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1 Executive summary

In January 2020, during his annual State of the Commonwealth address, Governor Charlie Baker committed
Massachusetts to an aggressive target of net-zero greenhouse gas emissions by 2050. Following the
Governor’s commitment, in April 2020 Energy and Environment Affairs Secretary Kathleen Theoharides
formally established Net Zero as the Commonwealth’s new legal limit for greenhouse gas emissions for 2050.
This report focuses on the largest single component of these emissions, carbon dioxide (CO,) from energy use,
and how it can be dramatically reduced or eliminated while maintaining a vibrant economy in the
Commonwealth. The report is based on a detailed modeling analysis of eight potential pathways, or
technology strategies, that the Commonwealth could follow to reach its Net Zero target. The analysis
compares and contrasts these pathways in order to highlight both the common elements across different
approaches to transforming the energy system, and the relative costs and tradeoffs between them. It includes
in-depth analysis of topics such as regional electricity planning and operations, including offshore wind and
transmission; the use of electricity versus decarbonized gas in buildings; and the use of distributed versus
central station solar photovoltaic (PV). It raises topics that are seldom discussed at present but will be
important in a decarbonized system, such as cross-sector coupling between electricity, transportation, and
bioenergy. The research was carried out using the latest available modeling tools and data and is meant to
provide both broad results and detailed analysis for a technical audience. This report was developed under the
auspices of the Massachusetts Executive Office of Energy and Environmental Affairs (EEA), which has been
charged with mapping out strategies to reach the Net Zero target. Subsequent EEA reports will cover other
aspects of the Net Zero challenge and will also provide an overall synthesis and policy recommendations.

This is a technical report and does not make policy recommendations or determine the preferred pathway for
Massachusetts. However, it does provide significant relevant information, both quantitative and qualitative,
about costs, benefits, risks, and tradeoffs among the different strategies that should be taken into
consideration when making policy decisions. It also identifies areas where more information will be needed
before major policy choices are made and suggests specific research topics and potential pilot projects that
could help provide this information. The origins and applications of long-term energy planning studies
(“pathways studies”) of this kind are discussed in Section 2.3, and the uncertainties and limitations inherent in
such exercises are discussed in Section 3.3. Limitations notwithstanding, a number of important and robust
findings have emerged from this study, which are highlighted in this Executive Summary.

1.1 Main Findings

Following a detailed analysis, this report finds that energy system transformation consistent with
Massachusetts’ Net Zero limit is feasible and that there are multiple pathways to reach the target. All
pathways involve some tradeoffs that will need to be carefully considered, and all will require decades of
sustained collective action. That said, there are four main energy-sector transformation strategies common to
all net-zero pathways:

e Increasing energy efficiency — Increasing the efficiency of energy use across the economy significantly
reduces costs while also reducing the scale of infrastructure additions required for deep
decarbonization.

o Electrifying end-use technologies — Electricity is the least-cost means of supplying zero-carbon energy,
and in many cases, electrification also increases energy efficiency. The greater the efficiency benefits,
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and the more flexible the end-uses in terms of their time of use, the more competitive electrification is
relative to using decarbonized fuels.

e Decarbonizing electricity — As the main form of energy consumed, electricity is the foundation of a
decarbonized energy system. For total energy system emissions to reach the target, the carbon
intensity of electricity must reach nearly zero.

e Using carbon capture technology — Not all end uses can or will be electrified, therefore some fuels are
required. Carbon capture is an integral part of managing fuel use in a net-zero energy system, applied
to the production of net-zero fuels and/or to capturing emissions from fuel combustion.?

These basic strategies— “the pillars of decarbonization”— have been identified in previous pathways studies,
in the U.S. and internationally. The key metrics for each pillar in Massachusetts are shown in Figure ES1, which
contrasts the Net Zero system in 2050 to today’s system.

Figure ES1. Four pillars of decarbonization for the All Options pathway. Key metrics include a 98%+ reduction in the carbon intensity of
electricity production, a 55% reduction in per capita energy consumption, a 3.5x increase in the share of final energy delivered by
electricity, and captured carbon within Massachusetts of 0.7 MMt.

Electricity Decarbonization Energy Efficiency Electrification Carbon Capture
300 2766 150 143 20 68% 0.7
250 60 0.6
3
< 200 ol 5 90
= o c
& 8 % 40 =
£ 150 E 2 s 04
G < o
7 100 = é ?
R
20 _19% 0.2
o0 10
0 3.7 0 00 0.0
2020 2050 2020 2050 2020 2050 2020 2050

The modeling included a number of assumptions that increase the realism and comparability of these results.
No behavior change was assumed that would decrease the demand for “energy services” such as driving,
flying, heating, and manufacturing. Consequently, these results demonstrate that the Net Zero target was
achievable even while meeting the latest U.S. government projections of long-term energy service demand. All
technologies used are either already commercially available or have been demonstrated at a large pilot scale.
There was no early retirement of end use equipment before the end of its economic lifetime. Finally, a number

1 Carbon capture is a pillar of decarbonization that is applied in all pathways, including the 100% primary renewable
energy pathway in which captured carbon is needed for producing renewable fuels. However, carbon capture and storage
(CCS), in which the captured carbon is geologically sequestered, is not; CCS is used in only one pathway, in which the
sequestration occurs out-of-state. Most carbon capture opportunities are also outside Massachusetts, in states better
suited for the production of net-zero fuels; in theory all carbon capture could occur out-of-state. However, since carbon
capture is essential to a net-zero energy system regardless of physical location, it is included here as a pillar of
decarbonization. In these pathways, bio-asphalt is a form of carbon sequestration employed in Massachusetts, but it does

not involve carbon capture.
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of environmental constraints were imposed, including limits on biomass supplies, land for siting renewable
energy, and geologic sequestration of CO,.

