipation of a later switchover point. This opportunity was included
only for Pathway 4 in the analysis, with the first buildings come online in 2045—
but this would be an opportunity that continues to grow beyond 2050. The
results show this opportunity under the ‘dedicated hydrogen infrastructure
category.” More details on specific assumptions were included in Section 4.3.

° Other Approaches to Hydrogen Deployment: There are numerous other
pathways to utilize hydrogen for current gas customers. One approach would
be whether existing distribution systems and customer equipment could handle
higher than 20% blends, something being studied by gas utilities. Another
would be the use of distributed hydrogen fuel cells to support localized electric
demand in a highly electrified future (assumes many customers would be
electrified, causing constraints on the electric distribution system, which could
be alleviated with localized power generation from fuel cells supplied with
hydrogen through existing gas distribution infrastructure). These and other
potential pathways were not analyzed in this study.
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4.4.3 GAS SUPPLY PATHWAYS

The combined results of the demand-side analysis and the assumed changes to the gas
supply mix for each pathway are showcased in Exhibit 38. The reduction in the total height
of the chart over time showcases how gas demand is expected to reduce by 2050 for a given
pathway. The bands within the chart then show how the mix of remaining gas supply changes
out to 2050 for the customer groups included in the scope of this analysis (thus not including
power generation, roughly half of industrial customers, or LNG exports). Geologic gas use
is significantly reduced in all the pathways, with different degrees of RNG and hydrogen
options providing the renewable and low carbon gas supply in each pathway. The main
portion of Exhibit 38 showcases how the supply phases in over time for Pathway 1 (Gas
Energy Efficiency Focus), while the bars to the right contrast the 2050 results for the other
three pathways. The full approaches for the other pathways can be seen in Exhibit 39.

Exhibit 38 - Gas Supply Mix for all Pathways

Supply for Residential, Commercial, LDC Industrial, and Transportation Gas Demand
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As an example, in the Gas Energy Efficiency pathway, RNG from anaerobic digestion and
thermal gasification is ~51.5% of the energy supply in 2050 (with an additional 30% of supply
from methanated hydrogen), hydrogen provides another ~12% of supply (between blending
and dedicated H; infrastructure) and the last ~6.5% is maintained by geologic natural gas.™
Across all four pathways, combined AD and TG sources of RNG account for between 48-75%
of the 2050 fuel mix, consistently the largest energy contributors to gas supplies in 2050.

14 These percentages reflect the portions of gas supply included in the scope of this analysis - and does not include all sectors m
currently using natural gas.
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Exhibit 39 - Full Gas Supply Mix for All Pathways
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As discussed previously, the gas supply mixes used here are intended to showcase a
diversity of supply options and do not optimize the supply pathway in coordination with
the demand reduction pathway. For example, Pathway 2 uses relatively small amounts of
hydrogen on the supply-side and could be reflective of a potential future if current forecasts
for significant hydrogen price reductions and supply availability fail to materialize. In all of
these pathways, there was sufficient renewable and low carbon gas supply to cover the
needs to the customers in the scope of this analysis without using all of the supply that was
considered available. This reflects the significantly expanded expectations for renewable
and low-carbon gas supplies discussed in this analysis. The potential to capture a
greater portion of RNG feedstocks by 2050, coupled with a broad push for methanating
hydrogen feedstocks, can provide even more low carbon supply that gas customers can
use interchangeably with their existing equipment.
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4.5 UPSTREAM EMISSION REDUCTIONS

This analysis examined the upstream emissions associated with the production and
transportation of gas as an indirect part of gas utilities’ GHG inventory. While much of the
GHG accounting focus is on customer emissions downstream due to gas combustion (Exhibit
11 earlier showed to be 81% of the 2020 total), upstream emissions from gas producers and
transporters today represent 17% of the GHG emissions related to gas utility
operations. Combined with emissions directly from gas utilities (2%), the upstream (17%) and
downstream customer (81%) emissions add up to the total fuel life cycle emissions
associated with gas utilities, as outlined in Exhibit 11. ICF chose to evaluate the full range of
emissions associated with gas use to demonstrate how each component can achieve net-
Zero emissions.

First, due to the significant reliance on RNG across all pathways, ICF inspected the contributing
factors to the greenhouse gas intensity of renewable natural gas production in Section 4.5.1.
Though this report used a combustion emissions accounting approach to customer emissions,
there will be upstream emissions from the production and distribution of fuel supplies. In
the upcoming Section 4.5.2, upstream emissions from all the fuels feeding the gas supply
mix (geologic natural gas, renewable natural gas, hydrogen, and methanated hydrogen) are
evaluated and consolidated.

There is growing interest in evaluating how the GHG intensity of fuel and electricity sources
might change as the economy shifts to net-zero by 2050. ICF chose to mirror its assumptions
about decarbonizing the transportation and power sectors from other parts of this study into
its calculation of upstream emissions over time for consistency. This assessment is illustrative
of what might happen in a decarbonizing economy, not a guarantee.

Currently, upstream emissions are driven by both the scale of the fuel use and the fuel
production processes. Geologic natural gas’s upstream emissions come from well extraction,
processing, and pipeline transport. Renewable natural gas is produced by a variety of
approaches with associated emissions depending on the scale of process energy consumption
and methane releases. RNG is then fed into the same natural gas pipelines for transport; this
evaluation explored how reducing fugitive pipeline emissions could decrease the upstream
footprint of geologic and renewable natural gas. This study also modeled upstream hydrogen
and methanated hydrogen emissions changing over time as a hypothetical hydrogen supply
mix shifted from majority gray (as the market stands today) to 50% blue and 30% green by
2030, gray phased out by 2035, and 25% blue and 75% green hydrogen by 2050.™ Hydrogen
uptake modeled in the customer emissions pathways anticipated hydrogen adoption
timelines generally in line with this assumed increase in penetration of clean hydrogen. All
electricity (as a processing input) was assumed to be 100% zero-emissions by 2050.

4.5.1 UPSTREAM EMISSIONS FROM RNG PRODUCTION

Renewable natural gas’s upstream emissions are a function of emissions released during
feedstock transportation, electricity, and geologic natural consumption during production,
biogas processing feed loss and flares, and pipeline transmission leaks.

ICF began this assessment by developing illustrative emission factors for current RNG
supplies, found in Appendix D. ICF evaluated the potential for upstream emissions from
all RNG feedstock production pathways included in the AGA Net-zero 2050 RNG resource
case by referencing GHG intensity data from Argonne National Laboratory’s Greenhouse
gases, Regulated Emissions, and Energy use in Technologies Model (GREET) and the
California Air Resources Board’s (CARB) Simplified Carbon Intensity (Cl) Calculators that
are based on GREET."®

15 Alternate 2050 breakdowns of clean hydrogen would yield similar overall emissions results. m

16 California Air Resources Board, LCFS Life Cycle Analysis Models and Documentation https://ww?2.arb.ca.gov/resources
documents/Icfs-life-cycle-analysis-models-and-documentation
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Projections of future improvements in RNG processing and emissions reductions from
related sectors were applied to the CI insight from CARB. The result of this analysis is
summarized in the RNG upstream emission factors presented below. For example, the
upstream emissions from RNG produced at a water resource recovery facility (WRRF)
might currently be considered around 37.5 kg CO2e/MMBtu of RNG, but these could
decrease to 6.0 kg CO2e/MMBtu in a net-zero economy.

Fossil fuel used for vehicular transportation of RNG feedstocks and electricity used in
processing those feedstocks are significant contributors to the upstream emissions from
RNG production today. Both the transportation and power sectors would be expected to
transition to zero emissions options by 2050 as part of the economy-wide push for net-
zero emissions. Consequently, zero-emissions vehicles transporting RNG feedstocks and
renewable electricity used in RNG processing would contribute zero emissions to RNG
production in a net-zero economy. Furthermore, ICF explored how reducing processing
and transmission leaks (something the entire gas industry is working towards already)
might reduce RNG upstream emissions footprints.

The emission factors in Table 6 are illustrative and are meant to generally be representative
of average resources (not the best- or worst-case scenario) for process emissions in a
decarbonized future, which will vary between facilities and regions. An in-depth explanation
of how RNG’s potential future upstream emissions factors were developed for this report can
be found in Appendix D.

Table 6 - Example of Potential Low Carbon Future” Upstream GHG
Contributions by Production Process in the RNG Supply Chain (in kgCO2e/MMBtu)

RNG . 0 0 3 - / " O '. O O
Feedstock 2 - o & 0 o 0
Dairy 0.0 0.0 17.4 48 24 245 2395 4.9
Manure
Food Waste 0.0 0.0 2.9 3.9 2.4 9.2 -108.6 99.4
LFG 0.0 0.0 0.0 35 24 5.9 :
WRRF 0.0 0.0 01 35 2.4 6.0 5.0
CEBEILE] 0.0 0.0 0.0 35 2.4 5.9 g
Residue
LS 0.0 0.0 0.0 35 2.4 5.9 :
Residue
Energy 0.0 0.0 0.0 35 2.4 5.9 :
Crops
MSW 0.0 0.0 0.0 35 24 5.9 :

As outlined in Table 6, dairy manure and food waste RNG supplies offer avoided upstream
emissions credits. This means is that there are associated economy-wide emissions reductions
tied to dairy manure and food waste getting processed into renewable natural gas. Namely,
RNG emissions accounting upstream evaluates the emissions released from feedstock and
gas processing, relative to the emissions (methane and carbon dioxide mostly) that would
be released if the feedstock materials were not converted into RNG. So, not only does RNG

17 The table shows how a net-zero economy translates into zero electricity and transport emissions and assumes efforts have m
been undertaken to better measure and reduce methane leaks. Note that the gas consumption category presumes that geologic

natural gas would be consumed during RNG processing, rather than a parasitic use of biogas, though using such low-carbon gas

supplies would further reduce the upstream emissions from relevant RNG production pathways, as is explained in Appendix D.
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from these two biogenic resources have net-zero combustion emissions, but their collection
and processing into RNG avoids agricultural/food system emissions from a business-as-
usual case where the manure and food waste are not repurposed as RNG supplies. It is not
guaranteed that these negative emissions can be attributed to or claimed by gas utilities, as
it is all predicated on the regulatory structure.

4.5.2 REDUCING UPSTREAM GAS GHG EMISSIONS TO NET-ZERO

Considering the AEO 2021 Reference Case’s projection for geologic natural gas demand,
without considering alternative low carbon fuel adoption or upstream emissions reductions
measures (some of which are already being pursued), would lead to upstream emissions
growth between 2020 and 2050 as customers consume more natural gas. However, in the
net-zero pathways of this analysis, upstream emissions will shift as the use of geologic gas
decreases and renewable natural gas and hydrogen make up a greater portion of the supply
mix. As RNG becomes a significant portion of the overall gas supply mix (as shown previously
in Exhibit 39), emissions reduction actions focused on RNG will be required to lower upstream
GHG emissions. In general, the GHG emissions associated with upstream sources are a factor
of gas demand and will shift with a changing gas supply and feedstock sources.

Upstream gas emissions can be mitigated through several approaches, including by reducing
gas demand, by reducing pipeline gas transmission methane emissions, by reducing the
upstream methane emissions from the production of geologic gas, by leveraging renewable
and low carbon gas supplies, by reducing the processing emissions from renewable and low
carbon fuels, as well as by reducing any fugitive emissions of gas from renewable natural gas.

Exhibit 40, Exhibit 41, and Exhibit 42 below demonstrated an illustrative combination of
these emission reduction approaches. Upstream emissions are calculated based on the
changes in customer demand and gas supply over time. Customer Pathway 4 is featured in
these exhibits, but all the pathways studied here would provide similar upstream emissions
outcomes. The following categories are specifically highlighted in the chart:

° Upstream emissions reductions for geologic natural gas: Geologic natural
gas can be produced and transported in a manner that minimizes methane
emissions. Various entities are now interested in establishing standards or
certification programs for what is sometimes called ‘differentiated’ or ‘certified’
gas. ICF’s analysis assumes that methane emissions from pipeline transmission
leaks and the processing of geologic natural gas decrease by 50% by 2030,
reducing total geologic natural gas upstream greenhouse gas emissions by
about 25% (since methane accounts for approximately half of the overall
upstream emissions for geologic gas). This emissions reduction pathway can
ramp up relatively quickly, but the emission reductions achieved are reduced
over time as the level of geologic gas being used declines out to 2050.

° Because renewable natural gas generally flows through the same pipelines
as geologic natural gas, the pipeline methane emissions improvements were
also applied to the RNG upstream emissions evaluation, as outlined in the
previous section.

° Though not modeled in this report, there may be opportunities to further
reduce upstream emissions from the geologic gas supply chain (e.g., via
efficiency improvements, process electrification, or the use of low-carbon
fuels in processing).
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° Gas demand reductions: Demand reduction was an important factor in reducing
customer emissions. Reductions in customer gas demand (based on this chart
on customer Pathway 4) also reduce the upstream emissions associated with
the avoided gas use. Efforts to engage customers in gas end-use equipment and
building efficiency improvements, behavioral programs, selective electrification,
and appliance swaps to run on alternative low- and zero-GHG emissions fuels all
reduce gas demand. Note that added upstream electricity emissions from newly
electrified measures are out of scope for gas utilities’ upstream emissions (not
included in the upstream emissions charts shown here)."®

° RNGfeedlossreduction: Thisrepresentsindustry actiontoestablishmoreaccurate
measurement procedures for RNG processing and programs to eliminate any
fugitive emissions from this stage of RNG production. As discussed in Appendix
D, most analyses assume a 2% methane leak from this stage because metering
accuracy does not allow for actual values to be used. This analysis assumes that
this could be reduced to 0.5%, while lower emissions are likely possible.

° RNG avoided emissions: This represents the upstream emissions reductions from
certain types of RNG production, which can divert carbon dioxide emissions and
avoid prevent the release of methane to the atmosphere. Animal manure and
food waste RNG projects capture methane and, in some cases, divert carbon
dioxide that would not otherwise be mitigated if the organic waste was left to
decay as usual.

In modeling upstream emissions, ICF is accounting for the 17% of greenhouse gas emissions
tied to the gas utility emissions inventory pie chart outlined in Exhibit 11, showing how the full
supply chain can target net-zero emissions. Exhibit 40 demonstrates the upstream emissions
from geologic natural gas, hydrogen, methanated hydrogen, and RNG used in Pathway 4
(Renewable and Low Carbon Gas Approach).™ The graph does not account for the avoided
GHG emissions associated with the production of some RNG feedstocks. It demonstrates
how measures to reduce gas use, like reductions in gas demand by customers, also yield
upstream emissions reductions.

Exhibit 40 - Gross Upstream Gas Emissions (Excluding Avoided Emissions from RNG)

Upstream Emissions Reductions
Based on Pathway 4 - Renewable and Low Carbon Gases Approach
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18 Note that for electric utilities, electrification would yield growth in their upstream emissions when electricity generation is
not renewable / zero-emissions.

19 Targeted electrification was not featured in Pathway 4, and therefore there are no upstream gas sector emission reduction
contributions from electrification shown in Exhibit 40 or Exhibit 42.
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When alternative fuel resources come online, they displace geologic gas and its upstream
emissions profile. Per Table 6, the upstream emissions associated with RNG coming from
animal manure and food waste are very net-negative. As more RNG from these sources is
integrated into the Pathway’s gas supply, more avoided emissions credits are generated.
Though the other RNG feedstocks contributing to this study’s RNG resource potential have
slightly net positive upstream emissions, the fraction of RNG resources from food waste and
animal manure yield overwhelmingly large amounts of avoided emissions. The scale of RNG
adoption modeled resulted in significant avoided upstream emissions. This is highlighted in
Exhibit 41, which focuses on 2050 and shows the cumulative impact of different upstream
emissions reductions opportunities. The avoided emissions that animal manure and food
waste RNG production generate in Pathway 4 are shown in green. Total avoided emissions
(~227 MMT COgse inillustrative Pathway 4) are split in two bars in the chart, into an amount
equal to Pathway 4’s 81 MMT COye of remaining positive upstream emissions in 2050, and
the ~146 MMT COye of more emissions avoided; if the avoided emissions were all attributed
to gas utilities (predicated on a regulatory structure that may change), upstream emissions
could surpass net-zero and be net-negative in total.

Exhibit 41 - 2050 Net-zero Upstream Gas Emission Reductions

Upstream Emissions - Path to Net Zero GHGs
Pathway 4 - Renewable and Low Carbon Gases Approach
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Exhibit 42 showcases how the upstream emissions profile changes over time. In this case,
the avoided emissions that RNG production generates in Pathway 4 are shown in the gray
wedge. From a net upstream perspective, incorporating the avoided emissions facilitates
total upstream emissions reaching net-zero ahead of a 2050 net-zero target. The gray line
in Exhibit 42 demonstrates how the full availability of RNG avoided emission credits could
cut into upstream emissions. Eventually, enough RNG is in use such that more emissions
are avoided than generated upstream. Of course, the RNG avoided emissions credits could
be accounted for differently than in the illustrative exhibit below; as shown in Exhibit 40,
allocating the avoided emissions elsewhere would leave a fraction of positive upstream
emissions in the absence of other reduction measures upstream. If the avoided emissions
from RNG are not credited to the RNG producer, investment in offsets or negative emissions
technology would be required.
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Exhibit 42 - Pathway to Net-zero Upstream Gas Emissions

Upstream Emissions Reductions
Based on Pathway 4 - Renewable and Low Carbon Gases Approach
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4.6 DIRECT GAS UTILITY EMISSION REDUCTIONS

4.6.1 UNDERSTANDING SOURCES & CURRENT QUANTIFICATION OF GAS
UTILITY EMISSIONS

Direct emissions for natural gas distribution companies consist primarily of fugitive and
vented methane emissions. As shown in Exhibit 11, these represent roughly 2% of total gas
utility direct and indirect emissions. Methane has a much higher global warming potential
than carbon dioxide. The next largest direct gas utility GHG emission source is the carbon
dioxide from the combustion of natural gas at the companies’ storage compressors, LNG
operations, facility space heating equipment, and vehicle fleets. Lastly, there are much
smaller emissions from fugitive and vented carbon dioxide and some nitrous oxide emissions
from combustion.

Exhibit 43 focuses on the largest sources of emissions making up the natural gas utilities’
footprint, focusing on methane and combustion emissions. The methane emissions
estimates come from EPA’s latest Inventory of U.S. Greenhouse Gas Emissions and Sinks
covering emissions in 2019 from Petroleum and Natural Gas Systems (published in April
2021)?° while the combustion emissions were estimated from EIA’s Form 176 reported data
in 2019 for companies with deliveries to residential and commercial customers.

120 United States Environmental Protection. Natural Gas and Petroleum Systems in the GHG Inventory: Additional Information _
on the 1990-2019 GHG Inventory (published April 2021) https://www.epa.gov/ghgemissions/natural-gas-and-petroleum-
systems-ghg-inventory-additional-information-1990-2019-ghg



https://www.epa.gov/ghgemissions/natural-gas-and-petroleum-systems-ghg-inventory-additional-information-1990-2019-ghg
https://www.epa.gov/ghgemissions/natural-gas-and-petroleum-systems-ghg-inventory-additional-information-1990-2019-ghg
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There are a few key take-aways from this break-down of 2019 emissions:

° Four Areas Represent More Than 90% of Direct Gas Utility CO2e Emissions:

° Pipeline (mains and services) methane emissions represent roughly 32% of
the total

° Meter methane emissions represent roughly 35% of the total

° Mishaps (dig-ins) or third-party damage to pipes represent roughly 11% of the
total emissions

° Combustion CO2 emissions represent roughly 15% of the total

Exhibit 43 - 2019 Natural Gas Distribution Stage Direct Greenhouse Gas Emissions
(16.5 Million Metric Tonnes CO5e Total)®
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121 Emissions represent methane emissions from U.S EPA’s Natural Gas and Petroleum Systems GHG Inventory along with
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° There Are Limitations to the Use of EPA Emission Factors in Quantifying
Utility Methane Emissions:

o

EPA emissions factors represent average emissions as applied to a specific
activity, such as pipeline mileage or meters. Using EPA emission factors, the
only way to measure and report reduced estimated gas utility emissions is
to reduce pipe mileage, replace unprotected steel and cast-iron pipe with
plastic or protected steel, or reduce the number of meters or customers. The
use of EPA emissions factors limits the ability for a specific gas utility to take
credit for certain actions to reduce methane emissions. Examples of these
limitations include:

. Using an emission factor per mile of different types of pipe means that
utilities cannot get credit for repairing or avoiding leaks in their pipeline
(because it does not change the number of miles).

° Using an emission factor per customer meter means that utilities also
cannot get credit for avoiding or repairing leaks at meters.

. Dig-in or mishap emissions factors are also based on miles of pipeline,
and do not capture efforts to reduce these events.

EPA factors may also overstate emissions, and this may be particularly true
when applying the national emission factors to individual companies.

EPA factors (current and historical) are updated periodically, which makes it
harder to track utility progress in this area, as there can be a sudden large shift
in reported emissions based on an emissions factor update, and changes to
historical reported results also may change the level of reductions that have
been achieved to date.

EPA factors are a ‘national average’, while some of the studies they are based
on show significant variation in, for example, meter emissions by region.
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4.6.2 REFERENCE CASE CHANGES TO GAS UTILITY EMISSIONS

Under the current construct for measuring emission inventories (EPA emission factors), a
gas utility experiencing growth in gas customers will increase direct utility emissions, as
more infrastructure is added, including mains, gas meters, and service lines. New pipelines
will average lower emissions than vintage pipe. The graphs below approximate what
increasing emissions might look like, based on the residential and commercial customer
growth assumed in the customer GHG pathways from this analysis. The growth factors are
adjusted for pipeline mileage, as historically pipeline mileage has grown at a slower rate
than customer meters, since once the infrastructure is in place, it takes less to add the
next customer. The red dashed line in Exhibit 44 shows growth without any other changes,
assuming all equipment categories increase according to these growth patterns, while the
bars in the rest of Exhibit 44 account for the effect of existing expectations for integrity
management programs to replace all cast iron and unprotected steel pipe by following the
same pace of replacement as seen over the last five years.