1.2 Decarbonization Pathways

The eight decarbonization pathways were designed to inform Massachusetts policymakers about the effects of
key strategic decisions and uncertainties it faces in developing policies to achieve net-zero emissions. The
design framework is a scenario approach frequently used in energy planning, in which key assumptions or
input values are changed one at a time. Table ES1 shows the key characteristics of each pathway relative to the
All Options case, which served as the baseline from which the other pathways were developed and to which
their results were compared. For other pathways, assumptions about either the cost or available technology
options were changed. Section 4 in the main text provides detailed descriptions of the rationale and input
values for each pathway.

Table ES1. Summary of pathways analyzed

Pathways Analyzed Key Characteristics / Distinguishing Features
All Options Baseline analysis — model selecting most economic resources to
meet emissions limits using baseline cost assumptions.
[ —
DER Breakthrough High deployment of behind-the-meter solar + flexible loads 2
v
9]
g Regional Expansion Lower-cost electric transmission + export of captured CO2 2
I
2 OSW Constrained Region constrained to 30 GW offshore wind at higher cost.
E Economic expansion of nuclear allowed.
e e J
% Pipeline Gas Low-electrification of pipeline gas uses in buildings and industry.
o
©
g Limited Energy Efficiency Buildings, industry, & transport remain at reference efficiency.
= PP -
© =
E 100% Renewable Fossil fuels disallowed anywhere in the economy; nuclear retired. ‘%
w
No Thermal Forced retirement of all gas and oil electricity generation. o
w

All pathways were analyzed using the EnergyPATHWAYS and RIO models developed by Evolved Energy
Research. Section 3 of the main text provides a longer description of the modeling methods and data sources
used in the analysis.

1.3 Key Results

The emissions path to Net Zero can be divided into three stages, in which different measures play the main
role in emissions reductions in each stage. Near term emissions reductions come primarily from increasing
efficiency,? continuing to build-out solar PV, and importing low-carbon electricity from out-of-state. In the
medium term, further reductions come primarily from building offshore wind and achieving high levels of
electrification.? In the long term, the decarbonization of remaining fuel uses (e.g. jet fuel) are added to the
prior strategies. This general sequence reflects the lowest cost transition for Massachusetts, with nuances and
variations in this basic template depending on the specific pathway.

2 Even in the low-efficiency pathway, some electrification measures still resulted in efficiency improvements that

decreased energy use per person.

3 High building electrification was not assumed in every pathway, but low electrification of both buildings and transport

was found to be incompatible with the net-zero emissions target given environmental constraints on biomass availability.
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Economy-wide decarbonization is the result of actions taken within each sector, and across sectors. Key
findings from the modeling include:

Energy Efficiency
e Reduced deployment of energy efficiency resulted in significantly higher infrastructure requirements,
including a 50% higher offshore wind build from 2030 to 2045.
e The efficiency measures adopted in buildings, industry, and aviation became more cost-effective as the
carbon emissions limit tightened over time. By 2050, every dollar invested in efficiency returned $1.50
in avoided energy costs.

Building electrification

e Given the assumptions of this analysis, high levels of building electrification lowered the long-term cost
of reaching Net Zero. With less building electrification, the long-term cost of the decarbonized fuel
required to reach the emissions target more than offset modest cost savings from avoiding
electrification in the near term.

e The large quantity of decarbonized drop-in fuels required is a risk factor for a low building
electrification pathway. Even with nearly complete electrification of on-road vehicles, bioenergy
imports would nonetheless need to increase to five times the level of ethanol imports today.

e Inalow building electrification pathway, average gas rates increased from roughly $10/MMBtu to $20-
$30/MMBtu due to a combination of biogas cost, lower pipeline throughput, and the marginal carbon
price of the remaining natural gas in the system. This makes gas less competitive with electricity than it
is today. If adoption of electric technologies is seen by customers as cost effective based on the
relative retail rates of gas and electricity, there could be an uncontrolled exit from the gas system and
escalating rates for the remaining customers.

e A high building electrification pathway, whether resulting from explicit policy or market choices by
consumers, will require a policy strategy for how to manage an orderly and equitable exit from the gas
distribution system.

e Building electrification will lead to increases in peak electric load. However, the relative impact of such
an increase depends on the level of EV adoption and the flexibility of EV charging (Figure ES2).% After
assuming high levels of EV adoption, the incremental impact of building electrification was a relatively
modest 30% increase to distribution peak loads.

e Key uncertainties about building electrification that require in-depth study include the impact of space
heating electrification on distribution feeders above and beyond the impact of vehicle electrification;
the future cost of decarbonized fuel imports; and the eventual savings from retirement of gas
distribution.

4 The base assumption was that 50% of all light duty vehicle charging load was flexible, and that it could be delayed by up
to eight hours during the day.