Exhibit 44 - Projected Distribution Utility Emissions
with Vintage Pipeline Replacement Programs
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4.6.3 GAS UTILITY DIRECT GHG EMISSIONS REDUCTION PATHWAYS

There are a variety of measures that gas distribution companies can implement to reduce
emissions within their direct emissions footprint. As stated earlier, most emissions come
from four primary sources, including meters, pipelines, combustion, and dig-ins/mishaps, so
it is particularly important to reduce emissions from these sources. A combination of these
emission reduction approaches is demonstrated in Exhibit 45 below. While this illustrative
pathway is calculated based on the changes in customer demand and gas supply from
Pathway 4 of this study, all the pathways studied here would provide similar direct utility
emissions outcomes.

17
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Exhibit 45 - Pathway to Net-zero for Gas Utility Direct Emissions
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Exhibit 45 presents a variety of emission reduction opportunities, and the assumptions and

justifications for each of these are outlined as follows:

Meter Emission Reductions: The EPA methodology for meters is based on
a fixed emission factor per meter. Limited data on actual leak surveys and
measurements for residential meters suggests that actual emissions could be
lower than the EPA factor. In addition, LDAR programs targeted at the largest
leakers would significantly reduce emissions. The EPA recently adjusted its
assumed commercial and industrial meter emissions in part due to a recent
GTI survey that suggested that these meters are leaking at higher rates than
previously believed.”? Companies currently have integrity programs to evaluate
meter sets on typically a three- or five-year rotating basis that can provide more
accurate, company-specific data on leaks. Incorporating a repair aspect to these
programs can achieve documented emission reductions. The GTI study showed
that emissions from meters had a “fat tail” distribution, meaning that a small
number of leaking meters resulted in the bulk of the emissions. Reducing the top
10% of leaks from meters could account for the majority of leaks. Furthermore,
the GTI data showed large differences by region in the meter emissions. For this
study, ICF assumed the potential for a 70% reduction of emissions. ICF estimates
that addressing the “fat tail” through LDAR programs and documenting actual
emissions would likely enable utilities to achieve this level of reduction.

Pipeline Emission Reductions: The baseline for the emission projections
accounts for companies replacing all cast iron pipe by 2032 and all unprotected
steel pipe by 2050 following the same pipeline replacement speed they have
averaged over the past five years. While these programs could be expedited,
companies can still achieve reductions beyond what the EPA emission factors
would account for by more aggressively targeting repairs on Grade 2 and 3
leaks and expediting the schedules for these. Companies that have recently
(past two years) started programs that measure and prioritize repairing their
larger-emitting non-hazardous pipeline leaks have seen reductions of 20%
from EPA’s emissions assumptions. As such, for this analysis, we assumed that
companies can average 20% reductions from EPA’s emission factors through

122 U.S. EPA, Inventory of U.S. Greenhouse Gas Emissions and Sinks 1990-2019: Updates for Natural Gas Customer Meter
Emissions, April 2021. Available at https://www.epa.gov/sites/default/files/2021-04/documents/2021 ghgi _update - meters.pdf

. Enhanced Mishap/Damage Prevention Programs with Event Quantification

February 2022
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and through the development of company-specific estimates that account for

. aggressive LDAR programs that were started and increased from 2023 to 2027
these programs.

° Mishap/Dig-ins Programs: Various AGA members estimate their emissions for
each of their reported mishaps using a variety of estimation techniques based on
the pressure of the pipe, the size of the pipe, and the duration of the leak. From
this data, we can make a comparison to EPA’s figures for emissions from mishaps/
dig-ins divided by PHMSA'’s total number of dig-in events. Companies are seeing
dig-in emissions as low as one-third of what EPA’s factor would suggest. This
reduction can, in part, be attributed to where the dig-ins are occurring on the line,
but it is also largely due to the proactive programs companies have implemented
to reduce dig-ins. Not all companies have seen reductions from EPA’s factors,
and it can fluctuate from year to year. Still, overall, by taking the median from
respondents, it is prudent to conclude that through increased prevention and
mitigation measures and more visibility, companies can reduce mishaps/dig-ins
up to 30%, and some company experiences have demonstrated a reduction in
the number of incidents over time. Accounting for these lower emissions will
require the use of company-specific measurement and reporting.

° Electrification of Compressors: The electrification of compressors can reduce
combustion emissions and, as the grid is decarbonized, also reduce indirect
electricity generation emissions. That said, compressor reliability is critical to the
operation of the gas system, and electric compressors require backup power
supplies to ensure operability during power outages. For this study, emissions
from compressors were assumed to be reduced by up to 25% by 2035 through
a limited replacement of older compressors with electric compressors, which
reduces emissions while ensuring reliability. Alternatively, the compressors could
be fueled with RNG.

° RNG: For the remainder of on-site natural gas combustion emissions, gas utility
companies can fully mitigate their direct emissions by adding RNG projects
and applying the environmental attributes associated with RNG to their utility
combustion emissions instead of their customer’s emissions. Across all four study
pathways, there is sufficient remaining RNG within the ‘AGA Net-zero 2050 Case’
to negate these direct utility combustion emissions after accounting for customer
use.

° Hydrogen Blended into Gas Supply: To the extent that hydrogen increases in
the gas stream and the methane content decreases, fugitive leaks will also have a
lower GHG impact proportional to the decrease in methane content, as hydrogen
is not a GHG. For Exhibit 45, the hydrogen blended ranged from 0.5% in 2025 to
20% by 2035. Emissions from the system were reduced proportionately to the
increase in hydrogen as methane content would decrease.

° Offsets and Negative Emissions Technology: Lastly, as it is not possible to reduce
100% of methane emissions, since some level of leaks will still occur regardless
of how aggressively one finds and repairs them, companies can utilize offsets to
reduce the footprint of residual leaks. In the example chart above, offsets for the
residual emissions were scaled up from 2030 to 2040 to account for 100% of
the residual emissions. While different sources of offsets or negative emissions
technologies could be used to cover residual emissions, the surplus avoided
emissions from the upstream emissions pathways (Section 4.5.2) would more
than cover the need for offsetting residual gas utility emissions.




- 5 DISCUSSION OF TYPES OF
POLICY & REGULATION NEEDED
TO UNLOCK PATHWAYS

Reaching net-zero emissions targets will require a transformative change to energy systems
and the economy. Decarbonization of the economy will require a broad mix of regulatory
and policy drivers to initiate, sustain, and support the transformation. Analysis will be
necessary for all regions to find the most effective, equitable, viable, and least-cost path
that is in the best interest of all stakeholders. Policies should be designed to accommodate
change as scientific knowledge, technology options, and other circumstances evolve.

New policies and regulations will be needed to define and structure requirements
and incentives for reductions and to provide the regulatory support and funding for
implementation. The success of any emission reduction plan will depend highly upon the
structure and support of public policy. Federal, state, or local policies should be designed
to consider and leverage natural gas infrastructure and end-use applications in meeting
greenhouse gas emissions targets.

The analysis in this report showcases several key emissions reductions opportunities for
gas utilities and their customers across all net-zero pathways, including energy efficiency,
renewable and low carbon fuels, building energy codes, differentiated gas, and methane
leak detection and repair programs. However, gas utilities cannot implement any of these
decarbonization pathways on their own. Utilities operate under strict regulations by state
and federal regulators and must adhere to many rules and processes. Many or most of the
actions that gas utilities can take to reduce carbon emissions will require approval from
regulators. To enable adoption of the technologies and pathways to net-zero highlighted in
this report while protecting customers, regulators may need additional flexibility to existing
regulations and policies related to utility cost recovery, building codes, allocation of costs
based on benefits, customer equity, and a variety of other issues will be needed.

A partial list of examples is provided below.

1. Supporting Expanded Utility Energy Efficiency and Demand-Side Management
Programs

Deployment of many of the measures envisioned in this study could be supported by
utility energy efficiency programs. Natural gas utility demand-side management (DSM)
programs have a strong track record of driving cost-effective reductions in customer gas
use and corresponding GHG emissions. Several of the demand-side measures in this study
are already supported by utility DSM programs in various parts of the country. Expanded
and new DSM programs, across more regions, will be needed to help customers reduce
their gas use. Inclusion of additional measures or the use of higher incentives, increased
marketing budgets, and alternative delivery approaches (e.g., direct install or midstream/
upstream programs) may incentivize further measure adoption. Upfront incentives may
be particularly important to overcome the higher first costs associated with more efficient
technologies, including existing technologies and advanced technologies like gas heat
pumps. Under supportive legislative frameworks, utility energy efficiency program budget
increases could be supported by cost-effectiveness testing that reflects the value of GHG
emissions reductions, allowing more measures and programs to meet the required cost-
benefit analysis screening criteria.

AGA Net-Zero Emissions Opportunities for Gas Utilities m
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2. System Modernization Programs Can Contemplate the Future Use of Renewable
Gases Including Rng and Hydrogen

The pathways in this analysis all continue to leverage gas infrastructure to support a net-
zero greenhouse gas emissions energy system. As such, it will be vital to continue to update
and modernize the gas infrastructure. Different regions have achieved varying levels of
modernization to date, but there is a strong push by gas utilities to replace older cast
iron, unprotected steel, and vintage plastic pipe with modern piping options. While this
is driven primarily by safety considerations, system modernization also makes important
contributions to reducing methane emissions, and in the future may also be adapted to
prepare infrastructure for hydrogen adoption. Modernization initiatives can also include
gas meter replacement programs, both to achieve methane emissions reductions and for
more precise monitoring of gas consumption.

3. Research, Development, and Demonstration (RD&D) Funding for Low Carbon Gas
Technologies

As with all pathways to net-zero emissions targets, the pathways in this study include
many emerging technologies that would benefit from additional Research, Development,
and Demonstration (RD&D) funding support. This includes technologies such as RNG
production via thermal gasification processes, hydrogen blending and methanation, and
gas heat pumps.

For example, RNG is generally considered critical to meet net-zero targets. However,
various studies’ different views on the amounts of RNG available can influence how RNG
is allocated to end users and customer types. While this study contemplates that more
RNG supply is possible, the need and usefulness for low-carbon gases provide additional
impetus for RNG as a critical area for RD&D funding to unlock greater amounts of supplies.
Funding announcements for hydrogen projects have grown substantially in recent years,
however, R&D investment in RNG and biogas production projects have been significantly
smaller. Consider large-scale government-funded investments designed to lower solar PV
production costs as an example of how R&D investments in production improvement for
emerging technologies can support efforts towards the viability of the technology. Like
hydrogen, RNG is an important area of opportunity for RD&D, where funding investments
could serve to reduce costs and result in emission reduction pathways. But, unlike hydrogen
that is in the infancy stages of R&D, the use of RNG to lower emissions can be realized in
the near term.

Additionally, utilities and their customers would benefit from flexible funding designed to
support the work necessary to facilitate the transition to a low, or zero, emissions future.

4. Create Market Structures and Incentivize Demand for Renewable and Low Carbon
Gases

Renewable and low carbon gases are an integral component of the net-zero pathways
in this analysis. The development of significant volumes of low carbon gaseous fuels like
RNG and eventually hydrogen delivered into the natural gas supply is a realistic approach
to emission reduction goals but will require appropriate policy and regulatory support. In
regions where RNG is already required or incented, significant volumes of projects have
been developed facilitating the decarbonization of the gas supply. However, most natural
gas utilities in the country do not have the permitted regulatory approval necessary to
purchase renewable or low carbon gases on behalf of their customers.

Public utility commissions and regulators seek to protect the public interest and ensure
safe and reliable utility service at reasonable rates. Traditionally, this has meant utilities are
expected to demonstrate that the costs they seek to recover from their customers reflect a
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prudent approach that ensures criteria are met for safety, reliability, affordability, and other
conditions. Some state legislatures and public utility commissions have begun to factor in
broader societal benefits from GHG emission reductions (e.g., a social cost of carbon) and
state GHG emission targets into prudence reviews. However, in most cases, the public utility
commissions and the gas utilities need legislative approval to implement the inclusion of
RNG and hydrogen into gas supply portfolios and associated cost recovery mechanisms.

Several legislative approaches could be used to incentivize the adoption of low carbon
resources into the gas supply mix. These can range from a Renewable Gas Portfolio Standard
(RGPS), similar to Renewable Portfolio Standards (RPS) which is a common policy tool to
introduce a renewable energy procurement mechanism for electricity providers, to a state-
wide or industry-specific emissions reduction target. The extent to which these approaches
are adopted at the state or federal level and the ambition of programs will impact RNG
demand and ultimately determine how the RNG supply market responds.

Other options to support the deployment of low carbon fuels could include expansion of
the production tax credit program to include RNG and other low carbon fuels to bring
down project costs, or a consumption tax credit that makes the purchase of RNG and other
low carbon fuels more affordable for consumers.

5. Coordinated Gas and Electric Planning

In order to understand the full range of implications and alternatives, as well as to determine
the lowest cost pathways for customers, infrastructure planning for energy systems in a
decarbonized future should be done in an integrated manner, instead of studies being
conducted in silos for each energy system. This will require coordination across state,
regional, and even federal jurisdictions and with input from different stakeholders with an
array of expertise across multiple domains including technical, policy, legal, and regulatory.
There will be crossover between electric and gas technologies and opportunities for each to
serve the role they are best positioned for and to support a more integrated and optimized
pathway to emissions reductions.

6. Utility Revenue Decoupling and Cost-Recovery Updates

While the degree varies by scenario, the pathways shown in this study include significant
reductions in per-customer gas use by 2050.

Under traditional regulation, utilities recover fixed costs through consumption charges.
When consumption is increasing, this is favorable for utilities. However when sales fall,
utilities may not recover all their fixed costs, which can create a dis-incentive for utilities to
support actions such as energy efficiency that would reduce customer consumption (and
GHG emissions).

For this reason, more than half the states have already adopted ‘decoupling’ mechanisms
for natural gas utilities as part of removing barriers to utility energy efficiency programs.
Decoupling will be increasingly important for gas utilities under net-zero pathways to
ensure all parties are incented to support GHG emission reductions. To ensure alignment of
all parties, it may be beneficial to evaluate decoupling (or other alternative forms of cost-
recovery) in states where it does not exist, and update decoupling mechanisms in states
where it exists but the specific rules do not adequately account for the scale and speed of
transition envisioned in these pathways.

Similarly, compensation and cost-recovery adjustments will likely be needed to reflect
large changes in the utility business model and to allow and incent new types of
decarbonization investments.
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7. Structures to Address Cost Allocation and Consumer Equity Issues

All types of net-zero pathways, including those not studied here, involve the transformation
of energy systems and the economy. Such drastic changes can be difficult to quantify
precisely but can be expected to have significant cost implications and raise questions
about how equity related to the distribution of opportunities and impacts across all
customers can be factored into plans. For example, customers that can participate in
energy efficiency programs will be less impacted by rate increases, but customers who
are less able to participate (e.g., low-income customers) and reduce their consumption
will likely be more impacted as a result of higher costs. Adjustments to rate structures and
utility funding mechanisms will likely be required to ensure an equitable transition and
avoid placing a disproportionate burden on certain customer groups.

8. Option to Use Company-Specific Methane Emissions Factors

Several approaches to drive deep reductions in utility methane emissions may require new
and innovative approaches to measuring and accounting for methane emissions mitigation.
The use of direct measurement of methane emissions, rather than use of standard, fixed EPA
emission factors, can open up new opportunities for gas utility direct emissions reductions.

The generic EPA emission factors currently used to calculate methane emissions preclude
a company from the recognition that they have reduced methane emissions. For example,
calculating emissions from meters using the EPA emission factor multiplied by the number
of customer meters means that a utility’s emission report to the EPA would not recognize a
proactive program implemented by the utility that detects and repairs leaks at meters (the
only way to reduce calculated emissions with EPA factors is to reduce the number of meters).

Company-specific methane emission factors based on direct measurement can replace the
generic EPA emission factors currently in use. Each company’s development of more accurate
measurement protocols paired with expanded leak detection and repair programs would
provide emission factors that reflect each company’s experience and emission reduction
efforts more accurately. Allowing some companies to choose to use this novel approach will
require collaboration from industry, the EPA, and other stakeholders to establish a robust
and transparent process to improve the accuracy of methane emission reporting.

9. Support for Developing Hydrogen Market

For hydrogen supply and end-use demand to develop, there are several areas in which
this emerging fuel option would require support:

° RD&D support: Funding support for research into hydrogen transportation,
distribution, storage in dedicated systems and the existing natural gas
network. Also, research to evaluate of impacts of hydrogen in natural gas
end-use equipment.

° Incentives: Incentives for hydrogen production and use to overcome near-
term cost hurdles.

° Pilot projects: Expansion of pilot projects to identify technical, economic,
policy, and regulatory barriers for the use of hydrogen as a fuel.

° Blending agreements: depending on the pathways to hydrogen deployment,
standards governing operating parameters such as allowable blending levels
will be required for both distribution and transmission systems. Where
hydrogen is injected directly into the distributions system, state regulators
will need to approve governance structures and rules (similar to RNG). For
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the jurisdiction of the Federal Energy Regulatory Commission may need to be

. hydrogen to be injected into the interstate transmission system tariffs under
updated, as well as the re-negotiation of some commercial agreements.

° Codes and standards: For hydrogen to be adopted as a fuel, codes and
standards governing its use need to be established (e.g., building codes, fire
codes, etc.).

10. Improved Building Codes for New Construction That Reduce Heating Load but
Maintain Fuel Choice

The pathways in this study include expectations for newly constructed buildings to be
significantly more energy-efficient. While incentives for better building practices are part
of some existing utility programs and may play an important role in the transition, achieving
very high levels of compliance will likely require updates to building codes to mandate
these improvements.

The building codes included in some pathways of this analysis are modeled on one of
the leading energy building codes in North America, British Columbia’s Energy Step Code.
This code progressively builds up the required efficiency improvements towards a goal of
buildings achieving an 80% reduction in heating load by 2050. The building code itself is
‘fuel-neutral’ and leaves options for both gas or electric heating equipment.

The process for developing new building energy codes will be driven by national and
international consensus organizations and implemented at the state and local level. Still, the
engagement of the federal government and other stakeholders can provide standardized
supporting materials and guidance to facilitate these processes.

11. Compensating Gas Customers for Cost Savings They Achieve for Electric Customers

In addition to continuing to serve gas customers (with reduced annual throughput),
maintaining gas infrastructure on net-zero pathways is likely to offer several benefits to the
electric grid and electric customers. This could be through energy storage, load flexibility,
and peak shaving provided by a range of different gas measures and technologies.

One specific example included in the illustrative pathways in this study would be hybrid
gas-electric integrated heating systems. In these arrangements, an existing gas customer
would replace their air-conditioning unit with an electric air-source heat pump, which
can provide both heating and cooling, but maintain their existing gas furnace to provide
supplemental heating instead of installing electric resistance backup heating. This dual-
fuel system can limit the growth in electric peak demand and could provide flexibility to
the electric system (for example, hybrid system could switch from electric to gas heating
if the electric grid is experiencing a period of low levels of generation from intermittent
renewable sources). Hybrid heating systems are not without challenges and would require
different regulatory structures to accommodate them.

While the hybrid heating systems and other gas measures to support the electric grid may
reduce overall energy system costs, the reduced gas sales volumes from hybrids would put
upward pressure on gas rates to avoid rate increases on electric customers. As such, there
may be a need to study how gas and electric utilities can partner to recognize the value
each system brings—and compensate their corresponding customers equitably.

Regardless of the approach taken, decarbonization will require the involvement of a wide
range of policymakers and other stakeholders making choices with the potential to result
in significant impacts on a wide range of consumers. Customer bills, the environment, the
economy, energy reliability, and many other areas will be affected by emissions reduction
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initiatives. Consequently, utility regulators will need to be engaged at every level. In addition
to local, state, and federal regulators, legislators, and executive branches, other kinds of
regulators (for example, regional organizations like electric independent system operators
or the North American Electric Reliability Corporation) will be critical.

Utility regulation has historically focused on providing safe and reliable service at the
lowest cost to consumers with relatively limited explicit consideration of environmental
impacts. At the same time, state and federal environmental regulators have not historically
considered the details of utility ratemaking and cost recovery when setting emission
standards. More recently, cities have started to establish environment-focused regulations
with limited coordination with other environmental or utility regulators, businesses, labor,
or consumer groups. In addition, policies established within one city can affect customers
across a wide geographic region that have not participated in the decision. Successful
decarbonization that minimizes consumer cost impacts will require coordination between
local, state, and federal regulators and legislators, and coordination between regulators and
utilities. Regulators and legislators will need to ensure that policies to lower emissions and
incentives to develop and implement new technologies and new approaches are sufficient
to drive desired activity as reliably and cost-effectively as possible and without unintended
consequences for customers.

A successful, reliable, cost-effective decarbonization program requires a cooperative,
coordinated pathway across sectors, energy sources, and levels of government.




Jll 6 KEY TAKEAWAYS

Climate change is one of the defining challenges of our time. Addressing climate change
will require fundamental changes in energy use throughout our economy. Gas utilities have
an opportunity to help their customers and communities address these priorities. This
report provides an in-depth assessment of several illustrative pathways that demonstrate
the different kinds of emissions reduction opportunities available to gas utilities; the role
of existing and emerging technologies; and other key considerations that will be essential
in creating effective and equitable decarbonization initiatives. A variety of key takeaways
stemming from this analysis are shown below.