Figure ES2. ISO-NE system load shape comparison in 2050, after the dispatch of flexible loads.
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Transportation electrification

e Rapid electrification of light-duty transportation is a no-regrets strategy for Massachusetts, including
reaching 50% of sales of zero emission light-duty vehicles by 2030.

e Medium- and heavy-duty transportation must also rapidly transition towards battery-electric or
hydrogen fuel cell vehicles. Nevertheless, a limited quantity of residual liquid fuel use in on-road
transportation is compatible with reaching Net Zero.

e Aviation efficiency improvements are important for reducing cost and reducing the amount of
decarbonized fuel imports required.

Industry
e The primary decarbonization strategies for industry are energy efficiency in the near term,
electrification in the medium term, and deployment of carbon capture and use of decarbonized fuels
in the long term.
e Electrification opportunities exist in lower-temperature process heat and steam generation, especially
when paired with flexibility in time of use that takes advantage of available renewable generation.

Electricity generation

e Offshore wind is the backbone of decarbonized electricity generation in Massachusetts. Across all the
pathways, a minimum of 15 GW of offshore wind was installed in Massachusetts waters by 2050.

e When offshore wind deployment was limited, imported electricity from Quebec was used to make up
the difference. New nuclear generation was also found to be cost-effective in the Northeast region
under these circumstances.

e Solar PV made up 25%-30% of electricity generation across most pathways, limited by the cost of
storing and shifting in time excess solar generation. Both rooftop PV and ground-mounted PV were
needed.

e Very high rooftop solar deployment significantly reduced the land-use required for ground-mounted
renewables, but also increased capital cost. In general, because the resources have similar attributes,
the relative share of rooftop and ground-mounted solar did not have a large impact on
decarbonization results.
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Electricity balancing

In a future with high levels of offshore wind capacity, the primary electricity balancing challenge for
the region will be infrequent but long-lasting periods of fallow production. This is illustrated in Figure
ES3, showing electricity operations on two simulated days in 2050. The comparison shows that thermal
power plants and imports were not needed on a high-wind day but were required at a large scale to
maintain reliability on a low-wind day.

Canadian hydro is an essential element of regional balancing. In this analysis, the Quebec hydro system
transitioned over time into the role of a ‘battery’ for the Northeast region, with electricity flowing in
both directions, depending on the timing of renewable production and loads on both sides of the U.S.-
Canada border. Because flows were bidirectional, total net-imports into Massachusetts from Quebec
declined after 2035 in the analysis.

Flexible operation of electrolysis facilities to produce hydrogen, and of electric boilers to produce
steam, are critical enablers of a high wind and solar system. They help to reduce electricity system
costs by providing productive uses for renewable overgeneration and simultaneously reducing
emissions in other sectors (heavy transport and industry).

New battery electric storage for shifting renewable energy supply in time played only a minor role in
balancing the bulk power system. This was due to the combined effects of the timing of renewable
generation in a wind-heavy system, existing pumped storage capacity, and the capabilities of
transmission ties with Quebec. However, flexible end-use demand proved valuable for reducing
transmission and distribution costs, suggesting a potentially important role for storage in similar
applications.

Because of the need for firm capacity on a handful of days, thermal generating capacity without
carbon capture is the other essential component of low-cost electricity balancing. There was no
significant change in the size of the gas turbine fleet in the region by 2030 in most pathways. Thermal
power plants are difficult to replace economically because of the occurrence of lengthy periods with
low wind output (72+ hours).

Thermal capacity without carbon capture, while critical for reliability, operated infrequently. Thermal
generation for some number of hours was needed on 1/3 of the days in 2050 but on only 12 days
during the year was thermal generation required during every hour, corresponding to days with very
low offshore wind production. This means thermal power plants contributed only a small share of
annual generation (<6.2%). Because the actual energy produced in thermal power plants was low,
even burning natural gas in them produced relatively few emissions. For the same reason, the
incremental cost of replacing natural gas with a combination of hydrogen and biogas to completely
eliminate emissions in electricity was small.

Nuclear and fossil generation with carbon capture were found to be uneconomic ways of providing
reliability in a high renewables system, since the limited number of hours they would operate do not
justify the large incremental capital cost of replacing existing thermal power plants.




Figure ES3. All Options pathway daily operations for Massachusetts in 2050. February 1% (left, a high offshore wind generation day) is
contrasted to February 16" (right, lowest offshore wind day of the year). Generation is shown in the top panel for each day, and load in
the bottom panel. The right-hand figure illustrates the types of capacity, primarily gas thermal generation and transmission imports,
required to maintain system reliability on low wind days. The left-hand figure illustrates the role of transmission exports and flexibly
operated end uses such as electrolysis on high-wind days.
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Transmission

e Expanded transmission capacity between Quebec and Massachusetts was important in all pathways,
with a minimum of 2.7 GW and a maximum of 4.8 GW required above today’s level. In the near term,
these lines were used to import carbon-free electricity from Quebec, largely from new onshore wind
projects. In the long term, the lines were used to allow bi-directional power flow for balancing a high
renewables power system throughout the Northeast region.

e New transmission capacity connecting the northern part of Massachusetts with New Hampshire, and
the western part of Massachusetts with New York, was found to be economic in multiple pathways.

e Interconnection of offshore wind and ground-mounted solar to load requires significant new
transmission capacity in any high-renewables power system in New England.

e Substantial expansion of transmission and distribution within Massachusetts was necessary to meet
the approximately doubled final electricity demand resulting from electrification.

e Mandating the retirement of all thermal gas power plants by 2050 resulted in tripling the long-distance
transmission capacity required in the region to balance renewable variability.

Decarbonized Fuels
e Remaining fuel uses in 2050 included aviation, asphalt, and shipping at levels similar to today’s, along
with reduced but continued use of fuels in buildings, industry, and transportation. This fuel demand
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was met largely with fuels synthesized from biomass or derived from electricity (hydrogen produced
with electricity and combined with captured CO,).

e Liquid fuels were more cost-effective to substitute with decarbonized alternatives than natural gas
because the avoided cost of replacing refined petroleum products is roughly five times greater than for
natural gas.®

e Imports of ethanol, currently blended into motor gasoline, were gradually replaced with imports of
other biofuels for different applications after the electrification of light-duty vehicles. With high
electrification of both buildings and transportation, total imports of bioenergy increased 50% by 2050.

e large supplies of biofuels other than ethanol will not be required until about 2040 unless rapid
decarbonization of electricity is not achieved. Nonetheless, the cost, quantity available, and
environmental sustainability of imported biofuels are major uncertainties requiring further in-depth
study.

Costs and Tradeoffs

This analysis provides two types of information of value to Massachusetts residents and officials in considering
policy options for reaching Net Zero. First, it highlights “no-regrets” strategies that appear in all
decarbonization pathways and for which the need is unquestioned, including increasing energy efficiency and
rapid deployment of renewables and electric vehicles. Second, it highlights tradeoffs and cost differences
between different pathways that will have to be carefully weighed, and in some cases requires new analysis
and pilot projects to fully understand the implications. Key examples include:

e Offshore wind plays a critical role in electricity generation in all pathways, but with it comes the need
for transmission to bring it to shore and balance its variability, and potential impacts on visual
aesthetics and marine environments. If the construction of offshore wind is not achieved at the scale
suggested here, the construction of new nuclear in the Northeast region may be required in order to
meet the Net Zero target.

e Natural gas is the least expensive fossil fuel and continuing to use it as a transition fuel can help reduce
the cost of a low-carbon transition. On the other hand, pathways that maintain a high volume of
pipeline gas consumption indefinitely, as in the Pipeline Gas pathway, will be critically dependent on
the quantity and cost of decarbonized fuels available in order to reach Net Zero.

e Increasing regional coordination in electricity offers a clear opportunity to reduce overall costs, but
involves building new transmission capacity, and likely requires new supporting policies in regional
electricity markets. Similarly, flexible end-use loads also offer overall cost-savings, but require
investment and electricity market changes.

e Retiring existing natural gas power generation in the absence of unforeseen breakthroughs in long-
duration energy storage technology will lead to dramatic cost increases for providing alternative
strategies for electricity balancing.

e Mandating all energy supplies, not just electricity, to be 100% renewable could lead to cost increases.
Commitment to such a goal should be made only with a better understanding of long-term bioenergy
cost and availability than currently exists.

e Low energy efficiency and low building electrification both lead to modest cost increases, but also
result in higher use of other resources.

5> Today, natural gas is roughly $3/MMBtu while refined petroleum fuels are roughly $15/MMBtu.

‘



e In all decarbonization pathways, there is a shift away from purchasing energy from outside
Massachusetts toward investing in capital equipment in the state,® as shown in Figure ES4. The
Decarbonization Roadmap to 2050 and the companion Economic and Health Impacts Report will help
to quantify the macroeconomic and employment benefits from this shift towards in-state spending as
seen in Figure ES4.

Figure ES4. In-state vs. out-of-state spending on energy for the reference and all options pathways, in dollars and as a percentage of
2019 gross state product (S600B).
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The themes and results presented in this executive summary are described in greater detail in the main text of
this document. Section 2 describes the goals of the study, the general approach taken to address them, and
compares the study to past regional studies. Section 3 describes the modeling tools used in this work and the
associated limits and uncertainties. Section 4 describes the eight pathways analyzed in detail, including input
assumptions and why each was chosen. Section 5 presents detailed results for each pathway along multiple
dimensions. Section 6 synthesizes these results into common findings, areas of competition, and outstanding
research questions in order to communicate the energy system decisions faced by the region with sufficient
clarity to allow policymakers and policy implementers to carefully weigh the tradeoffs and shape effective
public policy in the years to come.

5 Implicitly assumed is that offshore wind installed in Massachusetts waters is also manufactured in Massachusetts.
Economic activity within the state, region, and U.S. at large will depend on the supply-chain for different technologies, for
which policy has the opportunity to help shape.
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2 Introduction

2.1 Study framework

Massachusetts has set a target of net-zero greenhouse gas (GHG) emissions by 2050. This report is one
component of the broader Decarbonization Roadmap Study (“Roadmap Study”) led by the Massachusetts
Executive Office of Energy and Environmental Affairs (EEA) that maps out strategies for reaching this target.
This document focuses on how the largest single component of GHG emissions, carbon dioxide (CO;) from
energy and industry (E&I),” can be dramatically reduced or eliminated while maintaining a vigorous state
economy. It describes eight different technological pathways for deep decarbonization of the Northeast
region, with an in-depth treatment of Massachusetts.