1. Gas utilities and gas infrastructure can play crucial and enduring roles when building
pathways to achieve a net-zero emissions future

Natural gas is a core component of the US energy system, and gas infrastructure delivers
more energy in the U.S. than electrical infrastructure, particularly during times of peak
energy usage. More than fifty percent of American households currently use natural gas
as a heating fuel, and reliance on gas is even higher in many colder regions. The scale of
the U.S. economy’s dependence on gas infrastructure means that any realistic pathway to
net-zero emissions by 2050 will need to address carbon and methane emissions associated
with the use of natural gas. However, the current reliance on gas infrastructure also
highlights the importance of utilizing the existing infrastructure to address climate change.
Policymakers have long favored gas for its affordability, reliability, resiliency, and ability to
store and transport large amounts of energy when cold outdoor temperatures drive large
spikes in space heating energy use. Those benefits also offer important opportunities when
considering pathways to a net-zero emissions future.

For this report, ICF worked with the AGA to develop a set of illustrative pathways combining
different technologies and approaches to emission reductions with a focus on opportunities
to reduce greenhouse gas emissions within gas utilities’ purview, including operations and
the direct use of natural gas by utility customers across residential, commercial, industrial,
and transportation sectors. In these pathways, the U.S. economy is able to continue to rely
on gas infrastructure to maintain reliability, meet peak energy demand, and realize the
other benefits gas infrastructure brings to the overall energy system—while also reaching
net-zero greenhouse gas emissions.

2. Using a range of different approaches and technologies, gas utilities can meet net-zero
GHG emissions targets, and the appropriate mix of measures will vary by region and utility

This analysis demonstrates the significant greenhouse gas emissions reduction potential
of a wide range of existing and emerging energy efficiency and gas equipment options.
These include high-efficiency appliances, better insulation for buildings, smart thermostats,
gas heat pumps, and hybrid gas-electric integrated heating systems, among others. The
study also highlights the significant supply potential of different options for RNG, hydrogen
blending, and opportunities to unlock greater renewable and low carbon gas supply through
hydrogen by methanating it into a synthetic renewable natural gas. There are also options
to rely more or less heavily on offsets or carbon sinks to reach net-zero.

The pathways discussed in this report combine a number of different measures and core
strategies to reach net-zero emissions targets. As with any complex forward-looking
projection incorporating a wide array of data inputs, these pathways depend on a range of
assumptions. Because more emphasis was placed on developing pathways showcasing a
diversity of options to meet 2050 targets—rather than optimizing all technologies included
in a given scenario or trying to reach interim milestones— this study does not attempt to

AGA Net-Zero Emissions Opportunities for Gas Utilities m
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predict what is most likely to happen by 2050. The results are presented at the national level,;
further analysis including highly localized considerations (including costs) will be needed to
study these and other pathways for a given region.

Particularly given the diverse array of measures available, the optimal pathways for a specific
region and utility will vary based on highly localized factors, such as climate/temperatures,
energy prices, the composition of the housing stock, and commercial and industrial base, as
well as the capacity, age and GHG intensity of existing electricity generation, transmission,
and distribution infrastructure. The other decarbonization pathways adopted in a given area,
including for sectors outside the scope of this work (e.g., power generation and transportation)
and the speed of change, will also impact the optimal pathway for a given region.

3. The ability of gas infrastructure to store and transport large amounts of energy to
meet seasonal and peak day energy use represents an important and valuable resource
that needs to be considered when building pathways to achieve net-zero greenhouse
gas emissions goals

Many of the discussions and analyses looking at net-zero emissions targets begin from
the assumption that mandated electrification of all fossil fuel uses, including all uses of
natural gas, will be required, and that most, if not all, of the existing natural gas distribution
infrastructure will need to be phased out. Stakeholders may not fully recognize the value
of natural gas decarbonization strategies or the potential risks of a limited decarbonization
approach that focuses exclusively on electrification of all sectors of the economy.

It’s important to note that the peak space heating load currently served by natural gas is
significantly larger than what the electrical system is designed for in most regions. This is
largely because the existing gas energy storage and delivery infrastructure was primarily
designed to reliably serve customers through spikes in consumption during cold winter
periods, while the electric infrastructure was generally designed for lower levels of peak
demand (largely driven by summer air conditioning loads). Over the last five years, the
demand for natural gas during the coldest winter month has been about 58% higher than
the demand for electricity during the peak summer month within the buildings sector, and
about 84% higher than the demand for electricity for all end-uses.

Because of this, a large-scale shift to electric heating—even using highly-efficient technology
such as air-source heat pumps—would likely drive significant increases in peak electric
loads, shift the electric grid from summer peaking to winter peaking in many locations, and
increase the challenges associated with decarbonizing electric generation using intermittent
renewable sources. In contrast, leveraging both gas and electricity in decarbonization
plans could help alleviate other challenges associated with an electrification-only approach.
Planning for a net-zero future should not necessitate a choice between one energy system
or another energy system (gas, electricity, or other forms)—making use of both systems for
their relative strengths should allow for a lower-risk pathway to reducing emissions.

4. Continued utilization of gas infrastructure can increase the likelihood of successfully
reaching net-zero targets while minimizing customer impacts

Any pathway to net-zero emissions will require transformative changes to multiple energy
systems and the economy as a whole and will face a number of significant emergent
challenges (both expected and unexpected). However, some decarbonization pathways
are likely to be more feasible to implement, appealing to customers, and have a higher
chance of success. All of the emissions reduction options need to be considered and,
where viable, deployed in net-zero emissions pathways to maintain flexibility, decrease
the chances of energy systems failing, maintain or increase existing public support for
aggressive climate action, and increase the chances of reaching net-zero targets. Pre-

127




AGA Net-Zero Emissions Opportunities for Gas Utilities: Key Takeaways February 2022

selecting ‘winning’ technologies for 2050 or making decisions to shut down some energy
systems that customers across all sectors currently rely on will reduce the role that
innovation can play in supporting emissions reductions and may make it more difficult and
expensive to achieve the net-zero emissions goals.

5. Large amounts of renewable and low-carbon electricity and gases, and negative
emissions technologies, will be required to meet an economy-wide 2050 net-zero target

As in the power sector, rapid and widespread adoption of renewable, low-carbon, and
negative emissions resources in the gas sector will be essential to decarbonizing the
energy supply if the gas distribution system is to be part of the decarbonization solution.
All pathways included in this study incorporate a significant expansion of renewable natural
gas (RNG) and hydrogen consumption. RNG has a clear role in helping different sectors
to decarbonize. Uncertainties remain regarding the pace of technology advancements,
competition from other sectors for this renewable energy, and policy approaches that will
impact how quickly production levels can be ramped up, costs, and what total volumes
might be achievable. Nonetheless, given its large potential to significantly reduce emissions,
efforts should be taken to support the development and deployment of RNG and hydrogen
projects as these issues are being studied and addressed. In order for the economy to reach
net-zero targets, there will likely be a use for all of the renewable gas that can be produced.

6. Gas utilities can achieve significant emission reductions by pursuing immediate actions
like expanded energy efficiency, renewable fuels, and methane emissions mitigation

Regardless of the general approach to decarbonization, there are several immediate
actions that will advance climate change objectives. Improvements in energy efficiency are
often the lowest-cost approach to reducing emissions and can have a significant impact
while also offering a range of benefits to customers (from reduced bills to increased
comfort). Many of the energy efficiency measures that gas utilities can support, such as
smart thermostats or building insulation retrofits, also promote customer choice since they
can support decarbonization pathways using both electric and gas end uses. Any pathway
to net-zero will also require significant increases in renewable and low carbon gas, and all
of the production that can be brought online will likely be needed. Finally, more accurate
quantification and reduction of methane leaks is also a key strategy approach to reducing
GHG emissions. However, more precise and company-specific methane emissions factors
will likely be needed to capture direct utility emissions more accurately and help utilities
prioritize and track leak reductions going forward.

7. Supportive policy and regulatory approval will be essential for gas utilities to achieve
net-zero emissions

Reaching net-zero emissions targets will require transformative changes to our energy
systems and economy, and the analysis in this report lays out a series of illustrative
pathways demonstrating the kinds of ways in which gas utilities can support this transition.
However, gas utilities cannot implement many of these decarbonization pathways on
their own. Gas utilities operate under strict regulations by state and federal regulators
and must adhere to many rules and processes. There are set parameters on the rates they
charge customers to recover costs for investments and operating expenses, including
the gas supply acquisitions. Natural gas utility regulations have historically focused on
providing safe, reliable, and affordable service to consumers. There would be benefits
to integrating environmental considerations into gas utility regulatory constructs.
Environmental and climate policy must be aligned with gas utility regulatory constructs
for gas utilities to continue to invest in gas infrastructure while advancing cost-effective
emissions reduction opportunities.
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8. With increased RD&D and coordination with the electric sector, there are greater
opportunities to unlock more decarbonization measures that leverage the gas system

The IEA stated in their Net Zero by 2050 report that by 2050, almost 50% of the reductions
in CO2 emissions must come from technologies that are “currently at the demonstration or
prototype phase. Major innovation efforts must take place this decade to bring these new
technologies to market in time.”™® The net-zero pathways in this study include a balance of
existing technologies in the market today, early-stage commercial technologies that are just
beginning to reach the market, and emerging technologies, at different stages of research,
development, and demonstration (RD&D). RD&D funding offers a critical opportunity
to support major new emissions reductions solutions, some of which are envisioned in
this report, while others may not yet have been conceptualized. Given the scale of the
challenge in reaching net-zero greenhouse gas emissions across the economy, and the
inherent uncertainty in possible pathways to achieving net-zero emissions in other parts of
the economy, companies and the government should continue to increase investment in
gas system RD&D opportunities. Investments to unlock longer-term opportunities do not
mean avoiding taking action now, particularly on immediate actions, but parallel efforts to
develop new and improved solutions can help make achieving these targets more likely and
cost-effective. While RD&D needs are by no means exclusive to gas technologies, there are
a number of promising areas to support, including gas heat pumps, hydrogen blending, and
thermal gasification.

There may also be opportunities to take a more collaborative approach to decarbonization
across both the electricity and gas systems. The current natural gas and electric systems
have evolved together to meet customer energy needs with a high degree of reliability,
at a relatively low cost, by effectively leveraging the relative benefits of both energy
systems. Responding to the need for deep greenhouse gas emissions reductions will
create fundamental challenges to both systems, particularly due to the need to shift from
conventional gas supply and power generation sources to emerging renewable and low-
carbon power and gas sources. Supporting a system where gas and electric utilities can
continue to work together to reduce emissions could help minimize negative customer
impacts, maintain high reliability, and create opportunities for emerging technologies (such
as power-to-gas and hydrogen) to support the needs of both systems, accelerate carbon
reductions, and improve overall energy system resiliency. All options should be on the table
to ensure a cost-effective, reliable, resilient, and equitable transition to a net-zero energy
system, and gas and electric utilities both have roles to play to support this transition.

123  https://www.iea.org/reports/net-zero-by-2050
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APPENDICES

A. DISTRIBUTED ENERGY RESOURCES POTENTIAL MODEL
(DERPM) OVERVIEW

The demand side technical modeling for residential and commercial sectors was performed
using ICF’s Distributed Energy Resources Potential Model (DERPM). DERPM is a measure-
based, bottom-up model built upon the best practice principles for potential modeling
outlined by National Action Plan for Energy Efficiency (NAPEE) in their Guide for Conducting
Energy Efficiency Potential Studies.” The model was designed to handle joint gas and
electric energy efficiency, distributed energy resources, demand response (including load
flexibility), and electrification; and it can be used to calculate technical, economic, and
achievable potential estimates. DERPM has an Excel front end, with an “R” code back-end
that allows the model to handle many permutations.

Distributed Energy Resources Potential Model (DERPM) is ICF’s leading edge potential
study model built on more than a decade’s worth of ICF’s experience performing potential
studies. It offers a simple Excel-based front end and employs an open-source R script
plug-in for all computationally intensive calculations.

DERPM was built to simultaneously (as needed) perform bottom-up potential studies for:
1.  Joint Gas & Electric Energy Efficiency
Demand Response

Distributed Energy Resources
(i.e., cogeneration, PV, behind-the-meter battery storage)

4. Electrification (G2E, EV, and Fuel Switching)

DERPM interfaces with DOE’s Open Studio and EnergyPlus to develop accurate building
load profiles. It was also built with enough computational power to run sophisticated
optimization scripts and Monte Carlo risk analysis. DERPM outputs rich details in many flat
files (CSV) that can be interpreted in Excel, Tableau, or PowerBI.

For this study, the technical modeling examined U.S. gas demand from residential and
commercial customers by Census region over 30 years and explored energy savings
strategies across the U.S. Exhibit 46 illustrates the DERPM simplified version used to
quantify carbon emissions reduction from the reference case of the four energy efficiency
pathways scoped in this analysis and described in Section 4.1.2.

The four energy efficiency pathways differences are incorporated into the modeling
throughout their technology focus and the velocity in their adoption rates. In total, a set
of 35 technologies was considered in the analysis. Every decarbonization pathway was
modeled separately, and depending on every approach, a subset of those technologies
was flagged, or more weight was put on their rate of penetration curves (Table 7 shows the
list of measures/technologies included by pathway). The model results were obtained for
every technology separately but grouped and presented in the body of this report into six
categories to simplify the description of the outcomes: Dedicated hydrogen infrastructure,
Efficient envelopes, Gas heat pumps, Selective electrification, Hybrid gas/electric heating,
and Other energy efficiency measures—a detailed list of technologies by each subset of
measures is presented in Table 7.

124 National Action Plan for Energy Efficiency (2007). Guideline for Conducting Energy Efficiency Potential Studies. https:// m
www.epa.gov/sites/production/files/2015-08/documents/potential_guide O.pdf
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Exhibit 46 -
. ICF’s DERPM Model (lllustrated Here) was Established to Study Pathways Development
INPUTS PROCESS OUTPUTS
Prices and Economic
Inputs All Key Indicators
Measure Level Scenario Development | (Natural Gas and
Characteristics s electricity net savings,
GHG abatement,
incremental data on
( > [ Potential Estimation > installations costs)

Measure Bundle Results
Energy Demand Forecast

Scenario — Level
Results

Eligible Stock Forecast

The model used information on applicable units, energy demand forecast, penetration rate
curves, and gas savings curves to calculate each pathway's energy savings and carbon
emission reductions. The definition of the main inputs is briefly explained below, and a data
summary is presented in Appendix B.

e Applicable Units: This input information contains the baseline stock forecast
for every measure and every year—Table 9 and Table 15 show the baseline
stock forecast by Census region and vintage. For the residential sector, the
data includes the breakdown of number of multifamily and single-family
households by primary gas equipment end use, including space heating, space
cooling, water heating, cooking, and other uses. For the commercial sector,
information includes square footage forecast of gas customers split into four
sub-sectors: institutional, offices, retail businesses, and other businesses.
Baseline stock forecast assumes the same customer growth as AEO 2021, and
calculation splits customers between existing buildings and new construction

° Energy Use Intensity: This input includes gas demand breakdown of residential
and commercial sectors by sub-sector and end-use (Table 10 and Table 16).
As expected, most gas demand goes to space heating across all Census
regions differing in the amount of fuel consumed per customer. For example,
customers in the Northeast region consume more natural gas than those in the
West region due to colder winters.

Consumption per customer forecast assumes consumption per customer
remains constant over the study period and also that new construction is
expected to perform 20% more efficiently for space heating than existing
buildings as a result of better envelope components and building HVAC
components commercially available for new building designs

° Penetration rate curves: This user defined input includes the share of eligible
stock expected to adopt each efficiency measure every year. These assumptions
vary by each pathway and sector, as shown from Table 11 to Table 14 for residential
and from Table 17 to Table 20 for the commercial sector

° Gas savings rates: This input specifies how measures’ energy savings
assumptions are divided between different end-uses (see Table 8)
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DERPM takes the inputs described above and estimates potential savings from applying the
efficient measures available for each sub-sector end-use. This quantifies how much energy
and demand could be reduced, given the efficient technologies available. To compute total
savings potential, the model runs all permutations combining savings per EE measure unit,
expected measure penetration, and total number of measure units (or total eligible stock)
by all adoption types (ROB, RET, and NC)."?°

In order to keep from overestimating potential estimation, DERPM accounts for the
interactions between measure types. For instance, a building shell improvement measure
will reduce the overall heating and cooling load of a building, which will impact the savings
obtainable from the implementation of an efficient natural gas heat pump, and the savings
available from a behavioral program. To account for these interactions, DERPM implemented
a cascading approach, in which the savings from the first measure decrease the baseline
end-use Energy Use Intensity for the next measure, and therefore, the savings opportunity
for the next measure. Under this type of system, we assume an implementation hierarchy
to allow for a straightforward cascade of impacts between measures. The cascading order
of measures was provided as an input to the model; this means that a change in measures
hierarchy interaction could result in different savings results for individual measures without
changing overall demand reduction results.

Finally, DERPM generates outputs that contain MMBtu gas savings, and GHG annual
incremental savings for each measure bundle. Those results were summarized and combined
with the industrial sector analysis results and presented in Section 4.2.

125 Measures’ adoption type definitions:

® Time of Sale or Replace on Burnout (ROB) which applies to those units installed for customers who would purchase a new product
independently of an efficiency program, with the program only influencing the product's efficiency level

®  Retrofit (RET) which applies to all existing buildings that would be influenced by programs aimed to convince customers to add m

efficiency measures

®  New Construction (NC) applies to all new units installed every year that are part of efficiency measures included in design or building
construction



B. DERPM INPUTS

Measures Assumptions

Table 7 - List of Measures by Subgroups

Measure Type Pathway
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Building re-comissioning and O&M measures v v v v (4 v
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(incl CHP) v v v v v 4 (4
Energy Saving Kits v 4 v v v v v
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5 EnergyStar Cooking Appliances v 4 v v v (%4 v 4
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Higher Efficiency Gas Cooling 4 v v v v v v
Low Flow Fixtures v v v v v v v
Replacing Other Use (Incl. CHP) with Grid
Electricity & Gas Boiler v v v v v
Smart Thermostat v v v v v v v
Tankless Water Heaters v v v v v v v v
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o o Electric ASHP v v v v v
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Measures Assumptions

Table 8 - Measure Energy Savings

Residential Commercial
End Use Measure Vintage
Office Retail
. Existing Building 100% 100% NA NA NA NA
3 o Electric Dryer
cc New Construction 100% 100% NA NA NA NA
5> Existing Building 27% 27% NA NA NA NA
oo EnergyStar Dryer
v oy Y New Construction 27% 27% NA NA NA NA
. . . Existing Building 100% 100% 100% 100% 100% 100%
o Electric Cooking Appliances -
e New Construction 100% 100% 100% 100% 100% 100%
kv . . Existing Building 23% NA 5% 5% 5% 5%
) EnergyStar Cooking Appliances -
o New Construction 23% NA 5% 5% 5% 5%
(%) . L . . Existing Building NA 23% NA NA NA NA
High Efficiency Cooking Appliances .
New Construction NA 23% NA NA NA NA
. Existing Building 100% 100% 100% 100% 100% 100%
Electric Heat Pump Water Heater "
New Construction 100% 100% 100% 100% 100% 100%
Ener Saving Kits Existing Building 15% 15% 20% 20% 20% 20%
gy 9
Existing Building 19% 19% 6% 6% 6% 6%
EnergyStar Tank Water Heater 5
New Construction 19% 19% 5% 5% 5% 5%
Existing Building 51% 51% 32% 32% 32% 32%
Gas Heat Pump Water Heater
-~ New Construction 51% 51% 31% 31% 31% 31%
g Hyd Boil Existing Building 100% 100% 100% 100% 100% 100%
© rogen Boiler
; Y 9 New Construction 100% 100% 100% 100% 100% 100%
- . Existing Building 100% NA 100% 100% 100% 100%
o Hydrogen CHP Water Heating 5
T New Construction 100% NA 100% 100% 100% 100%
L . Existing Building 100% 100% 100% 100% 100% 100%
Hydrogen District Water Heating 5
New Construction 100% 100% 100% 100% 100% 100%
. . Existing Building NA 100% NA NA NA NA
Hydrogen Micro-CHP Water Heating
New Construction NA 100% NA NA NA NA
Low Flow Fixtures New Construction NA 15% 20% 20% 20% 20%
Existing Building 27% 27% 5% 5% 5% 5%
Tankless Water Heaters -
New Construction 32% 27% 4% 4% 4% 4%
. . Existing Building 100% 100% NA NA NA NA
Electric Appliances -
New Construction 100% 100% NA NA NA NA
- . Existing Building 8% 8% NA NA NA NA
o EnergyStar Appliances -
< New Construction 8% 8% NA NA NA NA
- -
o Efficiency Improvements to Reduce Other Use Existing Building NA NA 25% 25% 25% 25%
(incl CHP) New Construction NA NA 25% 25% 25% 25%
. . . Existing Building NA NA 100% 100% 100% 100%
Replacing Other Use (Incl. CHP) with Electric .
New Construction NA NA 100% 100% 100% 100%
o o - . Existing Building NA NA 100% 100% 100% 100%
0.t Electrified Cooling - . . . .
© _° New Construction NA NA 100% 100% 100% 100%
2 (o] . . . Existing Building NA NA 10% 10% 10% 10%
o Higher Efficiency Gas Cooling "
New Construction NA NA 10% 10% 10% 10%
Behavioral - Home Energy Reports Existing Building 2% 2% NA NA NA NA
Electric ASHP Existing Building 100% 100% 100% 100% 100% 100%
ectric
New Construction 100% 100% 100% 100% 100% 100%
Existing Building Retrofits: Building shell . P
3 Existing Building 5% 15% 5% 5% 5% 5%
improvements
Existing Building Retrofits: Building shell Retrofit Existing Building 25% 30% 25% 25% 25% 25%
. Existing Building 37% 41% 39% 39% 44% 44%
Gas Heat Pumps for Space Heating 5
New Construction 31% 36% 38% 38% 43% 43%
. L . Existing Building 14% 14% 17% 17% 17% 7%
High Efficiency Gas Furnaces / boiler
New Construction 5% 5% 16% 16% 16% 16%
) . ) Existing Building 75% 75% 75% 75% 75% 75%
Hybrid gas-electric (ASHP with gas backup) -
New Construction 75% 75% 75% 75% 75% 75%
o Existing Building 100% NA 100% 100% 100% 100%
oe Hydrogen CHP 5
0= New Construction 100% NA 100% 100% 100% 100%
L3
g [} L . Existing Building 100% 100% 100% 100% 100% 100%
"o Hydrogen District Heating 5
I New Construction 100% 100% 100% 100% 100% 100%
. Existing Building 100% 100% 100% 100% 100% 100%
Hydrogen Furnace/Boiler
New Construction 100% 100% 100% 100% 100% 100%
Hvd Mi CHP Existing Building NA 100% NA NA NA NA
ydrogen Micro- -
New Construction NA 100% NA NA NA NA
New Construction: Aggressive Building Codes New Construction 80% 80% 80% 80% 80% 80%
New Constrgl_cetcl?]gzolBoegsite(SZonvent|ona| New Construction 40% 40% 40% 40% 40% 40%
S tTh tat Existing Building 7% 7% NA NA NA NA
mar ermosta
New Construction 7% 7% NA NA NA NA
Behavioral Measures Existing Building NA NA 2% 2% 2% 2%
- Existing Building NA NA 5% 5% 5% 5%
Building Control System
New Construction NA NA 5% 5% 5% 5%
Building re-comissioning and O&M measures Existing Building NA NA 10% 10% 10% 10%
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Residential Sector Assumptions