The parallel research efforts of the Roadmap Study are shown in Table 2. This study, Energy Pathways to Deep
Decarbonization, along with the Non-Energy Sector Technical Report, serve to analyze pathways to achieve a
90% reduction from 1990 GHG emissions. In addition, the Land Use study analyzed how natural and working
lands in the Commonwealth can help remove residual emissions in 2050 in order to bring Massachusetts to a
net-zero economy. This study also intersects with the sector analyses of buildings and transportation, which
take a deeper dive into these areas. All of the sector analyses are used in developing the 2050 Roadmap and
the Clean Energy and Climate Plan for 2030.

Table 1. Analyses for Massachusetts Net Zero by 2050 report.

Study Description

Energy Pathways to Deep This report. Study of the whole energy economy with particular
Decarbonization focus on electricity and regional decarbonization strategies.
Non-Energy Sector Technical Report Study of non-CO; greenhouse gas mitigation potential.

Land Sector Technical Report Study of the CO; land sink and associated questions.
Transportation Sector Technical Report  Deeper dive on questions surrounding transportation

Buildings Sector Technical Report Deeper dive on questions surrounding buildings

Massachusetts Decarbonization Synthesis document covering each of the sector analysis
Roadmap to 2050 chapters

Economic and Health Impacts Report Analysis of economic and health impacts from decarbonizing the

Commonwealth’s energy system.
Clean Energy and Climate Plan for 2030 Policy recommendations

This report does not set out to identify which, if any, of the eight pathways is the ‘right’ pathway for the
Commonwealth. Instead, it compares them in order to understand the tradeoffs, decision points, risks, and
commonalities. It provides policymakers, private industry, and stakeholders in the Commonwealth and
regionally with the information needed to continue charting a path forward, starting with policies necessary to
reach interim 2030 targets.

7 The term energy and industrial emissions is used because this analysis also encompasses industrial process related CO,
emissions.
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2.2 Study questions

The research team set out to answer two primary questions: (1) is it possible to reach E&I emissions consistent
with Net Zero by 2050 in Massachusetts; and (2) if it is possible, what are the actions required in the E&l
sectors, and what are their implications? The team has concluded that the answer to the first question is ‘yes’
and that multiple pathways to reach the Commonwealth’s goals exist; however, each comes with challenges
and requires a transformation of the energy system at a pace that may seem daunting. Given the long lifetimes
of energy infrastructure, the time remaining to 2050 is short. Additionally, the importance of energy services
to our way of living is profound, and addressing the prevalence of fossil energy in providing those energy
services in our current system is paramount. The rest of this report is dedicated to answering the second
guestion regarding the actions, and associated implications, required to reach emissions reductions consistent
with Net Zero by 2050.

The Northeast region has a unique set of energy planning characteristics, relative to the rest of the United
States. The Northeast energy system is more similar to those in northern Europe, and very different from other
jurisdictions in the U.S. that are also pursuing aggressive climate policy, such as California. Unique factors for
the Northeast include:

e Emissions targets of at least an 80% reduction in GHG emissions by 2050 across the entire
region;

e High population density leading to difficult resource siting;

e Significant interties with a large hydro-electric system (Hydro Quebec);

e large offshore wind potential;

e Moderate solar resource quality;

e No geologic sequestration potential;

e And, large winter heating loads.

Deep decarbonization pathways in Massachusetts must account for each of these factors and may differ in the
details when compared to strategies employed elsewhere based on a different mix of resources, challenges,
and opportunities. In this analysis, we have drawn on the experience of other regions in mapping
decarbonization pathways, but with tools, data, and constraints tailored specifically to the Northeast. Our
analysis also builds on a rich set of previous analyses discussed in section 2.4.

2.3 The role of pathways in planning

This analysis uses the term “pathways” to mean a blueprint for the energy system that reaches future GHG
reduction targets. The term is used in referring to both a specific strategy and to a set of different possible
blueprints (as in, “multiple pathways to deep decarbonization”). The term ‘pathway’ was first used by the
Deep Decarbonization Pathways Project (DDPP) in 2014,8 and was coined to capture the path dependency®
within different decarbonization strategies. While the physical transformations represented by these pathways

8 Deep Decarbonization Pathways Project. http://usddpp.org/

° Path dependency is another way of saying history matters. Technological decarbonization is a stock turnover problem in
which a set of mutually supporting actions must be taken in sequence. A vision of a transformed energy system is only
useful when it can be mapped to a set of incremental steps starting from the current energy system, a process often
referred to in the decarbonization literature as backcasting.
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are informed by economic, social, and political constraints, they should not be mistaken for the impacts of a
specific policy or market intervention.

The study of long-term decarbonization pathways has been a growing trend after early success using them in
California. Our ability to model decarbonization pathways begins with our ability to represent the existing
energy system with a high degree of accuracy. Significant effort goes into benchmarking and stress-testing the
models of our current energy systems until researchers have a high degree of confidence that changes in
inputs will produce meaningful outputs. After California, other states (Washington, New York) followed suit
with their own pathways analyses. Pathways analysis has become an integral part of energy planning
processes, and yet, because of the breadth of topics covered and the time horizon analyzed, it is still a unique
activity within state-level public policy processes and merits some clarification.