Applicable Units

Table 9 - Residential Sector Equipment Stock by End-Use (million units)

Existing Buildings New Construction
Census
Region Sub-sector End use
2020-2050
Space heating 4.8 3.8 -22% - 2.6
Water heater 4.5 3.5 -22% - 2.3
Multifamily Cooking equipment 51 4.0 -22% = 2.8
Clothes dryers 0.5 0.4 -22% - 0.4
Other 0.7 0.6 -22% - 0.4
Northeast
Space heating 7.4 6.2 -16% - 3.5
Water heater 6.8 5.7 -16% - 3.1
Single Family Cooking equipment 6.7 5.6 -16% - 3.3
Clothes dryers 3.5 3.0 -16% - 2.5
Other 2.2 1.9 -16% - 0.9
Space heating 55) 2.7 -22% - 1.8
Water heater 3.3 2.6 -22% - 1.7
Multifamily Cooking equipment 1.8 1.4 -22% - 1.0
Clothes dryers 0.5 0.4 -22% - 0.4
. Other 0.2 0.2 -22% - 0.1
Midwest
Space heating 16.6 13.9 -16% - 7.8
Water heater 13.7 1.5 -16% - 6.2
Single Family Cooking equipment 9.3 7.8 -16% - 4.6
Clothes dryers 6.3 5.3 -16% - 4.6
Other 2.6 2.2 -16% - 1.0
Space heating 1.7 1.3 -22% - 0.9
Water heater 2.1 1.6 -22% - 1.1
Multifamily Cooking equipment 1.6 1.2 -22% = 0.9
Clothes dryers 0.1 0.1 -22% - 0.1
Other 0.4 0.3 -22% - 0.2
South
Space heating 12.9 10.8 -16% - 59
Water heater n.7 9.8 -16% - 5.3
Single Family Cooking equipment 10.0 8.4 -16% - 5.0
Clothes dryers 2.4 2.0 -16% - 1.7
Other 4.0 3.3 -16% - 1.5
Space heating 2.7 2.1 -22% - 1.4
Water heater 5.0 3.9 -22% - 2.5
Multifamily Cooking equipment 2.8 2.2 -22% - 1.5
Clothes dryers 0.6 0.5 -22% - 0.5
Other 0.8 0.6 -22% - 0.4
West
Space heating 12.2 10.2 -16% - 57
Water heater 12.9 10.9 -16% - 59
Single Family Cooking equipment 10.6 8.9 -16% - 5.3
Clothes dryers 5.3 4.5 -16% - 3.8
Other 3.9 3.3 -16% - 1.5
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Residential Sector Assumptions

Gas Use Intensity

Table 10 - Residential Sector
Annual Gas Demand by End-Use and Sub-sector (million Btu per household)

Vintage

Sub-sector

End use

February 2022

Household End-Use Consumption

Northeast

Midwest

Space Heating 321 30.3 18.8 9.7

Water Heating 17.9 14.7 13.0 10.3

Multi-family Cooking 1.2 1.1 1.2 3.8
Clothes Dryers 0.8 0.5 1.1 3.2

Other 28.7 2.1 20.3 25.8

Existing Households

Space Heating 911 80.9 49.7 44.8

Water Heating 21.0 18.7 18.1 14.5

Single Family Cooking 1.5 1.2 1.3 4.6
Clothes Dryers 0.9 0.9 1.1 4.7

Other 9.4 2.3 18.0 36.6

Space Heating 25.7 24.3 15.0 7.7

Water Heating 17.9 14.7 13.0 10.3

Multi-family Cooking 1.2 1.1 1.2 3.8
Clothes Dryers 0.8 0.5 1.1 3.2

Other 28.7 2.1 20.3 25.8

New Construction

Space Heating 72.9 64.7 39.8 35.8

Water Heating 21.0 18.7 18.1 14.5

Single Family Cooking 1.5 1.2 1.3 4.6
Clothes Dryers 0.9 0.9 11 4.7

Other 9.4 2.3 18.0 36.6
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Residential Sector Assumptions

Penetration rate curves

Table 11 - Residential Sector Penetration Rate Curve -
Pathway 1 Gas Energy Efficiency Focus (percentage of active units)

February 2022

Measure Name Sub-sector Delivery Type | 2020 | 2025 | 2030 | 2035 | 2040 | 2045 | 2050
Behavioral - Home Energy Single Family Retrofit 0% 60% 80% 80% 80% 80% 80%
Reports Multifamily Retrofit 0% 60% 60% 60% 60% 60% 60%
Ener Saving Kits Single Family Retrofit 0% 2% 2% 2% 2% 2% 2%
9y 9 Multifamily Retrofit 0% 2% 2% 2% 2% 2% 2%
) . Time of Sale 0% 30% 80% 80% 80% 80% 80%
Single Family X
. New Construction 0% 30% 80% 80% 80% 80% 80%
EnergyStar Appliances =
e~ Time of Sale 0% 30% 80% 80% 80% 80% 80%
ultifami
Y New Construction 0% 30% 80% 80% 80% 80% 80%
EnergyStar Cooking Multifamil Time of Sale 0% 50% 80% 80% 80% 80% 80%
Appliances vititamity New Construction 0% 50% 80% 80% 80% 80% 80%
B Time of Sale 0% 30% 80% 80% 80% 80% 80%
ingle Fami
EnergvStar Drver d Y New Construction 0% 30% 80% 80% 80% 80% 80%
gy ¥ ) . Time of Sale 0% 30% 80% 80% 80% 80% 80%
Multifamily New Construction 0% 30% 80% 80% 80% 80% 80%
Single Famil Time of Sale 0% 40% 85% 60% 15% 15% 15%
ingle Fami
9 v New Construction 0% 40% 80% 55% 10% 10% 10%
EnergyStar Tank Water Heater -
Multifamil Time of Sale 0% 40% 85% 73% 55% 55% 55%
ultifami
v New Construction 0% 40% 80% 55% 10% 10% 10%
Existing Building Retrofits - Single Family Retrofit 0% 1% 1% 1% 1% 1% 1%
Building shell improvements Multifamily Retrofit 0% 1% 1% 1% 1% 1% 1%
Existing Building Retrofits - Single Family Retrofit 0% 1% 1% 1% 1% 1% 1%
Building shell Retrofit Multifamily Retrofit 0% 1% 1% 1% 1% 1% 1%
B Time of Sale 0% 1% 10% 35% 80% 80% 80%
ingle Fami
d Y New Construction 0% 1% 10% 35% 80% 80% 80%
Gas Heat Pump Water Heater =
e~ Time of Sale 0% 1% 10% 22% 40% 40% 40%
ultifami
Y New Construction 0% 1% 10% 35% 80% 80% 80%
Single Famil Time of Sale 0% 1% 10% 35% 75% 75% 75%
ingle Fami
Gas Heat Pumps for Space ° Y New Construction 0% 1% 10% 35% 80% 80% 80%
Heating Multifamil Time of Sale 0% 1% 10% 22% 40% 40% 40%
ultifami
v New Construction 0% 1% 10% 35% 80% 80% 80%
High Efficiency Cooking B Time of Sale 0% 50% 80% 80% 80% 80% 80%
N ngle Fam
Appliances e amiy New Construction 0% 50% 80% 80% 80% 80% 80%
Single Famil Time of Sale 0% 50% 90% 65% 25% 25% 25%
ingle Fami
High Efficiency Gas Furnaces / d v New Construction 0% 50% 90% 65% 20% 20% 20%
boiler Multifamil Time of Sale 0% 50% 90% 78% 60% 60% 60%
ultifami
v New Construction 0% 50% 90% 65% 20% 20% 20%
. Single Family | New Construction 0% 30% 80% 80% 80% 80% 80%
Low Flow Fixtures - - -
Multifamily New Construction 0% 30% 80% 80% 80% 80% 80%
New Construction: Single Family | New Construction 0% 5% 95% 50% 50% 50% 50%
BestConventional Technologies| Multifamily New Construction 0% 5% 95% 50% 50% 50% 50%
New Construction: Single Family | New Construction 0% 0% 5% 50% 50% 50% 50%
Aggressive Building Codes Multifamily New Construction | 0% 0% 5% 50% | 50% 50% | 50%
) ) Retrofit 0% 2% 2% 3% 3% 3% 3%
Single Family New Construction 0% 25% 50% 85% 85% 85% 85%
Smart Thermostat -
Multifamil Retrofit 0% 2% 2% 2% 2% 2% 2%
ultifami
v New Construction 0% 25% 50% 85% 85% 85% 85%
i e e Time of Sale 0% 5% 5% 5% 5% 5% 5%
ingle Fami
d Y New Construction 0% 5% 10% 10% 10% 10% 10%
Tankless Water Heaters -
) . Time of Sale 0% 5% 5% 5% 5% 5% 5%
Multifamily -
New Construction 0% 5% 10% 10% 10% 10% 10%
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Residential Sector Assumptions

Penetration rate curves (con't)

Table 12 - Residential Sector Penetration Rate Curve -
Pathway 2 Hybrid Gas - Electric Heating Focus (percentage of active units)

February 2022

Measure Name Sub-sector | Delivery Type | 2020|2025 |2030 | 2035 | 2040|2045 | 2050
Behavioral - Home Energy Single Family Retrofit 0% 60% | 80% | 80% | 80% | 80% | 80%
Reports Multifamily Retrofit 0% 60% | 60% | 60% | 60% | 60% | 60%
) ) Time of Sale 0% 50% | 50% | 50% | 50% | 50% | 50%
Single Family - S S 5 s s s S
Electric Appliances New Construction 0% 50% 50% 50% 50% 50% 50%
Multifamil Time of Sale 0% 50% | 50% | 50% | 50% | 50% | 50%
Y New Construction 0% 50% 50% 50% 50% 50% 50%
Single Family Time of Sale_ OZA 50:% 50:4 50:4 50:/0 soz/o 50:4,
Electric Cooking Appliances New Construction 0% 50% 50% 50% 50% 50% 50%
P — Time of Sale 0% 50% | 50% | 50% | 50% | 50% | 50%
Y New Construction 0% 50% 50% 50% 50% 50% 50%
) ) Time of Sale 0% 50% | 50% | 50% | 50% | 50% | 50%
Single Family .
Electric Drver New Construction 0% 50% 50% 50% 50% 50% 50%
y Multifamil Time of Sale 0% 50% | 50% | 50% | 50% | 50% | 50%
Y New Construction 0% 50% 50% 50% 50% 50% 50%
Sinale Famil Time of Sale 0% 1% 15% | 40% | 40% | 40% | 40%
Electric Heat Pump Water o Y New Construction | 0% 1% 15% | 40% | 40% | 40% | 40%
Ti f Sal % 1% 15% 40% | 40% | 40% | 40%
Heater Multifamily ime of Sa e_ 0% b 5% 0% 0% 0% 0%
New Construction 0% 1% 15% 40% 40% 40% 40%
Ener Saving Kit Single Family Retrofit 0% 2% 2% 2% 2% 2% 2%
ergy saving Kits Multifamily Retrofit 0% | 2% | 2% | 2% | 2% | 2% | 2%
: ) Time of Sale 0% 20% | 40% | 40% | 40% | 40% | 40%
Single Family .
EnergyStar A Tances New Construction 0% 50% 50% 50% 50% 50% 50%
9y pp otifam Time of Sale 0% | 20% | 40% | 40% | 40% | 40% | 40%
Y New Construction 0% 50% 50% 50% 50% 50% 50%
EnergyStar Cooking Applian Multifamily Time of Sale 0% 20% | 40% | 40% | 40% | 40% | 40%
ergy ooking Appilances Multifamily New Construction | 0% | 20% | 40% | 40% | 40% | 40% | 40%
: ) Time of Sale 0% 20% | 40% | 40% | 40% | 40% | 40%
Single Family .
EnergyStar Drver New Construction 0% 50% 50% 50% 50% 50% 50%
9y y P — Time of Sale 0% 20% | 40% | 40% | 40% | 40% | 40%
Y New Construction 0% 50% 50% 50% 50% 50% 50%
) ) Time of Sale 0% 40% | 75% | 45% | 45% | 45% | 45%
Single Family -
New Construction 0% 40% 70% 45% 45% 45% 45%
EnergyStar Tank Water Heater Time of Sale 0% 40% | 75% | 45% | 45% | 45% | 45%
M |tf I 0 0 0 0 ‘0 ‘0 ¢
Jitramity New Construction | 0% | 40% | 70% | 45% | 45% | 45% | 45%
Existing Building Retrofits - Single Family Retrofit 0% 1% 1% 1% 1% 1% 1%
Building shell improvements Multifamily Retrofit 0% 1% 1% 1% 1% 1% 1%
High Efficiency Cooking sinale Famil Time of Sale 0% 20% | 40% | 40% | 40% | 40% | 40%
Appliances 9 Y New Construction | 0% 20% | 40% | 40% | 40% | 40% | 40%
N Time of Sale 0% 50% | 65% | 20% | 20% | 20% | 20%
High Efficiency Gas Furnaces / g Y New Construction | 0% | 50% | 20% | 20% | 20% | 20% | 20%
boiler Multifamily Time of Sale 0% 50% | 90% | 78% | 60% | 60% | 60%
New Construction 0% 50% 20% 20% 20% 20% 20%
Single Famil Time of Sale 0% 10% | 35% | 80% | 80% | 80% | 80%
Hybrid gas-electric (ASHP with 9 Y New Construction | 0% 15% | 80% | 80% | 80% | 80% | 80%
y g
gas backup) Multifamil Time of Sale 0% 1% 10% | 22% | 40% | 40% | 40%
Y New Construction | 0% 15% | 80% | 80% | 80% | 80% | 80%
Low Flow Fixtures Single Family New Construction 0% 30% 80% 80% 80% 80% 80%
Multifamily New Construction 0% 30% 80% 80% 80% 80% 80%
New Construction: Best Single Family New Construction | 0% 3% 20% | 100% | 100% | 100% | 100%
Conventional Technologies Multifamily New Construction | 0% 3% 20% | 100% | 100% | 100% | 100%
Retrofit 0% 2% 2% 3% 3% 3% 3%
Single Family New Construction | 0% | 25% | 50% | 85% | 85% | 85% | 85%
0 0 0 0 0 0 0
Smart Thermostat N r— Retrofit 0% 2% 2% 2% 2% 2% 2%
v New Construction 0% 25% 50% 85% 85% 85% 85%
) ) Time of Sale 0% 5% 10% 15% 15% 15% 15%
Single Family -
Tankl Wat Heat New Construction 0% 10% 15% 15% 15% 15% 15%
ankless VVater Heaters o Time of Sale 0% 5% 10% 15% 15% 15% 15%
Multifamily

New Construction

0%

10%

15%

15%

15%

15%

15%




AGA Net-Zero Emissions Opportunities for Gas Utilities: Appendix B February 2022

Residential Sector Assumptions
Penetration rate curves (con't)

Table 13 - Residential Sector Penetration Rate Curve -
Pathway 3 Mixed Technology Approach (percentage of active units)

Measure Name Sub-sector| Delivery Type 2020|2025 2030 | 2035|2040 | 2045 | 2050

Behavioral - Home Ener Reports Single Family Retrofit 0% 60% 80% 80% 80% 80% 80%
gy P Multifamily Retrofit 0% 60% 60% 60% 60% 60% 60%
. . Time of Sale 0% 50% 50% 50% 50% 50% 50%
Single Family -
Electric A liances New Construction 0% 50% 50% 50% 50% 50% 50%
PP Multifamil Time of Sale 0% 50% 50% 50% 50% 50% 50%
Y New Construction 0% 50% 50% 50% 50% 50% 50%
Ti f Sal % % 8% 10% 10% 10% 10%
Single Family ime of Sa e_ 0% 0% 3 0% 0% 0% 0%
A New Construction 0% 1% 15% 50% 50% 50% 50%
Electric ASHP Multifamil Time of Sale 0% 0% 5% 5% 5% 5% 5%
Y New Construction 0% 1% 15% 50% 50% 50% 50%
. . Time of Sale 0% 50% 50% 50% 50% 50% 50%
Single Family " 5 3 5 S S 3 3
Electric Cooking Appliances New Construction 0% 50% 50% 50% 50% 50% 50%
Multifamil Time of Sale 0% 50% 50% 50% 50% 50% 50%
Y New Construction 0% 50% 50% 50% 50% 50% 50%
Ti f Sal % % % % % % %
Single Family ime of Sa e_ Ooo 5000 5000 5000 SODo 5000 5009
Electric Dryer New Construction 0% 50% 50% 50% 50% 50% 50%
Multifamil Time of Sale 0% 50% 50% 50% 50% 50% 50%
Y New Construction 0% 50% 50% 50% 50% 50% 50%
Single Family Time of Sale- 0% 1% 15% 40% 40% 40% 40%
Electric Heat Pump Water Heater New Construction 0% 1% 15% 40% 40% 40% 40%
P Multifamily Time of Sale 0% 1% 15% 40% 40% 40% 40%
New Construction 0% 1% 15% 40% 40% 40% 40%
Ener Saving Kits Single Family Retrofit 0% 2% 2% 2% 2% 2% 2%
9y 9 Multifamily Retrofit 0% 2% 2% 2% 2% 2% 2%
. . Time of Sale 0% 20% 40% 40% 40% 40% 40%
Single Family " 5 3 5 5 5 3 3
EnergyStar A liances New Construction 0% 50% 50% 50% 50% 50% 50%
gy PP Multifamil Time of Sale 0% 20% 40% 40% 40% 40% 40%
Y New Construction 0% 50% 50% 50% 50% 50% 50%
A A Time of Sale 0% 20% 40% 40% 40% 40% 40%
Multifamil
EnergyStar Cooking Appliances UMY T ew Construction | 0% | 20% | 40% | 40% | 40% | 40% | 40%
Single Family Time of Sale. 0% 20% 40% 40% 40% 40% 40%
New Construction 0% 50% 50% 50% 50% 50% 50%
EnergyStar Dryer Multifamil Time of Sale 0% 20% 40% 40% 40% 40% 40%
Y New Construction 0% 50% 50% 50% 50% 50% 50%
Ti f Sal % 40% 70% % 20% 20% 20%
Single Family ime of Sa e_ 0% 0% 0% 30% 0% 0% 0%
New Construction 0% 40% 65% 30% 20% 20% 20%
EnergyStar Tank Water Heater Time of Sale 0% 40% 70% 30% 20% 20% 20%
Multifamil
ultifamily I ew Construction | 0% | 40% | 65% | 30% | 20% | 20% | 20%
Existing Building Retrofits - Single Family Retrofit 0% 1% 1% 1% 1% 1% 1%
Building shell improvements Multifamily Retrofit 0% 1% 1% 1% 1% 1% 1%
Single Family Time of Sale_ O:/o 1:/o 5:/0 15:%; 25:4 25:4 25:6
Gas Heat Pump Water Heater New Construction 0% 1% 5% 15% 25% 25% 25%
Multifamil Time of Sale 0% 1% 5% 15% 25% 25% 25%
Y New Construction 0% 1% 5% 15% 25% 25% 25%
. . Time of Sale 0% 0% 8% 30% 40% 40% 40%
Single Family New Construction 0% 0% 8% 15% 15% 15% 15%
Gas Heat Pumps for Space Heatlng Multifamil Time of Sale 0% 0% 3% 20% 20% 20% 20%
Y New Construction 0% 0% 8% 15% 15% 15% 15%
A A n n . . Time of Sale 0% 20% 40% 40% 40% 40% 40%
High Efficiency Cooking Appliances | single Family =50 = o050 [ 50% | 40% | 40% | 40% | 40% | 40%
Single Famil Time of Sale 0% 50% 45% 20% 10% 10% 10%
High Efficiency ° Y [ New Construction | 0% | 50% | 63% | 20% | 20% | 20% | 20%
Gas Furnaces boiler . . Time of Sale 0% 50% 78% 55% 55% 55% 55%
Multifamily 0 Construction | 0% | 50% | 63% | 20% | 20% | 20% | 20%
; 5 5 S S S S 5
. . Single Family Time of Sale_ 0% 8% 40% 40% 40% 40% 40%
Hybrid gas-electric New Construction 0% 1% 15% 15% 15% 15% 15%
(ASHP with gas backup) . . Time of Sale 0% 1% 15% 20% 20% 20% 20%
PR | Consmeten || 0% 1% 15% | 15% | 15% | 15% | 15%
Low Flow Fixtures Single Family | New Construction 0% 30% 80% 80% 80% 80% 80%
W Flow Fixtu Multifamily | New Construction | 0% | 30% | 80% | 80% | 80% | 80% | 80%
New Construction: Single Family | New Construction 0% 3% 20% 100% | 100% | 100% | 100%
Best Conventional Technologies Multifamily New Construction 0% 3% 20% 100% | 100% | 100% | 100%
. . Retrofit 0% 2% 2% 3% 3% 3% 3%
Single Family "
New Construction 0% 25% 50% 85% 85% 85% 85%
Smart Thermostat Retrofit 0% 2% 2% 2% 2% 2% 2%
Multifamil
ultifamily e w Construction | 0% | 25% | 50% | 85% | 85% | 85% | 85%
Single Famil Time of Sale 0% 5% 10% 15% 15% 15% 15%
T Kl Wat H t € ¥ New Construction 0% 10% 15% 15% 15% 15% 15%
Gl FLGEL L GELE Multifamil Time of Sale 0% 5% 10% 15% 15% 15% 15%
Y New Construction 0% 10% 15% 15% 15% 15% 15%
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Residential Sector Assumptions

Penetration rate curves (con't)

Table 14 - Residential Sector Penetration Rate Curve -

Pathway 4 Renewable and Low Carbon Gas Focus (percentage of active units)

Measure Name

Sub-sector

Delivery Type

February 2022

2020|2025|2030|2035|2040|2045/2050

Behavioral - Home Energy Single Family Retrofit 0% | 60% | 80% | 80% | 80% | 80% | 80%
Reports Multifamily Retrofit 0% | 60% | 60% | 60% | 60% | 60% | 60%
Ener saving Kits Single Family Retrofit 0% 2% 2% 2% 2% 2% 2%
9y 9 Multifamily Retrofit 0% 2% 2% 2% 2% 2% 2%
. : Time of Sale 0% 30% | 80% | 80% | 80% | 80% | 80%
Single Family "
EnergvStar A liances New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
9y PP Multifamil Time of Sale 0% 30% | 80% | 80% | 80% | 80% | 80%
ulti i
Y New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
EnergyStar Cooking Appliances Multifamil Time of Sale 0% | 50% | 80% | 80% | 80% | 80% | 80%
ultifami
gy 9 APP Y New Construction 0% 50% | 80% | 80% | 80% | 80% | 80%
) ) Time of Sale 0% | 30% | 80% | 80% | 80% | 80% | 80%
Single Family "
ENCrouStariorer New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
9y v Multifamil Time of Sale 0% | 30% | 80% | 80% | 80% | 80% | 80%
Y New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
: : Time of Sale 0% 40% | 85% | 75% | 70% | 70% | 65%
Single Family -
E Star Tank Wat Heat New Construction 0% 40% | 75% | 70% | 70% | 65% | 60%
nergystar fan ater Heater . . Time of Sale 0% 40% | 85% | 75% | 70% | 70% | 65%
Multifamily New Construction 0% | 40% | 75% | 70% | 69% | 60% | 50%
6 b 6 b b b b
Existing Building Retrofits - Single Family Retrofit 0% 1% 1% 1% 1% 1% 1%
Building shell improvements Multifamily Retrofit 0% 1% 1% 1% 1% 1% 1%
Time of Sale 0% 0% 5% 10% | 15% | 15% | 15%
Single Family -
Gas Heat Pump Water Heater New Construction 0% 0% 10% 15% 15% 15% 15%
p Multifamil Time of Sale 0% 0% 5% 10% | 15% | 15% | 15%
Y New Construction 0% 0% 10% 15% 15% 15% 15%
Time of Sale 0% 0% 8% 10% 10% 10% 10%
Single Family : 2 5 2 2 2 2 2 2 2
Gas Heat Pumps for Space New Construction 0% 0% 8% 15% | 15% | 15% | 15%
Heating Time of Sale 0% 0% 8% 10% 10% 10% 10%
Multifamily =
New Construction 0% 0% 8% 10% 10% 10% 10%
High Efficiency Cooking Single Famil Time of Sale 0% | 50% | 80% | 80% | 80% | 80% | 80%
Appliances ° Y New Construction 0% | 50% | 80% | 80% | 80% | 80% | 80%
Single Famil Time of Sale 0% | 50% | 93% | 90% | 90% | 90% | 85%
] IciencC as Furnaces ew Construction o o o o o o o
High Efficiency Gas F ° Y New Constructi 0% | 50% | 93% | 85% | 85% | 80% | 75%
boiler Multifamil Time of Sale 0% | 50% | 93% | 90% | 90% | 90% | 85%
Y New Construction 0% 50% | 93% | 90% | 90% | 85% | 80%
Time of Sale 0% 0% 0% 0% 0% 1% 5%
Single Family -
Hvdrogen Boiler New Construction 0% 0% 0% 0% 1% 5% 10%
y 9 Multifamil Time of Sale 0% 0% 0% 0% 0% 1% 5%
ulti ily -
New Construction 0% 0% 0% 0% 1% 5% 10%
S " Retrofit 0% 0% 0% 0% 0% 0% 0%
Multifamil
LR IEUE L R New Construction 0% | 0% | 0% | 0% | 1% | 5% | 10%
Hydrogen District Water Multifamil Retrofit 0% 0% 0% 0% 0% 0% 0%
Heating Y New Construction 0% 0% 0% 0% 1% 5% 10%
. ) Time of Sale 0% 0% 0% 0% 0% 1% 5%
Single Family -
YRR Furnace/BoiIer New Construction 0% 0% 0% 0% 1% 5% 10%
y 9 Multifamil Time of Sale 0% 0% 0% 0% 0% 1% 5%
Y New Construction 0% 0% 0% 0% 1% 5% 10%
Low Flow Fixtures Single Family New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Multifamily New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
New Construction: Best Single Family New Construction 0% 3% 20% | 100% | 100% | 100% | 100%
Conventional Technologies Multifamily New Construction 0% 3% | 20% |100% | 100% |100% | 100%
Retrofit 0% 2% 2% 3% 3% 3% 3%
Single Family -
Smart Thermostat New Construction 0% 25% | 50% | 85% | 85% | 85% | 85%
Multifamil Retrofit 0% 2% 2% 2% 2% 2% 2%
v New Construction 0% 25% | 50% | 85% | 85% | 85% | 85%
. : Time of Sale 0% 5% 10% 15% 15% 15% 15%
Single Family =
Tankl Wat Heat New Construction 0% 10% 15% 15% 15% 15% 15%
SnRESS LG AL e LU e . . Time of Sale 0% 5% 10% 15% 15% 15% 15%
Multifamily
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Commercial Sector Assumptions

Applicable Units

Table 15 - Applicable Units for Commercial Sector
are the Forecast of Square Footage by Sub-Sector (billion square feet)

= Existing Buildings New Construction
ensus
Region Sub-sector
2020-2050
Institutional 2.4 1.7 -30% - 1.5
Office 3.6 2.6 -30% - 2.3
Northeast
Other 3.0 2.1 -30% - 1.9
Retail 3.6 2.5 -30% - 2.3
Institutional 3.6 2.5 -30% - 2.2
Office 3.2 2.2 -30% - 2.0
Midwest
Other 4.2 3.0 -30% - 2.6
Retail 6.1 4.3 -30% - 3.8
Institutional 5.1 3.6 -30% - 3.2
Office 3.3 2.3 -30% - 2.1
South
Other 6.0 4.2 -30% - 3.7
Retail 8.2 5.8 -30% - 5.1
Institutional 2.1 1.5 -30% - 1.3
Office 2.9 2.1 -30% - 1.8
West
Other 3.8 2.7 -30% - 2.4
Retail 5.6 3.9 -30% - 3.5
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Commercial Sector Assumptions

Gas Use Intensity

Table 16 - Commercial Sector
Annual Gas Demand by End-Use and Sub-sector (thousand Btu per square foot)

End-Use Consumption

Vintage Sub-Sector End Use
Northeast Midwest

Space Heating 37.1 39.0 13.8 14.9

Space Cooling 0.1 0.01 - -
Retail Water Heating 17.7 15.8 18.8 14.8

Cooking 4.7 2.5 5.3 55

Other 9.3 6.0 4.2 4.5
Space Heating 28.1 42.6 14.4 19.4

Space Cooling 0.3 0.6 0.3 0.0

Office Water Heating 8.2 1.0 1.6 1.2

Cooking 3.5 3.6 1.3 2.1

Existing Other 10.9 10.8 4.6 2.7
Buildings Space Heating 53.3 50.4 16.2 25.2
Space Cooling 4.6 0.6 0.7 2.2

Institutional Water Heating 7.7 4.0 4.5 4.8

Cooking 6.2 3.7 7.2 9.9

Other 14.9 10.9 5.0 9.6
Space Heating 33.5 41.7 14.4 14.8

Space Cooling 0.2 0.2 0.1 -
Other Water Heating 5.9 4.1 4.7 12.0

Cooking 6.4 4.1 71 10.1
Other 7.9 9.6 13.0 17.5

Space Heating 29.7 31.2 1.0 1.9

Space Cooling 0.1 0.01 - -
Retail Water Heating 17.7 15.8 18.8 14.8

Cooking 4.7 2.5 53 55

Other 9.3 6.0 4.2 4.5
Space Heating 22.5 341 1.6 15.5

Space Cooling 0.3 0.6 0.3 0.0

Office Water Heating 8.2 1.0 1.6 1.2

Cooking 3.5 3.6 1.3 2.1

New Other 10.9 10.8 4.6 2.7
Construction Space Heating 42.6 40.3 12.9 20.2
Space Cooling 4.6 0.6 0.7 2.2

Institutional Water Heating 7.7 4.0 4.5 4.8

Cooking 6.2 3.7 7.2 9.9

Other 14.9 10.9 5.0 9.6

Space Heating 26.8 33.4 1.6 1n.8

Space Cooling 0.2 0.2 0.1 -
Other Water Heating 5.9 4.1 4.7 12.0

Cooking 6.4 4.1 71 10.1
Other 7.9 9.6 13.0 17.5




AGA Net-Zero Emissions Opportunities for Gas Utilities: Appendix B February 2022

Commercial Sector Assumptions

Penetration Rate Curves

Table 17 - Commercial Sector Penetration Rate Curve -
Pathway 1 Gas Energy Efficiency Focus (percentage of active units)

Measure Name Sub-sector Delivery Type ‘2020‘2025‘2030‘2035‘2040‘2045‘2050
Retail Retrofit 0% | 20% | 20% | 20% | 20% | 20% | 20%
Behavioral Measures Office Retrofit 0% | 20% | 20% | 20% | 20% | 20% | 20%
Institutional Retrofit 0% | 20% | 20% | 20% | 20% | 20% | 20%
Other Retrofit 0% | 20% | 20% | 20% | 20% | 20% | 20%
Retail Retrofit 0% 2% 2% 2% 2% 2% 2%
etal
New Construction 0% 25% | 50% | 85% | 85% | 85% | 85%
offi Retrofit 0% 2% 2% 2% 2% 2% 2%
ice
Building Contro New Construction 0% 25% | 50% | 85% | 85% | 85% | 85%
g
System Instituti | Retrofit 0% 2% 2% 2% 2% 2% 2%
nstitutiona
New Construction 0% 25% | 50% | 85% | 85% | 85% | 85%
oth Retrofit 0% 2% 2% 2% 2% 2% 2%
er
New Construction 0% 25% | 50% | 85% | 85% | 85% | 85%
L Retail Retrofit 0% 1% 1% 1% 1% 1% 1%
;‘::g;’i‘gn';' Office Retrofit 0% | 1% | 1% | 1% | 1% | 1% | 1%
and O&M measgres Institutional Retrofit 0% 1% 1% 1% 1% 1% 1%
Other Retrofit 0% 1% 1% 1% 1% 1% 1%
Retail Time of Sale 0% 5% 20% | 70% | 80% | 80% | 80%
Retail New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
TP Office Time of Sale 0% 5% 20% | 70% | 80% | 80% | 80%
Efficiency
Improvements to Office New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Reduce Other Use Institutional Time of Sale 0% | 5% | 20% | 70% | 80% | 80% | 80%
(incl CHP) Institutional New Construction 0% | 30% | 80% | 80% | 80% | 80% | 80%
Other Time of Sale 0% 5% 20% | 70% | 80% | 80% | 80%
Other New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Retail Retrofit 0% 2% 2% 2% 2% 2% 2%
Ener Saving Kits Office Retrofit 0% 2% 2% 2% 2% 2% 2%
9y 9 Institutional Retrofit 0% 2% 2% 2% 2% 2% 2%
Other Retrofit 0% 2% 2% 2% 2% 2% 2%
Retail Time of Sale 0% | 50% | 80% | 80% | 80% | 80% | 80%
etal
New Construction 0% | 50% | 80% | 80% | 80% | 80% | 80%
offi Time of Sale 0% | 50% | 80% | 80% | 80% | 80% | 80%
ice
EnergyStar Cooking New Construction 0% 50% | 80% | 80% | 80% | 80% | 80%
Appliances Instituti | Time of Sale 0% | 50% | 80% | 80% | 80% | 80% | 80%
nstitutiona
New Construction 0% | 50% | 80% | 80% | 80% | 80% | 80%
oth Time of Sale 0% | 50% | 80% | 80% | 80% | 80% | 80%
er
New Construction 0% | 50% | 80% | 80% | 80% | 80% | 80%
Retail Time of Sale 0% | 40% | 80% | 55% | 10% | 10% | 10%
etai
New Construction 0% 40% | 85% | 60% | 15% 15% 15%
Time of Sale 0% | 40% | 85% | 73% | 55% | 55% | 55%
Office
EnergyStar Tank New Construction 0% | 40% | 85% | 60% | 15% 15% 15%
Water Heater — : Time of Sale 0% | 40% | 85% | 73% | 55% | 55% | 55%
nstitutiona
New Construction 0% 40% | 85% | 60% | 15% 15% 15%
Sl Time of Sale 0% | 40% | 80% | 55% | 10% | 10% | 10%
er
New Construction 0% 40% | 80% | 55% | 10% 10% 10%
e o Retail Retrofit 0% 1% 1% 1% 1% 1% 1%
Existing Building Office Retrofit 0% | 1% | 1% | 1% | 1% | 1% | 1%
Retrofits - Building Instituti | Retrofit 0% 1% 1% 1% 1% 1% 1%
she" improvements nstitutiona etrofti (] 0 0 0 0 o (]
Other Retrofit 0% 1% 1% 1% 1% 1% 1%
L. L Retail Retrofit 0% 1% 1% 1% 1% 1% 1%
Ri)t(:'itfli:g B;::ﬁ':l‘gg Office Retrofit 0% | 1% | 1% | 1% | 1% | 1% | 1%
H 1 T 0 0 0, 0, 0, 0, 0
shell Retrofit Institutional Retrofit 0% 1% 1% 1% 1% 1% 1%
Other Retrofit 0% 1% 1% 1% 1% 1% 1%
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Commercial Sector Assumptions

Penetration Rate Curves (con't)

Table 17 (con't) - Commercial Sector Penetration Rate Curve -
Pathway 1 Gas Energy Efficiency Focus (percentage of active units)

Measure Name Sub-sector Delivery Type ‘2020‘2025‘2030‘2035‘2040‘2045 2050
- Time of Sale 0% 1% 10% | 35% | 80% | 80% | 80%
etai
New Construction 0% 1% 10% | 35% | 80% | 80% | 80%
Offi Time of Sale 0% 1% 10% | 22% | 40% | 40% | 40%
ice
Gas Heat Pump New Construction 0% 1% 10% | 35% | 80% | 80% | 80%
Water Heater Instituti i Time of Sale 0% 1% 10% | 22% | 40% | 40% | 40%
nstitutiona
New Construction 0% 1% 10% | 35% | 80% | 80% | 80%
o Time of Sale 0% 1% 10% | 35% | 80% | 80% | 80%
er
New Construction 0% 1% 10% | 35% | 80% | 80% | 80%
Retail Time of Sale 0% 1% 10% | 35% | 75% | 75% | 75%
etal
New Construction 0% 1% 10% | 35% | 80% | 80% | 80%
offi Time of Sale 0% 1% 10% | 22% | 40% | 40% | 40%
ice
Gas Heat Pumps New Construction 0% 1% 10% | 35% | 80% | 80% | 80%
for Space Heating Instituti | Time of Sale 0% 1% 10% | 22% | 40% | 40% | 40%
nstitutiona
New Construction 0% 1% 10% | 35% | 80% | 80% | 80%
oth Time of Sale 0% 1% 10% | 35% | 80% | 80% | 80%
er
New Construction 0% 1% 10% | 35% | 80% | 80% | 80%
- Time of Sale 0% | 50% | 90% | 65% | 25% | 25% | 25%
etai
New Construction 0% 50% | 90% | 65% | 20% | 20% | 20%
Offi Time of Sale 0% | 50% | 90% | 78% | 60% | 60% | 60%
ice
Hi Efficiency Gas New Construction 0% | 50% | 90% | 65% | 20% | 20% | 20%
9 y
Furnaces / boiler Instituti i Time of Sale 0% | 50% | 90% | 78% | 60% | 60% | 60%
nstitutiona
New Construction 0% 50% | 90% | 65% | 20% | 20% | 20%
o Time of Sale 0% | 50% | 90% | 65% | 20% | 20% | 20%
er
New Construction 0% 50% | 90% | 65% | 20% | 20% | 20%
Time of Sale 0% | 30% | 80% | 80% | 80% | 80% | 80%
Retail
New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
offi Time of Sale 0% | 30% | 80% | 80% | 80% | 80% | 80%
ice
Higher Efficiency New Construction 0% | 30% | 80% | 80% | 80% | 80% | 80%
Gas Cooling Instituti | Time of Sale 0% | 30% | 80% | 80% | 80% | 80% | 80%
nstitutiona
New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
oth Time of Sale 0% | 30% | 80% | 80% | 80% | 80% | 80%
er
New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Retail New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
. Office New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Low Flow Fixtures — -
Institutional New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Other New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
i Retail New Construction 0% 5% 95% | 50% | 50% | 50% | 50%
"é‘:‘;’t%‘;':‘s:;‘r"‘;it:r"';l' Office New Construction 0% | 5% | 95% | 50% | 25% | 25% | 25%
Technologies Institutional New Construction 0% 5% 95% | 50% | 25% | 25% | 25%
Other New Construction 0% 5% 95% | 50% | 50% | 50% | 50%
i Retail New Construction 0% 0% 5% 50% | 50% | 50% | 50%
New Construction - Office New Construction 0% | 0% | 5% | 50% | 75% | 75% | 75%
;_t\g_gresswe Institutional New Construction 0% 0% 5% 50% | 75% | 75% | 75%
Building Codes)
Other New Construction 0% 0% 5% 50% | 50% | 50% | 50%
Retail Time of Sale 0% 5% 10% | 10% | 10% | 10% | 10%
etal
New Construction 0% 5% 5% 5% 5% 5% 5%
offi Time of Sale 0% 5% 5% 5% 5% 5% 5%
ice
Tankless New Construction 0% 5% 5% 5% 5% 5% 5%
Water Heaters Institutional Time of Sale 0% 5% 5% 5% 5% 5% 5%
nstitutiona
New Construction 0% 5% 5% 5% 5% 5% 5%
oth Time of Sale 0% 5% 10% | 10% | 10% | 10% | 10%
er
New Construction 0% 5% 10% | 10% | 10% | 10% | 10%
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Commercial Sector Assumptions

Penetration Rate Curves (Con't)

Table 18 - Commercial Sector Penetration Rate Curve -
Pathway 2 Hybrid Gas - Electric Heating Focus (percentage of active units)