The most critical clarification is that pathways are not forecasts of what will happen. While the energy system
physics and emissions accounting that underpin our models are well established, projections of technological
progress (particularly cost) and energy service demand has a mixed track record—even over timespans much
shorter than 30 years. This means that selecting a single pathway as the basis for public policy is fraught, since
the assumptions that cause it to be a better option in the present may end up shifting over time. Input
uncertainty necessitates an ongoing planning process, with periodic updating as new information becomes
available and progress, or lack thereof, toward goals is achieved.

Rather than providing a prediction of the future, pathway studies are valuable for four reasons:

e Avoiding dead-end strategies;

e Mapping forks in the road;

e |dentifying commonalities across sensitivities;

e And, situating near-term policy targets with respect to long-term goals.

Infrastructure that produces, delivers, and consumes energy is both capital intensive and has very long
lifetimes. This is illustrated in Figure 1, which shows the number of replacement cycles for common
infrastructure types between now and mid-century. If a pathways analysis looked only 10 to 15 years ahead, as
is typical in electric utility integrated resource plans, decisions might be made that efficiently reduced
emissions to hit near-term targets but were inconsistent with long-term goals, locking in higher emissions or
increasing cost after necessitating early retirement. Thus a 30-year pathways study is able to test a given
decarbonization strategy against this backdrop of infrastructure lifetimes in order to understand whether an
emissions dead-end will be encountered on a given path. The timing of decision forks can also help to avoid
stranded assets.
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Figure 1. Overview of the lifetimes of common energy consuming or producing infrastructure. A simplified overview of the lifetimes of
common energy consuming or producing infrastructure are compared against the 30-year time period left to reach the net-zero target.
The black vertical lines delineate points of natural retirement and the number of segments correspond to the number of replacement
cycles between now and 2050. The lifetime of vehicles varies by location and duty-cycle. The lifetime of power plants and pipelines is
longer than 30 year and thus no natural retirement is shown on this figure.
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As mentioned, the future trajectories of many variables, including technology cost and performance
projections, are highly uncertain. However, it is possible to develop ranges of values in which the high and low
estimates have a high probability of encapsulating the eventual revealed value for any variable. Creating
multiple pathways (eight in this analysis) allows us to test the sensitivity of results to a range of input
assumptions. The most useful result is not the precise blueprint embodied in any specific pathway but
identifying those strategies that are common across all pathways along with identifying the drivers of
differences among pathways. As will be detailed later in this report, a set of strategies can be identified over
the next 10 years that are common to all pathways that successfully reach the net-zero target.

Finally, pathways studies can be very valuable in near-term target setting. Back casting from a 2050 net-zero
energy system to the present allows the identification of certain milestones or benchmark values (often
ranges) that are consistent with being on track to reach the long-term goals. Near-term targets will be
discussed in more detail in the Clean Energy and Climate Plan for 2030 and are not a focus in this report.

2.4 Past work

This report is the latest in a line of analyses in the Northeast on decarbonized energy systems. It is the first
study to examine energy and industrial emissions targets consistent with net-zero GHGs by 2050 for the
region. It is also the first to represent the transition from 2020 to 2050, including intermediate years, using
optimal capacity expansion modeling methods, as well as the first to represent transmission within New
England in a study of long-term regional coordination.

The modeling team for this report also wrote the 2018 report “Deep Decarbonization in the Northeast United
States and Expanded Coordination with Hydro-Québec” (“2018 DDPP Study”).'° The Massachusetts analysis in
this study improves upon the 2018 DDPP Study by increasing the geographic granularity (10 instead of 4

10 Sustainable Development Solutions Network, Evolved Energy Research, and Hydro-Quebec, Deep Decarbonization in
the Northeastern United Stated and Expanded Coordination with Hydro Quebec, April 2018. https://irp-
cdn.multiscreensite.com/be6d1d56/files/uploaded/2018.04.05-Northeast-Deep-Decarbonization-Pathways-Study-

Final.pdf
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electricity load zones), by employing optimal capacity expansion in the electricity and fuels systems instead of
scenario analysis, and by expanding the breadth of the research questions. The 2018 DDPP Study also focused
on 80x50 emissions'! targets, rather than Net Zero. The modeling conducted for this report includes a total
refresh of data and assumptions, including new factors overlooked in the 2018 work, such as the impact of
vehicle electrification in Quebec on the energy available for export.

The findings from the 2018 DDPP Study were reinforced by a study released in the same year titled “A
Decarbonized Northeast Electricity Sector: The Value of Regional Integration” (“2018 Pineau Study”).?2 The
2018 Pineau Study looked at electricity only, with an emissions reduction of goal of 80% below 1990 levels in
that sector, which is inconsistent with a net-zero goal for the region. The study was the first to use capacity
expansion to look at trans-border coordination, but it did not solve for transmission expansion, it used present
day load shapes, and it did not solve for intermediate years on the way to 2050—instead imagined a blank-
slate scenario in which the power systems start from scratch with only hydro remaining.

National Grid also released an 80x50 study in 2018 that primarily focused on the intermediate year 2030 and,
like the 2018 Pineau Study and 2018 DDPP Study, analyzed all of New England together.® The pace of change
analyzed is much slower than the pace identified in this study as necessary to reach a net-zero target in some
sectors, namely electricity, but much faster in others, like transportation electrification.