February 2022

Measure Name Sub-sector Delivery Type |2020|2025|2030|2035(2040(2045|2050
Retail Retrofit 0% | 20% | 20% | 20% | 20% | 20% | 20%
Behavioral Measures Office Retrofit 0% | 20% | 20% | 20% | 20% | 20% | 20%
Institutional Retrofit 0% | 20% | 20% | 20% | 20% | 20% | 20%
Other Retrofit 0% | 20% | 20% | 20% | 20% | 20% | 20%
Retail Retrofit 0% | 2% 2% 2% 2% 2% | 2%
New Construction 0% 25% | 50% | 85% | 85% | 85% | 85%
Office Retrofit 0% | 2% 2% 2% 2% 2% | 2%
Building Control New Construction 0% | 25% | 50% | 85% | 85% | 85% | 85%
System Institutional Retrofit 0% | 2% 2% 2% 2% 2% | 2%
New Construction 0% 25% | 50% | 85% | 85% | 85% | 85%
Other Retrofit 0% | 2% 2% 2% 2% 2% | 2%
New Construction 0% 25% | 50% | 85% | 85% | 85% | 85%
Buildin Retail Retrofit 0% 1% 1% 1% 1% 1% 1%
re comissiognin Office Retrofit 0% 1% 1% 1% 1% 1% 1%
and O&M measurges Institutional Retrofit 0% 1% 1% 1% 1% 1% 1%
Other Retrofit 0% 1% 1% 1% 1% 1% 1%
Retail Time of Sale 0% | 15% | 50% | 50% | 50% | 50% | 50%
New Construction 0% 15% 50% | 50% | 50% | 50% | 50%
Efficiency Office Time of Sale 0% | 15% | 50% | 50% | 50% | 50% | 50%
Improvements to New Construction 0% | 15% | 50% | 50% | 50% | 50% | 50%
Reduce Other Use Institutional Time of Sale 0% | 15% | 50% | 50% | 50% | 50% | 50%
(incl CHP) New Construction 0% | 15% | 50% | 50% | 50% | 50% | 50%
Other Time of Sale 0% | 15% | 50% | 50% | 50% | 50% | 50%
New Construction 0% 15% 50% | 50% | 50% | 50% | 50%
Time of Sale 0% | 50% | 50% | 50% | 50% | 50% | 50%
Retail
— New Construction 0% | 50% | 50% | 50% | 50% | 50% | 50%
— Time of Sale 0% | 50% | 50% | 50% | 50% | 50% | 50%
Electric Cooking New Construction 0% | 50% | 50% | 50% | 50% | 50% | 50%
Appliances S — Time of Sale 0% | 50% | 50% | 50% | 50% | 50% | 50%
New Construction 0% 50% | 50% | 50% | 50% | 50% | 50%
Time of Sale 0% | 50% | 50% | 50% | 50% | 50% | 50%
Oty New Construction 0% 50% | 50% | 50% | 50% | 50% | 50%
Time of Sale 0% | 50% | 50% | 50% | 50% | 50% | 50%
Retail
etal New Construction 0% | 50% | 50% | 50% | 50% | 50% | 50%
Office Time of Sale 0% | 50% | 50% | 50% | 50% | 50% | 50%
Electrified Cooling New Construction 0% 50% | 50% | 50% | 50% | 50% | 50%
_— Time of Sale 0% | 50% | 50% | 50% | 50% | 50% | 50%
Institutional New Construction 0% | 50% | 50% | 50% | 50% | 50% | 50%
Time of Sale 0% | 50% | 50% | 50% | 50% | 50% | 50%
Other New Construction 0% | 50% | 50% | 50% | 50% | 50% | 50%
; Time of Sale 0% 1% | 15% | 40% | 40% | 40% | 40%
Retall New Construction 0% | 1% | 15% | 40% | 40% | 40% | 40%
orice Time of Sale 0% 1% | 15% | 40% | 40% | 40% | 40%
Electric Heat Pump New Construction 0% 1% 15% | 40% | 40% | 40% | 40%
Water Heater Institutional Time of Sale 0% 1% 15% | 40% | 40% | 40% | 40%
New Construction 0% 1% 15% 40% | 40% | 40% | 40%
——— Time of Sale 0% 1% | 15% | 40% | 40% | 40% | 40%
New Construction 0% 1% 15% | 40% | 40% | 40% | 40%
Retail Retrofit 0% | 2% 2% 2% 2% 2% | 2%
Energv Saving Kits Office Retrofit 0% | 2% 2% 2% 2% 2% | 2%
ay 9 Institutional Retrofit 0% | 2% 2% 2% 2% 2% | 2%
Other Retrofit 0% | 2% 2% 2% 2% 2% | 2%
Retail Time of Sale 0% | 20% | 40% | 40% | 40% | 40% | 40%
New Construction 0% 20% | 40% | 40% | 40% | 40% | 40%
e Time of Sale 0% | 20% | 40% | 40% | 40% | 40% | 40%
EnergyStar Cooking New Construction 0% | 20% | 40% | 40% | 40% | 40% | 40%
Appliances S — Time of Sale 0% | 20% | 40% | 40% | 40% | 40% | 40%
New Construction 0% 20% | 40% | 40% | 40% | 40% | 40%
Sl Time of Sale 0% | 20% | 40% | 40% | 40% | 40% | 40%
New Construction 0% 20% | 40% | 40% | 40% | 40% | 40%
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Commercial Sector Assumptions

Penetration Rate Curves (Con't)

Table 18 (Con’t) - Commercial Sector Penetration Rate Curve -
Pathway 2 Hybrid Gas - Electric Heating Focus (percentage of active units)

Measure Name Sub-sector Delivery Type 2020(|2025|2030|2035|2040|2045|2050
—— Time of Sale 0% | 40% | 75% | 45% | 45% | 45% | 45%
New Construction 0% 40% | 70% | 45% | 45% | 45% | 45%
Office Time of Sale 0% 40% | 75% | 45% | 45% | 45% | 45%
EnergyStar Tank New Construction 0% | 40% | 70% | 45% | 45% | 45% | 45%
Water Heater SN Time of Sale 0% | 40% | 75% | 45% | 45% | 45% | 45%
New Construction 0% 40% | 70% | 45% | 45% | 45% | 45%
o Time of Sale 0% | 40% | 75% | 45% | 45% | 45% | 45%
New Construction 0% 40% | 70% | 45% | 45% | 45% | 45%
Existi Buildi Retail Retrofit 0% 1% 1% 1% 1% 1% 1%
Re)t(:'iflir:? ;""k';:g Office Retrofit 0% | 1% | 1% | 1% | 1% | 1% | 1%
shell improvementgs Institutional Retrofit 0% 1% 1% 1% 1% 1% 1%
Other Retrofit 0% 1% 1% 1% 1% 1% 1%
Retail Time of Sale 0% 50% | 65% | 20% | 20% | 20% | 20%
New Construction 0% 50% | 20% | 20% | 20% | 20% | 20%
Office Time of Sale 0% | 50% | 90% | 78% | 60% | 60% | 60%
High Efficiency Gas New Construction 0% | 50% | 20% | 20% | 20% | 20% | 20%
Furnaces / boiler Inetitutional Time of Sale 0% | 50% | 90% | 78% | 60% | 60% | 60%
New Construction 0% 50% | 20% | 20% | 20% | 20% | 20%
St Time of Sale 0% | 50% | 65% | 20% | 20% | 20% | 20%
New Construction 0% 50% | 20% | 20% | 20% | 20% | 20%
Time of Sale 0% 20% | 40% | 40% | 40% | 40% | 40%
Retail
etal New Construction 0% | 50% | 50% | 50% | 50% | 50% | 50%
Office Time of Sale 0% 20% | 40% | 40% | 40% | 40% | 40%
Higher Efficiency New Construction 0% | 50% | 50% | 50% | 50% | 50% | 50%
Gas Cooling Institutional Time of Sale 0% | 20% | 40% | 40% | 40% | 40% | 40%
New Construction 0% 50% | 50% | 50% | 50% | 50% | 50%
Other Time of Sale 0% | 20% | 40% | 40% | 40% | 40% | 40%
New Construction 0% 50% | 50% | 50% | 50% | 50% | 50%
- Time of Sale 0% | 10% | 35% | 80% | 80% | 80% | 80%
New Construction 0% 15% | 80% | 80% | 80% | 80% | 80%
Hvbrid lectri Office Time of Sale 0% 1% 10% | 22% | 40% | 40% | 40%
‘E Angg?:i ti an;'c New Construction 0% | 15% | 80% | 80% | 80% | 80% | 80%
Time of Sale 0% 1% 10% 22% | 40% | 40% | 40%
backu Institutional
P) fH New Construction 0% | 15% | 80% | 80% | 80% | 80% | 80%
Other Time of Sale 0% | 10% | 35% | 80% | 80% | 80% | 80%
New Construction 0% 15% | 80% | 80% | 80% | 80% | 80%
Retail New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Low Flow Fixtures Office New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Institutional New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Other New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
N c t ti Retail New Construction 0% 3% | 20% |100% | 100% | 100% | 100%
Bee‘gt C%Tv;rt:iclg;l- Office New Construction 0% | 3% | 20% |100% | 100% | 100% | 100%
Technologies Institutional New Construction 0% 3% 20% [100% | 100% | 100% | 100%
Other New Construction 0% 3% 20% [100% | 100% | 100% | 100%
Retail Time of Sale 0% 15% 50% | 50% | 50% | 50% | 50%
New Construction 0% 15% | 50% | 50% | 50% | 50% | 50%
Time of Sale 0% 15% | 50% | 50% | 50% | 50% | 50%
Replacing Other Office -
New Construction 0% 15% 50% | 50% | 50% | 50% | 50%
U:v?tﬂ rI‘ECI:;c(t:::) N ettotion Time of Sale 0% | 15% | 50% | 50% | 50% | 50% | 50%
New Construction 0% 15% 50% | 50% | 50% | 50% | 50%
Time of Sale 0% 15% 50% | 50% | 50% | 50% | 50%
Oth
°r New Construction 0% | 15% | 50% | 50% | 50% | 50% | 50%
Retail Time of Sale 0% 5% 10% 15% 15% 15% 15%
New Construction 0% 10% 15% 15% 15% 15% 15%
Office Time of Sale 0% 5% 10% | 15% | 15% | 15% | 15%
Tankless New Construction 0% 10% 15% 15% 15% 15% 15%
Water Heaters Inetitutional Time of Sale 0% 5% 10% | 15% | 15% | 15% | 15%
New Construction 0% 10% 15% 15% 15% 15% 15%
St Time of Sale 0% 5% 10% | 15% | 15% | 15% | 15%
New Construction 0% 10% 15% 15% 15% 15% 15%
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Commercial Sector Assumptions

Penetration Rate Curves (Con't)

Table 19 - Commercial Sector Penetration Rate Curve -
Pathway 3 Mixed Technology Approach (percentage of active units)

Measure Name Sub-sector Delivery Type 2020|2025|2030 | 2035|2040 | 2045 2050
Retail Retrofit 0% 20% 20% 20% 20% 20% 20%
Behavioral Measures Office Retrofit 0% 20% 20% 20% 20% 20% 20%
Institutional Retrofit 0% 20% 20% 20% 20% 20% 20%
Other Retrofit 0% 20% 20% 20% 20% 20% 20%
Retail Retrofit 0% 2% 2% 2% 2% 2% 2%
New Construction 0% 25% 50% 85% 85% 85% 85%
Retrofit 0% 2% 2% 2% 2% 2% 2%
Office
Building Control New Construction 0% 25% | 50% | 85% | 85% | 85% | 85%
System Institutional Retrofit 0% 2% 2% 2% 2% 2% 2%
New Construction 0% 25% 50% 85% 85% 85% 85%
Retrofit 0% 2% 2% 2% 2% 2% 2%
Other
New Construction 0% 25% 50% 85% 85% 85% 85%
o Retail Retrofit 0% 1% 1% 1% 1% 1% 1%
re c?:x:gslpgnin Office Retrofit 0% | 1% 1% 1% 1% 1% 1%
and O&M measurges Institutional Retrofit 0% 1% 1% 1% 1% 1% 1%
Other Retrofit 0% 1% 1% 1% 1% 1% 1%
Retail Time of Sale 0% 15% 50% 50% 50% 50% 50%
. New Construction 0% 15% 50% 50% 50% 50% 50%
Efficiency office Time of Sale 0% | 15% | 50% | 50% | 50% | 50% | 50%
Imt%r;\;zr&?:ts New Construction 0% | 15% | 50% | 50% | 50% | 50% | 50%
H 0, 0, 0, o, 0, o, o,
Other Use Institutional Time of Sale. 0% 15% 50% 50% 50% 50% 50%
H ew Construction 0 ¢} 0 (] 0 o o
(incl CHP) New Construct 0% 15% 50% 50% 50% 50% 50%
Other Time of Sale 0% 15% 50% 50% 50% 50% 50%
New Construction 0% 15% 50% 50% 50% 50% 50%
— Time of Sale 0% 0% 8% 10% 10% 10% 10%
New Construction 0% 1% 15% 50% 50% 50% 50%
Office Time of Sale 0% 0% 5% 5% 5% 5% 5%
. New Construction 0% 1% 15% 50% 50% 50% 50%
e Np— Time of Sale 0% 0% 5% 5% 5% 5% 5%
New Construction 0% 1% 15% 50% 50% 50% 50%
S Time of Sale 0% 0% 8% 10% 10% 10% 10%
New Construction 0% 1% 15% 50% 50% 50% 50%
Retail Time of Sale 0% 50% 50% 50% 50% 50% 50%
New Construction 0% 50% 50% 50% 50% 50% 50%
Office Time of Sale 0% 50% 50% 50% 50% 50% 50%
Electric Cooking New Construction 0% 50% | 50% | 50% | 50% | 50% | 50%
Appliances Institutional Time of Sale 0% 50% 50% 50% 50% 50% 50%
New Construction 0% 50% 50% 50% 50% 50% 50%
Other Time of Sale 0% 50% 50% 50% 50% 50% 50%
New Construction 0% 50% 50% 50% 50% 50% 50%
— Time of Sale 0% 50% 50% 50% 50% 50% | 50%
New Construction 0% 50% 50% 50% 50% 50% 50%
Office Time of Sale 0% 50% 50% 50% 50% 50% | 50%
Electrified New Construction 0% 50% 50% 50% 50% 50% 50%
Cooling Np— Time of Sale 0% 50% 50% 50% 50% 50% | 50%
New Construction 0% 50% 50% 50% 50% 50% 50%
S Time of Sale 0% 50% 50% 50% 50% 50% | 50%
New Construction 0% 50% 50% 50% 50% 50% 50%
Retail Time of Sale 0% 1% 15% 40% 40% 40% | 40%
New Construction 0% 1% 15% 40% 40% 40% 40%
Office Time of Sale 0% 1% 15% 40% 40% 40% | 40%
Electric Heat Pump New Construction 0% 1% 15% 40% | 40% | 40% | 40%
Water Heater Institutional Time of Sale 0% 1% 15% 40% 40% 40% | 40%
New Construction 0% 1% 15% 40% 40% 40% 40%
Other Time of Sale 0% 1% 15% 40% 40% 40% | 40%
New Construction 0% 1% 15% 40% 40% 40% 40%
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Commercial Sector Assumptions

Penetration Rate Curves (Con't)

Table 19 (Con't) - Commercial Sector Penetration Rate Curve -
Pathway 3 Mixed Technology Approach (percentage of active units)

Measure Name Sub-sector Delivery Type 2020|2025|2030 | 2035|2040 | 2045 2050
Retail Retrofit 0% 2% 2% 2% 2% 2% 2%
Energy Office Retrofit 0% 2% 2% 2% 2% 2% 2%
Saving Kits Institutional Retrofit 0% 2% 2% 2% 2% 2% 2%
Other Retrofit 0% 2% 2% 2% 2% 2% 2%
Retail Time of Sale. 0% 20% 40% 40% 40% 40% | 40%
New Construction 0% 20% 40% 40% 40% 40% 40%
offi Time of Sale 0% 20% 40% 40% 40% 40% | 40%
ice
EnergyStar Cooking New Construction 0% 20% | 40% | 40% | 40% | 40% | 40%
Appliances Institutional Time of Sale 0% 20% 40% 40% 40% 40% | 40%
New Construction 0% 20% 40% 40% 40% 40% 40%
oth Time of Sale 0% 20% 40% 40% 40% 40% | 40%
er
New Construction 0% 20% 40% 40% 40% 40% 40%
— Time of Sale 0% 40% 75% 40% 30% 30% | 30%
New Construction 0% 40% 75% 40% 30% 30% 30%
Office Time of Sale 0% 40% 75% 40% 30% 30% | 30%
EnergyStar Tank New Construction 0% 40% 75% 40% 30% 30% | 30%
Water Heater A — Time of Sale 0% 40% 75% 40% 30% 30% | 30%
New Construction 0% 40% 75% 40% 30% 30% 30%
S Time of Sale 0% 40% 75% 40% 30% 30% | 30%
New Construction 0% 40% 75% 40% 30% 30% 30%
Retail Retrofit 0% 1% 1% 1% 1% 1% 1%
Ri)t(:-itfli:g B;:ﬁ::gg Office Retrofit 0% | 1% 1% 1% 1% 1% 1%
H H 1 0, 0 0 o, 0 0, 0,
shell improvements Institutional Retrof?t 0% 1% 1% 1% 1% 1% 1%
Other Retrofit 0% 1% 1% 1% 1% 1% 1%
— Time of Sale 0% 1% 5% 15% 25% 25% 25%
New Construction 0% 1% 5% 15% 25% 25% 25%
Office Time of Sale 0% 1% 5% 15% 25% 25% 25%
Gas Heat Pump New Construction 0% 1% 5% 15% 25% 25% 25%
Water Heater A — Time of Sale 0% 1% 5% 15% 25% 25% 25%
New Construction 0% 1% 5% 15% 25% 25% 25%
S Time of Sale 0% 1% 5% 15% 25% 25% 25%
New Construction 0% 1% 5% 15% 25% 25% 25%
Retail Time of Sale 0% 0% 8% 30% 40% 40% | 40%
New Construction 0% 0% 8% 15% 15% 15% 15%
Office Time of Sale 0% 0% 3% 20% 20% 20% 20%
Gas Heat Pumps for New Construction 0% 0% 8% 15% 15% 15% 15%
Space Heating Institutional Time of Sale 0% 0% 3% 20% 20% 20% 20%
New Construction 0% 0% 8% 15% 15% 15% 15%
Other Time of Sale 0% 0% 8% 30% 40% 40% | 40%
New Construction 0% 0% 8% 15% 15% 15% 15%
) Time of Sale 0% 50% 45% 20% 10% 10% 10%
Retal New Construction 0% | 50% | 63% | 20% | 20% | 20% | 20%
Office Time of Sale 0% 50% 78% 55% 55% 55% 55%
High Efficiency Gas New Construction 0% 50% | 63% | 20% | 20% | 20% | 20%
Furnaces / boiler MV Time of Sale 0% | 50% | 78% | 55% | 55% | 55% | 55%
New Construction 0% 50% 63% 20% 20% 20% 20%
S Time of Sale 0% 50% 45% 20% 10% 10% 10%
New Construction 0% 50% 63% 20% 20% 20% 20%
Retail Time of Sale 0% 20% 40% 40% 40% 40% | 40%
etai
New Construction 0% 50% 50% 50% 50% 50% 50%
Office Time of Sale 0% 20% 40% 40% 40% 40% | 40%
Higher Efficiency New Construction 0% 50% | 50% 50% 50% 50% | 50%
Gas Cooling Institutional Time of Sale 0% 20% 40% 40% 40% 40% | 40%
New Construction 0% 50% 50% 50% 50% 50% 50%
Other Time of Sale 0% 20% 40% 40% 40% 40% | 40%
New Construction 0% 50% 50% 50% 50% 50% 50%
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Commercial Sector Assumptions

Penetration Rate Curves (Con't)

Table 19 (Con't) - Commercial Sector Penetration Rate Curve -
Pathway 3 Mixed Technology Approach (percentage of active units)

Measure Name Sub-sector Delivery Type 2020|2025|2030 | 2035|2040 | 2045 2050
— Time of Sale 0% 8% 40% 40% 40% 40% | 40%

New Construction 0% 1% 15% 15% 15% 15% 15%

: ) Office Time of Sale 0% 1% 15% 20% 20% 20% 20%

Hyb:fssl_’ﬁ,s';i'fh‘:t"c New Construction 0% | 1% | 15% | 15% | 15% | 15% | 15%
Time of Sale 0% 1% 15% 20% 20% 20% 20%

gas backup) Institutional - - - - - > ° -

New Construction 0% 1% 15% 15% 15% 15% 15%

S Time of Sale 0% 8% 40% 40% 40% 40% | 40%

New Construction 0% 1% 15% 15% 15% 15% 15%

Retail New Construction 0% 30% 80% 80% 80% 80% 80%

Low Flow Fixtures Office New Construction 0% 30% 80% 80% 80% 80% 80%
Institutional New Construction 0% 30% 80% 80% 80% 80% 80%

Other New Construction 0% 30% 80% 80% 80% 80% 80%

; Retail New Construction 0% 3% 20% | 100% | 100% | 100% | 100%

New Construction - Office New Construction 0% | 3% | 20% | 100% | 100% | 100% | 100%
e Institutional New Construction 0% 3% 20% 100% | 100% | 100% | 100%
Technologies . 2 2 2 2 2 2 2
Other New Construction 0% 3% 20% | 100% | 100% | 100% | 100%

Retail Time of Sale 0% 15% 50% 50% 50% 50% 50%

New Construction 0% 15% 50% 50% 50% 50% 50%

) Time of Sale 0% 15% 50% 50% 50% 50% 50%

Replacing Other Use Office New Construction 0% | 15% | 50% | 50% | 50% | 50% | 50%

(Incl. CHP) -

. M T f Sal % 15% % % % % %
with Electric Institutional ime of Sa e. 0% 5% 50% 50% 50% 50% 50%
New Construction 0% 15% 50% 50% 50% 50% 50%

Time of Sale 0% 15% 50% 50% 50% 50% 50%

Other New Construction 0% | 15% | 50% | 50% | 50% | 50% | 50%

— Time of Sale 0% 5% 5% 5% 5% 5% 5%

New Construction 0% 5% 5% 5% 5% 5% 5%

Time of Sale 0% 5% 5% 5% 5% 5% 5%

Office

Tankless New Construction 0% 5% 5% 5% 5% 5% 5%

Water Heaters M — Time of Sale 0% 5% 5% 5% 5% 5% 5%

New Construction 0% 5% 5% 5% 5% 5% 5%

S Time of Sale 0% 5% 5% 5% 5% 5% 5%

New Construction 0% 5% 5% 5% 5% 5% 5%




AGA Net-Zero Emissions Opportunities for Gas Utilities: Appendix B February 2022

Commercial Sector Assumptions

Penetration Rate Curves (Con't)

Table 20 - Commercial Sector Penetration Rate Curve -
Pathway 4 Renewable and Low Carbon Gas Focus (percentage of active units)

Measure Name Sub-sector Delivery Type 2020(|2025|2030|2035|2040|2045|2050
Retail Retrofit 0% | 20% | 20% | 20% | 20% | 20% | 20%
Behavioral Measures Office Retrofit 0% | 20% | 20% | 20% | 20% | 20% | 20%
Institutional Retrofit 0% 20% | 20% | 20% | 20% | 20% | 20%
Other Retrofit 0% | 20% | 20% | 20% | 20% | 20% | 20%
) Retrofit 0% 2% 2% 2% 2% 2% 2%
Retall New Construction 0% | 25% | 50% | 85% | 85% | 85% | 85%
Office Retrofit 0% 2% 2% 2% 2% 2% 2%
Building New Construction 0% | 25% | 50% | 85% | 85% | 85% | 85%
Control System Institutional Retrofit 0% | 2% 2% 2% 2% 2% | 2%
New Construction 0% 25% | 50% | 85% | 85% | 85% | 85%
Other Retrofit 0% 2% 2% 2% 2% 2% 2%
New Construction 0% 25% | 50% | 85% | 85% | 85% | 85%
Building Retail Retrofit 0% 1% 1% 1% 1% 1% 1%
2 Office Retrofit 0% 1% 1% 1% 1% 1% 1%
pegcOMmISSIOnIng Institutional Retrofit 0% 1% 1% 1% 1% 1% 1%
and O&M measures Other Retrofit 0% | 1% | 1% | 1% | 1% | 1% | 1%
) Time of Sale 0% 5% | 20% | 70% | 80% | 80% | 80%
Retall New Construction 0% | 30% | 80% | 80% | 80% | 80% | 80%
Efficiency Office Time of Sale 0% | 5% | 20% | 70% | 80% | 80% | 80%
Improvements to New Construction 0% | 30% | 80% | 80% | 80% | 80% | 80%
Reduce Other Use Institutional Time of Sale 0% 5% | 20% | 70% | 75% | 75% | 75%
(incl CHP) New Construction 0% | 30% | 80% | 80% | 80% | 80% | 80%
Other Time of Sale 0% 5% | 20% | 70% | 75% | 75% | 75%
New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Retail Retrofit 0% | 2% 2% 2% 2% 2% 2%
Energy Office Retrofit 0% | 2% 2% 2% 2% 2% 2%
Saving Kits Institutional Retrofit 0% | 2% 2% 2% 2% 2% | 2%
Other Retrofit 0% | 2% 2% 2% 2% 2% 2%
Retail Time of Sale 0% | 50% | 80% | 80% | 80% | 80% | 80%
New Construction 0% 50% | 80% | 80% | 80% | 80% | 80%
Office Time of Sale_ 0% | 50% | 80% | 80% | 80% | 80% | 80%
EnergyStar New Construction 0% | 50% | 80% | 80% | 80% | 80% | 80%
Cooking Appliances Institutional Time of Sale 0% | 50% | 80% | 80% | 80% | 80% | 80%
New Construction 0% 50% | 80% | 80% | 80% | 80% | 80%
Other Time of Sale 0% | 50% | 80% | 80% | 80% | 80% | 80%
New Construction 0% 50% | 80% | 80% | 80% | 80% | 80%
_—— Time of Sale 0% | 40% | 85% | 75% | 70% | 70% | 65%
New Construction 0% 40% | 75% | 70% | 69% | 60% | 50%
o Time of Sale 0% | 40% | 85% | 75% | 70% | 70% | 65%
EnergyStar Tank New Construction 0% | 40% | 75% | 70% | 69% | 60% | 50%
Water Heater N — Time of Sale 0% | 40% | 85% | 75% | 70% | 70% | 65%
New Construction 0% 40% | 75% | 70% | 69% | 60% | 50%
S Time of Sale 0% | 40% | 85% | 75% | 70% | 70% | 65%
New Construction 0% 40% | 75% | 70% | 69% | 60% | 50%
. - Retail Retrofit 0% 1% 1% 1% 1% 1% 1%
Existing Building Office Retrofit o; Wo 1°/o 1; 1°/o 1°/° 1;
- - - ‘0 o J 0 0 ¢ o
Retrqflts - Building Institutional Retrofit 0% 1% 1% 1% 1% 1% 1%
shell improvements Other Retrofit 0% | 1% | 1% | 1% | 1% | 1% | 1%
_—— Time of Sale 0% | 0% | 5% | 10% | 15% | 15% | 15%
New Construction 0% 0% 10% 15% 15% 15% 15%
o Time of Sale 0% | 0% | 5% | 10% | 15% | 15% | 15%
Gas Heat Pump New Construction 0% | 0% | 10% | 15% | 15% | 15% | 15%
Water Heater N — Time of Sale 0% 0% 5% | 10% | 15% | 15% | 15%
New Construction 0% 0% 10% 15% 15% 15% 15%
S Time of Sale 0% | 0% | 5% | 10% | 15% | 15% | 15%
New Construction 0% 0% 10% 15% 15% 15% 15%
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Commercial Sector Assumptions

Penetration Rate Curves (Con't)

Table 20 (Con't) - Commercial Sector Penetration Rate Curve -
Pathway 4 Renewable and Low Carbon Gas Focus (percentage of active units)

Measure Name Sub-sector Delivery Type 2020|2025(2030(2035|2040(|2045|2050
Retail Time of Sale 0% 0% 5% 10% 15% 15% 15%
New Construction 0% 0% 8% 10% | 10% | 10% | 10%
Office Time of Sale 0% 0% 5% 5% 5% 5% 5%
Gas Heat Pumps New Construction 0% 0% 8% | 10% | 10% | 10% | 10%
for Space Heatin N Time of Sale 0% | 0% 5% | 10% | 15% | 15% | 15%
p 9 Institutional
New Construction 0% 0% 8% 10% | 10% | 10% | 10%
Other Time of Sale 0% 0% 5% 10% 15% 15% 15%
New Construction 0% 0% 8% 10% | 10% | 10% | 10%
Retail Time of Sale 0% | 50% | 95% | 90% | 85% | 85% | 80%
New Construction 0% 50% | 93% | 90% | 90% | 85% | 80%
Office Time of Sale 0% | 50% | 95% | 90% | 90% | 90% | 85%
High Efficiency Gas New Construction 0% | 50% | 93% | 90% | 90% | 85% | 80%
Furnaces / boiler O —— Time of Sale 0% | 50% | 95% | 90% | 85% | 85% | 80%
New Construction 0% 50% | 93% | 90% | 90% | 85% | 80%
Other Time of Sale 0% | 50% | 95% | 90% | 85% | 85% | 80%
New Construction 0% 50% | 93% | 90% | 90% | 85% [ 80%
Retail Time of Sale 0% | 30% | 80% | 80% | 80% | 80% | 80%
New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Office Time of Sale 0% | 30% | 80% | 80% | 80% | 80% | 80%
Higher Efficiency New Construction 0% | 30% | 80% | 80% | 80% | 80% | 80%
Gas Cooling Institutional Time of Sale 0% | 30% | 80% | 80% | 80% | 80% | 80%
New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Other Time of Sale 0% | 30% | 80% | 80% | 80% | 80% | 80%
New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Retail Time of Sale 0% 0% 0% 0% 0% 1% 5%
New Construction 0% 0% 0% 0% 1% 5% 10%
Office Time of Sale 0% 0% 0% 0% 0% 1% 5%
HydrogeniBoller New Construction 0% 0% 0% 0% 1% 5% 10%
ydrog ettationa! Time of Sale 0% | 0% | 0% | 0% | 0% | 1% | 5%
New Construction 0% 0% 0% 0% 1% 5% 10%
Other Time of Sale 0% 0% 0% 0% 0% 1% 5%
New Construction 0% 0% 0% 0% 1% 5% 10%
Retail Retrofit 0% 0% 0% 0% 0% 0% 0%
New Construction 0% 0% 0% 0% 1% 5% 10%
Office Retrofit 0% 0% 0% 0% 0% 0% 0%
Hydrogen District New Construction 0% | 0% | 0% | 0% 1% 5% | 10%
Heating Institutional Retrofit 0% 0% 0% 0% 0% 0% 0%
New Construction 0% 0% 0% 0% 1% 5% 10%
Retrofit 0% 0% 0% 0% 0% 0% 0%
th
Other New Construction 0% | 0% | 0% | 0% | 1% | 5% | 10%
Retail Time of Sale 0% 0% 0% 0% 0% 1% 5%
New Construction 0% 0% 0% 0% 1% 5% 10%
Office Time of Sale 0% 0% 0% 0% 0% 1% 5%
Hydrogen Furnace/ New Construction 0% | 0% | 0% 0% 1% 5% | 10%
Boiler Institutional Time of Sale 0% 0% 0% 0% 0% 1% 5%
New Construction 0% 0% 0% 0% 1% 5% 10%
Other Time of Sale 0% 0% 0% 0% 0% 1% 5%
New Construction 0% 0% 0% 0% 1% 5% 10%
Retail New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Low Flow Fixtures Office New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Institutional New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
Other New Construction 0% 30% | 80% | 80% | 80% | 80% | 80%
NEWIGanstructian Retail New Construction 0% 3% 20% [100% | 100% | 100% | 100%
Becllconyenianal Office New Construction 0% 3% 20% [100% | 100% | 100% | 100%
Institutional New Construction 0% 3% 20% [100% | 100% | 100% | 100%

Technologies Other New Construction 0% 3% 20% [100% | 100% | 100% | 100%
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Commercial Sector Assumptions

Penetration Rate Curves (Con't)

Table 20 (Con't) - Commercial Sector Penetration Rate Curve -
Pathway 4 Renewable and Low Carbon Gas Focus (percentage of active units)

Measure Name Sub-sector Delivery Type 2020(2025|2030(2035|2040(2045|2050
. Time of Sale 0% | 0% | 0% | 0% | 0% | 1% | 5%
Retall New Construction 0% | 0% | 0% | 0% | 1% | 5% | 10%
. . Time of Sale 0% | 0% | 0% | 0% | 0% | 1% | 5%
Replacing Other Use Office New Construction 0% | 0% | 0% | 0% | 1% | 5% | 10%
(Incl. CHP) Time of Sale 0% | 0% | 0% | 0% | 0% | 1% | 5%
- - . . 0 0 ] 0 0 0 0
with Electric Institutional New Construction 0% | 0% | 0% | 0% | 1% | 5% | 10%
Time of Sale 0% | 0% | 0% | 0% | 0% | 1% | 5%
Other New Construction 0% | 0% | 0% | 0% | 1% | 5% | 10%
oo Time of Sale 0% | 5% | 10% | 15% | 15% | 15% | 15%
New Construction 0% 10% 15% 15% 15% 15% 15%
office Time of Sale 0% | 5% | 10% | 15% | 15% | 15% | 15%
Tankless New Construction 0% | 10% | 15% | 15% | 15% | 15% | 15%
Water Heaters N — Time of Sale 0% 5% | 10% | 15% | 15% | 15% | 15%
New Construction 0% 10% 15% 15% 15% 15% 15%
Time of Sale 0% | 5% | 10% | 15% | 15% | 15% | 15%

oth .

er New Construction 0% | 10% | 15% | 15% | 15% | 15% | 15%




C. INDUSTRIAL SECTOR DEMAND ASSESSMENT/ASSUMPTIONS

The industrial sector modeling is intended to measure gas demand and emissions
reduction for the four decarbonization pathways scoped in this study and described in
Section 4.1.2. The analysis focused on customers to whom utilities deliver natural gas, not
industrial customers who deliver gas directly from inter- or intra-state pipelines (bypassing
the local distribution company). This non-utility portion of industrial customers is assumed
to remain roughly 50% of the total industrial gas consumption in the AEO reference case
for all end uses.

Measures evaluated are energy efficiency, direct use of 100% hydrogen, selective
electrification, and carbon capture and storage. Those measures were studied for different
end uses, including space heating, steam boilers, machine drive, CHP, and other uses.

Table 21 showcases the percentage of energy savings relative to the AEO reference case
in 2050. There are two main assumptions behind this calculation:

Maximum end-use applicability: This assumption indicates the share of maximum turnover
by end-use during 2050. All measure’s lives are set for less than 30 years, and their
maximum turnover in 2050 is spread linearly from each measure’s starting year to 2050.
Table 22 shows end uses included by measure and the percentages of maximum turnover
assigned. When the maximum turnover is zero percent, the end-use is not considered for
that pathway and measure. It is the case of space heating electrification under pathways 1
and 4 (see Table 22).

Annual efficiency improvement: This input includes efficiency by end-use relative to the
reference case for electrification, energy efficiency, and direct use of 100% hydrogen
measures. Table 23 showcases the incremental efficiency relative to the reference case in
2020, and the expected annual efficiency improvement of every measure by end use. It is
assumed, in most of the end-uses, that energy efficiency and hydrogen measures are as
efficient as the reference case during 2020. Even in these cases in which efficiency levels are
identical, there is still significant room for additional efficiency improvements in the future.
For instance, in the case of energy efficiency for space heating, despite having the same
efficiency level as the baseline, a higher annual efficiency improvement is expected during
the subsequent years, which will generate space for energy savings.

Using the inputs described above, the model generates outputs that contain gas demand and
GHG annual savings for each measure. Those results were summarized and combined with the
DERPM results for residential and commercial sectors and presented in Section 4.2.

Table 21 -
Assumptions Driving Industrial Gas Demand (Percentage of 2050 Reference Case)

Pathway 1 Pathway 2 Pathway 3 Pathway 4

Industrial Emission Hybrid q Renewable and
Reduction Strategies Eff(.;?s Enengy Gas-Electric Mlxe;:l Techm;logy Low Carbon
iclency FOcus | Heating Focus pproac Gases Focus

Incremental Energy Efficiency
(saving relative to 2050 reference 20% 20% 20% 15%
case)
Direct Use of 100% Hydrogen 10% 10% 10% 17%
Carbon Caputre and Storage 10% 5% 5% 10%
Electrification 2% 9% 16% 2%
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Table 22 - Maximum End-Use Applicability by 2050

Maximum End Use Applicability 2050

Measure End Use Pathway 1 Pathway 2 Pathway 3 Pathway 4
Hybrid Gas- . Renewable and
Ener . 4 Mixed Technol
(_sa_s ergy Electric Heating ed Technology Low Carbon Gases
Efficiency Focus Focus Approach
Non-Energy 0% 0% 0% 0%
c Space Heating 0% 38% 50% 0%
o
% Direct-Fired Process Heating 5% 10% 20% 5%
%]
= Steam Boilers 0% 0% 0% 0%
£
-
g Machine Drive 0% 10% 25% 0%
[rmi
CHP 0% 5% 10% 0%
Other 0% 25% 25% 0%
Non-Energy 0% 0% 0% 0%
c
g Space Heating 5% 5% 5% 5%
o O
g % Direct-Fired Process Heating 15% 15% 15% 20%
>
oI Steam Boilers 5% 5% 5% 10%
2R
a 8 Machine Drive 5% 5% 5% 5%
4
s CHP 5% 5% 5% 20%
Other 5% 5% 5% 5%
Non-Energy 100% 100% 100% 100%
Space Heating 100% 100% 100% 100%
> E Direct-Fired Process Heating 100% 100% 100% 100%
(o)
E g Steam Boilers 100% 100% 100% 100%
=
w ] Machine Drive 100% 100% 100% 100%
CHP 100% 100% 100% 100%
Other 100% 100% 100% 100%
Non-Energy 0% 0% 0% 0%
Space Heating 0% 0% 0% 0%
Direct-Fired Process Heating 20% 12% 12% 20%
(1]
8 Steam Boilers 20% 12% 12% 20%
Machine Drive 0% 0% 0% 0%
CHP 20% 12% 12% 20%
Other 0% 0% 0% 0%
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Table 23 - Annual Efficiency Improvement

Annual Efficiency Improvement

:frici_ency Pathway 1 Pathway 2 Pathway 3 | Pathway 4
IR e LA Ref:r::c‘:,ee g;se Renewable
2020 Gas Energy | Hybrid Gas- Mixed
. " and
Efficiency Electric Technology Low Carbon
Focus Heating Focus | Approach CEEEs [
Non-Energy 1.00 0.0% 0.0% 0.0% 0.0%
c Space Heating 3.75 0.5% 0.5% 0.5% 0.5%
o - —
= Direct-Fired Process 4.00 1.0% 1.0% 1.0% 1.0%
3 Heating
£ Steam Boilers 125 0.0% 0.0% 0.0% 0.0%
]
§ Machine Drive 317 0.1% 0.1% 0.1% 0.1%
1]
CHP 1.00 0.0% 0.0% 0.0% 0.0%
Other 2.00 0.0% 0.0% 0.0% 0.0%
[ Non-Energy 1.00 0.5% 0.5% 0.5% 0.5%
(]
8‘ Space Heating 1.00 0.5% 0.5% 0.5% 0.5%
S
5 - —
) Direct-Fired Process 1.00 1.0% 1.0% 1.0% 1.0%
oL Heating
[
= § Steam Boilers 1.06 0.3% 0.3% 0.3% 0.3%
[a]
o
: Machine Drive 1.00 0.5% 0.5% 0.5% 0.5%
[9)
@ CHP 1.00 0.3% 0.3% 0.3% 0.3%
[’
2 Other 1.00 0.5% 0.5% 0.5% 0.5%
Non-Energy 1.00 1.0% 1.0% 1.0% 1.0%
Space Heating 1.00 2.0% 2.0% 2.0% 1.5%
-0 Direct-Fired Process 1.00 2.0% 2.0% 2.0% 1.5%
2, g Heating
2 § Steam Boilers 1.00 1.5% 1.5% 2.0% 1.5%
I.u -
rﬁ Machine Drive 1.00 0.0% 0.5% 0.5% 1.0%
CHP 1.00 1.0% 1.1% 1.2% 1.0%
Other 1.00 0.0% 1.0% 1.0% 1.0%
Non-Energy 1.00 0.5% 0.5% 0.5% 0.5%
Space Heating 1.00 0.4% 0.4% 0.4% 0.4%
a =
o Direct-Fired Process 1.00 1.0% 1.0% 1.0% 1.0%
5 3 Heating
5 8 Steam Boilers 1.00 0.3% 0.3% 0.3% 0.3%
it
()
o Machine Drive 1.00 0.5% 0.5% 0.5% 0.5%
CHP 1.00 0.3% 0.3% 0.3% 0.3%
Other 1.00 0.5% 0.5% 0.5% 0.5%




D. UPSTREAM EMISSIONS INTENSITIES

For this study, ICF gathered data on the upstream emissions from conventional geologic
natural gas, as well as from RNG and hydrogen. The upstream emissions associated with
different energy sources largely depends on the production inputs.

Most current hydrogen production processes utilize geologic natural gas through steam
methane reformation (SMR). As discussed in Section 3.2.2, gray hydrogen generally has a
higher upstream emissions footprint than geologic natural gas. Pairing SMR with carbon
capture reduces the emissions footprint of blue hydrogen such that upstream emissions
from blue hydrogen could be comparable to that of upstream emissions from geologic
natural gas (blue hydrogen, with no combustion emissions, has alower emissions profile than
geologic natural gas overall). Alternatively, electrolysis powered by renewable electricity
generates green hydrogen with a greenhouse gas footprint that is approximately zero.

The processing emissions for methanated hydrogen are not well-studied, so this study
assumed they were equal to the upstream emissions profile of hydrogen. It is possible that
additional processing of hydrogen into methanated hydrogen could be powered by zero-
emissions electricity. Methanated hydrogen’s upstream emissions are an area of ongoing
study. Section 4.5.1 addressed that RNG, as a dominant supply of low-carbon energy across
all four pathways, is of particular interest in GHG accounting for gas utilities. RNG upstream
emissions accounting evaluates the emissions from RNG processing inputs, relative to the
emissions that would be released in a base-case scenario where the feedstock materials
were not processed into RNG. In some cases, processing these materials prevents carbon
dioxide and/ or methane emissions from being released into the atmosphere; these are
classified as avoided emissions.

Table 24 and Table 25 demonstrate an example of ‘status-quo’ emissions from different
RNG production processes, as well as avoided emissions for feedstocks like dairy manure
and food waste, where RNG production is lowering methane emissions to the atmosphere
(producing a negative emissions credit). These tables also include the upstream and
customer emissions components for geologic natural gas, as a point of comparison.’® In
this Appendix, ICF demonstrates how the RNG upstream emissions expected today could
reduce in a decarbonized future to the values demonstrated in Table 6.

These are emission factors based on CARB models that are meant to be illustrative of
current RNG supplies. Other work has shown both higher and lower RNG greenhouse gas
emissions intensities and potential avoided emissions than what are presented in Table 24
and Table 25, but the emission reduction opportunities explored here apply regardless of
the exact values used.

126  An important distinction is that where most of the geologic gas emissions are accounted for as customer emissions from its m
combustion, the emissions from RNG occur largely upstream because combustion of biogenic RNG is counted as carbon neutral
at the point of combustion (as outlined previously in Section 4.4).
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Table 24 - Example of Current GHG Emission Factors in the RNG Supply Chain from
Anaerobic Digestion of Feedstocks, Compared to Geologic Natural Gas (in kgCO2e/MMBtu)

=2

Y - Geologi
RNG Production Process “ §d& N @ rf:t:lgllc

Anaerobic Digestion Dairy Food Landfill NEREE Gas
Manure Waste Gas
Feedstock
Collection - 2.0 - -
7.8
Collection Digestion & 498 282 252 245

& Processing | Gas Processing

Avoided

Emissions "239.5 -109.8 - - -

Tr:inps?rl'liir:sai/on Transmission'’ 3.0 3.0 3.0 3.0 3.0
End-Uses Combustion <01 < 0.1 <01 < 0.1 53.1
Total -186.7 -66.6 38.2 37.5 63.9

Table 25 - Example of Current GHG Emission Factors in the RNG Supply Chain from
Thermal Gasification of Feedstocks, Compared to Geologic Natural Gas (in kgCO2e/MMBtu)

Y
RNG Production Process bﬁ L ﬁ Geologic

Thermal Gasification A%rlcyétural F0|:est Energy MSW Natural Gas
esidue Residue Crops
Feedstock 21 17 3.4 2.0
. Collection
Collection 78
& Processing B '
b yngas 48.5 48.5 48.5 48.5
rocessing
T Pipeline/ Transmission 3.0 3.0 3.0 3.0 3.0
ransmission
End-Uses Combustion < 0.1 <01 < 0.1 <0.1 53.1
Total 53.6 53.2 55.0 53.5 63.9

Key factors driving the carbon intensity of renewable natural gas processing in the tables
above include electricity consumption and assumptions used for biogas processing feed
loss (fugitive emissions). Table 24 and Table 25 modeled the current status of upstream
RNG emissions based on an average U.S. Grid Mix and a common industry baseline estimate
of 2% feed loss during biogas processing. For some RNG pathways, gas demand (e.g., for
heating anaerobic digesters during RNG production) was also a significant contributor to

total upstream emissions.