Northeast Energy Efficiency Partnerships (NEEP) released a study in 2017 titled “Northeastern Regional
Assessment of Strategic Electrification” (“2017 NEEP”).%* This study also analyzed New England as a whole,
focused on 80x50, and made timely contributions to identifying the barriers around electrification in the
Northeast.

A recent look at electrification of buildings was released in 2020 by the Brattle Group titled “Heating Sector
Transformation in Rhode Island — Pathways to Decarbonization by 2050” (“2020 Brattle”).'® This study finds
the electrification of water heating to be cost effective, but the economics in space heating between
electrification and renewable gas to be uncertain. It is likely these findings were affected by the omission of
other sectors in the analysis. For example, vehicle charging is typically not coincident with space heating peak
load, and while either can trigger distribution system upgrades, load factors are higher, and distribution system
economics improved, when both are combined. Also, the same feedstocks that are used to make renewable
gas have competing uses such as aviation fuel, driving up renewable gas costs and limiting availability. In
addition, the assumptions used by Brattle about heat pump technology performance, heat pump cost,
decarbonized electricity generation cost, and coincidence between heating peak load at households
throughout New England, are different from those in this study, as outlined in Section 7.

11 In this analysis, 80x50 emissions target means an 80% reduction in GHG emissions by the year 2050 off of a 1990
baseline.

12 A Decarbonized Electricity Sector: The Value of Regional Integration, June 2018, http://energie.hec.ca/wp-
content/uploads/2018/06/ScopingStudy NortheastHydroModelling 13june2018.pdf

13 National Grid, Northeast 80x50 Pathway, https://www.nationalgridus.com/news/assets/80x50-white-paper-final.pdf
14 Northeast Energy Efficiency Partnership, Northeast Regional Assessment of Strategic Electrification, July 2017,
https://neep.org/sites/default/files/Strategic%20Electrification%20Regional%20Assessment.pdf

5The Brattle Group, Heating Sector Transformation in Rhode Island, https://www.brattle.com/reports/heating-sector-
transformation-in-rhode-island
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The latest in the line of studies examining the value of coordination between Canada and the U.S., “Two-Way
Trade in Green Electrons: Deep Decarbonization of the Northeastern U.S. and the Role of Canadian
Hydropower” was released in 2020 by MIT (“2020 MIT”). The findings are broadly similar to the previously
described work on the topic, namely, that increasing regional transmission and coordination has significant
value for a decarbonizing electricity system. However, the capacity expansion framework employed in this
study did not have transmission within New England, did not model any intermediate years between the
present and 2050, and lacked some key technology options required in a least-cost regional electricity system.
For example, the difference in renewable curtailment between 99% and 100% electricity decarbonization cases
would be reduced significantly if a portion of the observed curtailment was used to make clean fuels, allowing
its use in thermal power plants and thereby avoiding the addition of renewables with high marginal
curtailment rates.

A decarbonization study within Massachusetts, The Carbon Free Boston Report!’ produced by the Boston
University Institute for Sustainable Energy for the Green Ribbon Commission, evaluated the impact of near
city-wide electrification on demand to show large increases in winter electricity consumption. The report also
noted that if Boston were to achieve its carbon neutrality goals, it would need to make a large procurement of
renewable energy beyond those prescribed for utilities by state policy. With Boston currently consuming more
than a tenth of the Commonwealth’s energy, and other communities making similar goals, there may be a
patchwork of town-level polices that could complement or potentially complicate the Commonwealth’s
efforts.

The detailed assumptions and methodology for this study are presented in Sections 7 and 9 to allow for
additional points of comparison between our findings and prior work.

MIT Center for Energy and Environmental Policy Research, Two-Way Trade in Green Electrons: Deep Decarbonization of
the Northeastern U.S. and the Role of Canadian Hydropower, February 2020, http://ceepr.mit.edu/publications/working-
papers/719

17 Boston University Institute for Sustainable Energy, Carbon Free Boston Reports, http://sites.bu.edu/cfb/carbon-free-
boston-report-released/
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3 Methodology overview

Section 3 provides an overview of the modeling methodology used in this analysis, a summary of the data
inputs, and highlights many of the uncertainties inherent in this type of pathways analysis.

3.1 Modeling framework

Modeling of the energy and industrial sectors in this study was performed using RIO and EnergyPATHWAYS
(EP), both of which are numerical models with high temporal, sectoral, and spatial resolution developed by
Evolved Energy Research to study energy system transformation. EP is a bottom-up stock accounting model
used to create final-energy demand across sixty-four demand subsectors and twenty-five final energy types.
This final energy demand for fuels along with time-varying (8760 hour) electricity demand profiles are used as
inputs to RIO, a linear programming model that combines capacity expansion and sequential hourly operations
to find least-cost supply-side pathways.!® This pair of models produces energy, cost, and emissions data over
the 30-year study period, 2020 — 2050. Interactions between EP and RIO are illustrated in Figure 2.

RIO has unique capabilities for this analysis because it models detailed interactions among electricity
generation, fuel production and consumption, and carbon capture with high temporal granularity, allowing
accurate evaluation of coupling between these sectors in the context of economy-wide emissions constraints.
Additionally, RIO tracks fuels and energy storage state of charge over an entire year, making it possible to
assess electricity balancing in high variable generation systems; RIO also solves for all infrastructure decisions
on a five-year time-step to optimize the energy system transition, not only the endpoint of the period. This is
the first study of the Northeast to combine these capabilities to examine net-zero economy-wide scenarios.