127 Pipeline transmission emissions were based on a national average and assumed to be the same between RNG and geologic 157
natural gas. This component of upstream emissions is dependent on the distance between gas production and consumption

and a pipeline leakage rate. In practice, some RNG production operations will be more local - with gas distributed over shorter

distances - such that their transmission emissions will be lower than 3.0 kgCO2e/MMBtu.
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To understand the sources of typical upstream GHG emissions assumptions for RNG more
clearly, the same projects from the previous tables were sorted into different categories in
Table 26. This categorization makes it easier to understand how the upstream emissions
for different feedstocks could change in a carbon-neutral economy.

Table 26 - Example of Current Upstream GHG Contributions by Production Process in the
RNG Supply Chain (in kgCO2e/MMBtu)

el
5 c c () c o £
1 > 0 o Se o Zcun " T v
: 33 3 = %y 355 35 s5
RNG "g ‘:’E £ g'u_ .ﬂ;é o0z T B
Feedstock 8 £ 3 5 D o3 E% L ou ou Q.
a o2 2 A c - naE zE 2 E
& w6 o v 8 © oDu ui %
= o (¥] o4 (= o z
o
MDa:I::e 0.0 16.8 17.4 15.6 3.0 52.8 2395
Food Waste 2.0 203 29 15.0 30 432 109.8
LFG 0.0 212 0.0 14.0 3.0 38.2
WRRF 0.0 203 01 14.0 3.0 375
Agricultural 21 345 0.0 14.0 3.0 53.6
Residue
Forest 17 345 0.0 14.0 3.0 53.2
Residue
Energy 3.4 345 0.0 14.0 3.0 55.0
Crops
MSW 2.0 345 0.0 14.0 3.0 53.5

Although this analysis does not include modelling of the power generation or transportation
sectors, the study does work under the assumption that there is an economy-wide shift
to net-zero. As such, the tables below mirror previous three ‘status quo’ emission factor
tables but consider the effect of a broader energy transition on RNG production.

Assuming that the power sector would achieve net-zero emissions by 2050, and that
relevant transportation would also fully decarbonize, means that those categories would no
longer contribute to GHG emissions in 2050. RNG upstream emissions across all feedstock
production pathways would consequently decrease significantly by 2050.

Further, the current default RNG ‘processing feed loss was targeted for improvement. The
industry standard assumption of 2% feed loss™® is meant to simplify the accounting for gas
loss between bio/syngas processing equipment components that are hard to measure
precisely. This estimate is based on old literature and is difficult to refute on most projects
because the meters on the inlet and outlet of the processing equipment are both +/- 3% to
5% accurate—meaning that the metering accuracy is not high enough to confirm gas is not
being lost here. This will be a critical area for additional study, to measure actual emissions
from this stage of real RNG projects, and take corrective action as needed. Recognizing that
gas distribution companies are investing significant efforts to better measure actual methane
leaks and reduce those fugitive emissions, this study evaluated the upstream emissions
reduction potential if RNG processing feed loss were reduced from 2% to 0.5%. The true
levels of reduction will need to be validated, but there is no structural reason this theoretical/
assumed source of methane leaks could not be reduced well below the 0.5% level.

Similarly, methane emissions from pipeline transmission leaks (for both geologic and
renewable natural gas) and the processing of geologic natural gas were assumed to
decrease by 50% by 2030, reducing total geologic natural gas upstream greenhouse gas
emissions by about 25%.

128 Argonne GREET Model (anl.gov)

The California Air Resources Board uses a modified version of GREET for its CA-GREET3.0 Model and Tier 1 Simplified Carbon
Intensity Calculators. These tools are used to conduct fuel life cycle analyses and develop Low Carbon Fuel Standard-certified
carbon intensity scores. GHG intensity data from GREET and CARB’s tools were referenced to build this study’s estimates of
RNG upstream emissions.



https://greet.es.anl.gov/
https://ww2.arb.ca.gov/resources/documents/lcfs-life-cycle-analysis-models-and-documentation
https://ww2.arb.ca.gov/resources/documents/lcfs-life-cycle-analysis-models-and-documentation
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Table 27 and Table 28 below incorporate these changes expected for a carbon-neutral
economy and showcase the resulting upstream emissions and offset credit potential for the
different RNG feedstocks. These emissions factors are used in the upstream gas emissions
pathways shown in Section 4.5.2. Capturing changes that could be expected in a carbon-
neutral economy results in significant reductions in upstream RNG emissions, significantly
increasing the potential for some sources of RNG that reduce methane emissions to
generate emission reduction credits.

RNG Processing Feed Loss

Argonne National Laboratory created the Greenhouse gases, Regulated Emissions,
and Energy use in Technologies Model (GREET), which is updated annually. Among
other things, GREET is a tool used to estimate the energy use and emissions associated
with fuel use, and it is common to reference the model as a compilation of the latest
information on different fuel pathways. GREET assumes that renewable natural gas
processing CH4 leakage amounts to 2% of the RNG feed lost. Feed loss generally
reflects the ratio between inlet and outlet, less flaring, of the biogas upgrading
skid. This estimate of average feed loss from valves, flanges, covers, etc. during
RNG processing is a standard assumption because these leaks are hard to measure
but not zero. However, given that methane leaks across the entire gas production,
transmission, and distribution systems amount to closer to 1%, the assumption of 2%
leakage from this single process seems out of sync with industry efforts to minimize
methane emissions.

Table 27 - Example of Potential Low Carbon Future GHG Emission Factors
in the RNG Supply Chain from Anaerobic Digestion of Feedstocks,
Compared to Geologic Natural Gas (in kgCO2e/MMBtu)

P ~ - Geologi
RNG Production Process “ ﬁ‘% A @ Ne:t:rgallc
Anaerobic Digestion Dairy Food Landfill R Gas
Manure Waste Gas
Feedstock . - . -
Collection
6.0
Collecthn Digestion & 221 6.8 25 26
& Processing | Gas Processing
Avoided 2395 -108.6 - - -
Emissions
Pipeline/ .
Transmission Transmission 2.4 2.4 2.4 2.4 2.4
End-Uses Combustion < 0.1 <0.1 < 0.1 <0.1 53.1
Total -214.9 -99.4 5.9 6.0 61.5
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Table 28 - Example of Potential Low Carbon Future GHG Emission Factors
in the RNG Supply Chain from Thermal Gasification of Feedstocks,
Compared to Geologic Natural Gas (in kgCO2e/MMBtu)

February 2022

¥

RNG Production Process Lk E Geologic
Thermal Gasification Agrl(:l_.lltural FOI:eSt Energy MSW Natural Gas
Residue Residue Crops
Feedstock . - . -
. Collection
Collection 6.0
& Processing S '
5 yngas 35 35 35 35
rocessing
T Pipeline/ | o mission 2.4 2.4 2.4 2.4 2.4
ransmission
End-Uses Combustion <0.1 <01 <0.1 <01 53.1
Total 5.9 5.9 5.9 5.9 61.5

With these adjustments, the emission factors found in Table 6 (repeated below as Table
29) could be expected to be representative of average upstream gas emissions by 2050.

Table 29 - Example of Potential Low Carbon Future Upstream
GHG Contributions by Production Process in the RNG Supply Chain (in kgCO2e/MMBtu)

g c c g 7] c < £
=} >.0 0 e (2} 2 ] 7] )
© 2 e =) © an = [= T c o C
RNG ie va w2 o @ ) ) &9
(] = E (] E .E E [ axw - 0 n
Feedstock a s (LR ] ) g (] o.n
7 ] 7] " c - woE ZE 2F
c = C < 0 n © o < -
o w o 0 8o i oou w oW
|‘_' (8] (8] a_. | | (0] 4
Dairy -
Manure 0.0 0.0 17.4 4.8 2.4 24.5 239.5
Food Waste 0.0 0.0 2.9 3.9 2.4 9.2 -108.6
LFG 0.0 0.0 0.0 3.5 2.4 5.9
WRRF 0.0 0.0 0.1 3.5 2.4 6.0
Agricultural
Residue 0.0 0.0 0.0 35 2.4 5.9
Forest
Residue 0.0 0.0 0.0 35 2.4 5.9
Energy
Crops 0.0 0.0 0.0 35 2.4 5.9
MSW 0.0 0.0 0.0 3.5 2.4 5.9
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Again, these greenhouse gas emission profiles are meant to be examples of a decarbonized
future, illustrative of how RNG’s GHG footprint can decrease with processing improvements.
Other resources and studies like CARB’s carbon intensities LCFS-certified, might differ
from this study, based on different assumptions for feedstocks, facility operations, and gas
transmission logistics.

Current RNG production pathways that consume gas in operation usually rely on geologic
natural gas to preserve the more valuable biogas for RNG output. Modeling of these
pathways estimated 0.24 MMBtu of geologic gas is consumed per MMBtu of dairy RNG
output, or in the case of RNG from food waste, 0.04 MMBtu of geologic NG consumed
per MMBtu of RNG. Table 6 / Table 29 is consistent with this approach, with dairy manure
and food waste production processes continuing to use (and to count emissions from
using) geologic gas. This was left as-is to avoid overcounting the availability of RNG
supply, as the customer demand and supply scenarios were completed in advance of
the upstream RNG emissions calculations. It is likely that in a carbon-neutral economy,
geologic gas would no longer be the source of energy in these processes—it could be
electricity, RNG, or hydrogen. To give context on the potential impact, if only RNG was
used to meet these heating requirements, and no efficiency improvements were made,
this would be equivalent to 24% of the MMBtu output of dairy manure RNG and 4% of
the RNG from food waste, or about 5-7% of the total RNG being required as a ‘parasitic’
load for RNG production. Given that not all of the available AGA Net-zero 2050 Case’ for
RNG supply was used in these pathways (particularly the TG sources), there would still
be enough RNG to cover the needs in sectors analyzed here. Or, these heating needs
could be met in part by electric or blended-hydrogen options. Additionally, any approach
that eliminated this use of geologic gas from RNG production would then result in lower
upstream emissions from the RNG sources.




	Exhibit 1 – Total 2019 US Greenhouse Gas Emissions and GHG Emissions Categories Associated with Gas Utilities15
	Exhibit 2 – U.S. Energy Consumption by Source and Sector in 2020
	Exhibit 3 – U.S. Household End-use Energy Consumption by Fuel (trillion Btu)
	Exhibit 4 – Total U.S. Direct Greenhouse Gas Emissions22 by Economic Sector in 2019
	Exhibit 5 – 2020 US Electric and Natural Gas Consumption Across all Customer Sectors
	Exhibit 6 – Examples of Gas Utility Approaches to Reducing Emissions
	Exhibit 7 – BC Energy Step Code Approach to New Construction
	Exhibit 8 – Example of Variability in ASHP Load
	Exhibit 9 – RNG Production Process via Anaerobic Digestion and Thermal Gasification
	Exhibit 10 – European Hydrogen Backbone Map, Produced by Guidehouse
	Exhibit 11 – Gas Utility GHG Emissions by Category
	Exhibit 12 – Overview of Study Components
	Exhibit 13 – Examples of Changes to Customer Equipment (Demand-Side)
	Exhibit 14 – Example of Gas Utility Emissions Reduction Plan Options and Screening Criteria
	Exhibit 15 – Total Natural Gas GHG Emissions in Study Scope (Residential, Commercial, Transportation, & LDC Industrial Customers)
	Exhibit 16 – Summary of Types of 2050 Emission Reductions
	Exhibit 17 – Pathway to Net-Zero Customer GHGs (Gas Energy Efficiency Focus)
	Exhibit 18 – 2050 Customer GHG Emissions Reductions (Gas Energy Efficiency Focus)
	Exhibit 19 – Pathway to Net-Zero Customer GHGs (Hybrid Gas-Electric Heating Focus)
	Exhibit 20 – 2050 Customer GHG Emissions Reductions (Hybrid Gas-Electric Heating Focus)
	Exhibit 21 – Pathway to Net-Zero Customer GHGs (Mixed Technology Approach) 
	Exhibit 22 – 2050 Customer GHG Emissions Reductions (Mixed Technology Approach)
	Exhibit 23 – Pathway to Net-Zero Customer GHGs (Renewable and Low Carbon Gas Focus)
	Exhibit 24 – 2050 Customer GHG Emissions Reductions (Renewable and Low Carbon Gas Focus)
	Exhibit 25 – Total Gas Demand in Study Scope (Residential, Commercial, Transportation, & LDC Industrial Customers)
	Exhibit 26 – Residential Sector Gas Demand
	Exhibit 27 – U.S. Residential Gas Space Heating Equipment Stock
	Exhibit 28 – 2050 Residential Sector Gas Demand by End Use
	Exhibit 29 – Commercial Sector Gas Demand
	Exhibit 30 – 2050 Commercial Sector Gas Demand by End-Use
	Exhibit 31 – 2050 Residential and Commercial Savings by Measure
	Exhibit 32 – Industrial Gas Demand in Study Scope (Gas Utilities Industrial Customer at 50% of Total Industry)
	Exhibit 33 – EIA AEO 2021 Projected Transportation Sector Natural Gas Use by Mode
	Exhibit 34 – Amount of RNG Supply Leveraged in Each Pathway
	Exhibit 35 – Comparison of2040 and 2050 Cases for RNG Supply
	Exhibit 36 – RNG Upstream Emissions and Combustion Approach for Customer Emissions
	Exhibit 37 – Hydrogen Deployment Pathways
	Exhibit 38 – Gas Supply Mix for all Pathways
	Exhibit 39 – Full Gas Supply Mix for All Pathways
	Exhibit 40 – Gross Upstream Gas Emissions (Excluding Avoided Emissions from RNG)
	Exhibit 41 – 2050 Net-zero Upstream Gas Emission Reductions
	Exhibit 42 – Pathway to Net-zero Upstream Gas Emissions 
	Exhibit 43 – 2019 Natural Gas Distribution Stage Direct Greenhouse Gas Emissions (16.5 Million Metric Tonnes CO2e Total)121
	Exhibit 44 – Projected Distribution Utility Emissions with Vintage Pipeline Replacement Programs
	Exhibit 45 – Pathway to Net-zero for Gas Utility Direct Emissions
	Exhibit 46 – ICF’s DERPM Model (Illustrated Here) was Established to Study Pathways Development
	Table 1 – 2050 Emissions and Percentages of Total Emissions Reduction by Pathway and Measure Categories
	Table 2 – Total Gas Demand by Sector 
	Table 3 – Summary of Gas Demand by End-Use
	Table 4 – 2050 Industrial Sector Gas Demand Reductions by Measure Type 
	Table 5 – RNG Feedstock Types
	Table 6 – Example of Potential Low Carbon Future117 Upstream GHG Contributions by Production Process in the RNG Supply Chain (in kgCO2e/MMBtu)
	Table 7 – List of Measures by Subgroups
	Table 8 – Measure Energy Savings
	Table 9 – Residential Sector Equipment Stock by End-Use (million units)
	Table 10 – Residential Sector Annual Gas Demand by End-Use and Sub-sector (million Btu per household)
	Table 11 – Residential Sector Penetration Rate Curve – Pathway 1 Gas Energy Efficiency Focus (percentage of active units)
	Table 12 – Residential Sector Penetration Rate Curve – Pathway 2 Hybrid Gas - Electric Heating Focus (percentage of active units)
	Table 13 – Residential Sector Penetration Rate Curve – Pathway 3 Mixed Technology Approach (percentage of active units)
	Table 14 – Residential Sector Penetration Rate Curve – Pathway 4 Renewable and Low Carbon Gas Focus (percentage of active units)
	Table 15 – Applicable Units for Commercial Sector are the Forecast of Square Footage by Sub-Sector (billion square feet)
	Table 16 – Commercial Sector Annual Gas Demand by End-Use and Sub-sector (thousand Btu per square foot)
	Table 17 – Commercial Sector Penetration Rate Curve – Pathway 1 Gas Energy Efficiency Focus (percentage of active units)
	Table 18 – Commercial Sector Penetration Rate Curve – Pathway 2 Hybrid Gas - Electric Heating Focus (percentage of active units)
	Table 19 – Commercial Sector Penetration Rate Curve – Pathway 3 Mixed Technology Approach (percentage of active units)
	Table 20 – Commercial Sector Penetration Rate Curve – Pathway 4 Renewable and Low Carbon Gas Focus (percentage of active units)
	Table 21 – Assumptions Driving Industrial Gas Demand (Percentage of 2050 Reference Case)
	Table 22 – Maximum End-Use Applicability by 2050
	Table 23 – Annual Efficiency Improvement
	Table 24 – Example of Current GHG Emission Factors in the RNG Supply Chain from Anaerobic Digestion of Feedstocks, Compared to Geologic Natural Gas (in kgCO2e/MMBtu)
	Table 25 – Example of Current GHG Emission Factors in the RNG Supply Chain from Thermal Gasification of Feedstocks, Compared to Geologic Natural Gas (in kgCO2e/MMBtu)
	Table 26 – Example of Current Upstream GHG Contributions by Production Process in the RNG Supply Chain (in kgCO2e/MMBtu)
	Table 27 – Example of Potential Low Carbon Future GHG Emission Factors in the RNG Supply Chain from Anaerobic Digestion of Feedstocks, Compared to Geologic Natural Gas (in kgCO2e/MMBtu)
	Table 28 – Example of Potential Low Carbon Future GHG Emission Factors in the RNG Supply Chain from Thermal Gasification of Feedstocks, Compared to Geologic Natural Gas (in kgCO2e/MMBtu)
	Table 29 – Example of Potential Low Carbon Future Upstream GHG Contributions by Production Process in the RNG Supply Chain (in kgCO2e/MMBtu)
	Letter from AGA
	Abstract
	Executive Summary
	List of Acronyms
	Main Definitions
	1	Introduction & Background
	1.1	About This Study
	1.2 	Structure of the Report
	1.3 	Areas for Further Investigation and Analysis

	2	The Importance of Natural	Gas Infrastructure in	Decarbonization Pathways
	2.1	Value of the Existing Natural Gas Distribution System in the U.S. Economy
	2.2	Challenges and Unknowns with Comprehensive Building Sector Electrification as a Decarbonization Strategy
	2.3	Reaching Net-Zero Is Likely More Achievable with Multiple Approaches  

	3	Introduction to Key 	Natural Gas Emission	Reduction Strategies
	3.1 	Strategies to Reduce Natural Gas Utility Customer Demand
	3.1.1 	Existing Gas Energy Efficiency Options
	3.1.2	Emerging Gas Technologies

	3.2 	Decarbonization of gas supply
	3.2.1 	Renewable Natural Gas
	3.2.2 	Hydrogen Production and Blending
	3.2.3 	Methanated Hydrogen
	3.2.4 	Dedicated Hydrogen Infrastructure 

	3.3 	Offsets, Carbon Capture, and Negative Emissions Technologies
	3.3.1 	Carbon Capture, Utilization, and Storage
	3.3.2 	GHG Emissions Offsets

	3.4 	Methane emission reduction measures
	3.4.1 	Gas Utility Emissions
	3.4.2 	Upstream Natural Gas Emissions


	4	Net-Zero Emission Pathways 
	4.1 	Summary of Study Approach and Pathways
	4.1.1 	Study Approach
	4.1.2 	Pathway Descriptions
	4.1.3 	Limits on Scope of the Analysis

	4.2 	Customer Emission Reduction Pathway Results
	4.2.1 	Overall Results
	4.2.2 	Pathway 1 - Gas Energy Efficiency Focus
	4.2.3 	Pathway 2 - Hybrid Gas-Electric Heating Focus
	4.2.4 	Pathway 3 - Mixed Technology Approach
	4.2.5 	Pathway 4 – Renewable and Low Carbon Gas Focus

	4.3	Gas Demand Reductions
	4.3.1 	Overall Gas Demand Results
	4.3.2 	Residential and Commercial Sector (Buildings)
	4.3.3 	Industrial Sector
	4.3.4 	Transportation Sector

	4.4 	Decarbonization of the Gas Supply 
	4.4.1 	Availability of RNG Supplies
	4.4.2 	Availability of Hydrogen Supplies
	4.4.3 	Gas Supply Pathways

	4.5 	Upstream Emission Reductions
	4.5.1 	Upstream Emissions from RNG Production
	4.5.2 	Reducing Upstream Gas GHG Emissions to Net-zero

	4.6 	Direct Gas Utility Emission Reductions 
	4.6.1 	Understanding Sources & Current Quantification of Gas Utility Emissions 
	4.6.2 	Reference Case Changes to Gas Utility Emissions
	4.6.3 	Gas Utility Direct GHG Emissions Reduction Pathways


	5	Discussion of Types of	Policy & Regulation Needed	to Unlock Pathways
	6	Key Takeaways
	APPENDICES
	A.	Distributed Energy Resources Potential Model (DERPM) Overview
	B.	DERPM Inputs
	C. Industrial Sector Demand Assessment/Assumptions
	D.	Upstream Emissions Intensities 