The following two sections provide additional detail on the EP and RIO models with a full methodological
description provided in the Section 9.

Figure 2 EnergyPATHWAYS and RIO modeling flow-chart using illustrative data (study results are not pictured). EnergyPATHWAYS is
used to create final energy demand and hourly electricity shapes that get passed into the RIO model. RIO optimizes the decisions to
meet this final energy demand subject to user-defined constraints.
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18 Capacity expansion refers to the capability in an optimization model to choose the capacity of power plants in addition
to their operation.
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3.1.1 EnergyPATHWAYS (EP)

EnergyPATHWAYS (EP) is a bottom-up stock-rollover model of all energy-using technologies in the economy,
employed to represent how energy is used today and in the future. It is a comprehensive accounting
framework?® designed specifically to examine large-scale energy system transformations. It accounts for the
costs and emissions associated with producing, transforming, delivering, and consuming energy in the
economy.

The model assumes decision-making stasis as a baseline. For example, when projecting energy demand for
residential space heating, EP implicitly assumes that consumers will replace their current water heater with a
water heater of a similar type. This baseline does; however, include efficiency gains and technology
development that are either required by regulatory codes and standards or can be reasonably anticipated
based on techno-economic projections. Departures from the baseline are made explicitly in scenarios through
the application of measures. Measures can take the form of changes in sales shares (the adoption of a specific
technology in a specific year) or in changes of stock (the total technology deployed in a specific year).
Approximately 30 economic subsectors are represented by stock rollover, meaning changes in stock as new
stock is added and old stock is retired. Other sectors that lack sufficiently granular data to create a stock
representation are modeled with aggregate energy demands that trend over time or are exogenously specified
from sources like the U.S. Annual Energy Outlook (e.g. aviation). These non-stock subsectors still have fuel
switching and electrification measures applied at an assumed cost, but with less specificity in the underlying
technology transition.

Inputs to determining final energy demand include:

1. Demand drivers — the characteristics of the energy economy that determine how people consume
energy and in what quantity over time. Examples include population, square footage of commercial
building types, and vehicle miles traveled. Demand drivers are the basis for forecasting future demand
for energy services.

2. Service demand — energy is not consumed for its own sake but to accomplish a service, such as heating
homes, moving vehicles, and manufacturing goods.

3. Technology efficiency — how efficiently technologies convert fuel or electricity into energy services. For
example, how fuel efficient a vehicle is in converting gallons of gasoline into miles traveled.

4. Technology stock — what quantity of each type of technology is present in the population and how that
stock changes over time. For example, how many gasoline, diesel, and electric cars are on the road in
each year.

EP determines sectoral energy demand for every year over the model time horizon by dividing service demand
by technology efficiency, taking into account the stock composition. Service demand and technology stocks are
tracked separately for each zone (zones are shown in Figure 6) and the aggregate final energy demand must be
met by supply-side energy production and delivery, modeled in RIO.

19 EnergyPATHWAYS is a scenario accounting tool that tracks user-defined decisions on the evolution of end-use energy.
Unlike RIO, it does not optimize decisions based on cost or other criteria. The demand-side lends itself to scenario analysis
because: (1) consumer decisions often do not reflect a cost minimization; (2) demand solutions between subsectors have
fewer interactive effects than on the supply side; (3) the basic strategies of efficiency and fuel-switching (electrification)
have few degrees of freedom when studying net-zero carbon targets (e.g. actions do not “trade-off” against one another
as might happen when studying less aggressive carbon targets because all are actions are required at a high degree).
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Due to the importance of hourly fluctuations in electricity demand when planning and operating the electricity
system, a final step is taken in EP to build hourly load shapes bottom-up for future years, illustrated in Figure 3.
Each electricity-consuming sub-sector in the model has a normalized annual load shape with hourly time steps.
Electrical final energy demand is multiplied by the load shape to obtain the hourly loads of each subsector. These
are aggregated to obtain estimates of bulk system load. Benchmarking is done against historical system load
shapes and correction factors are calculated and applied to correct for bias in the bottom up estimates. After
calibration, the calculated bottom-up load-shape in the first year matches historical system-wide load. The same
correction factors are carried forward and applied to future years.

Figure 3 EP estimates system load shapes bottom-up by multiplying annual energy consumption by hourly allocation factors
representing service demand patterns. Estimates for hourly allocation factors come from a variety of sources, listed in Section 7.6. A
benchmarking process is used to compare bottom up estimates with ‘known’ historical bulk load that results in a series of correction
factors, applied across future years.
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3.1.2 Regional Investment and Operations Model (RIO)

On the supply side, least-cost investments in electricity and fuel production to meet carbon and other
constraints are determined using a capacity expansion model called the Regional Investment and Operations
model (RIO). RIO is a linear program that optimizes investments and operations starting with current energy
system infrastructure. It incorporates final energy demand in future years, the future technology and fuel
options available (including their efficiency, operating, and cost characteristics), and clean energy goals (such
as RPS, CES, and carbon intensity). Operational and capacity expansion decisions are co-optimized across the
ten study zones.

Multiple timescales are simultaneously relevant in energy system planning and operations, and the emerging
importance of variable generation (wind and solar) in future power systems means that high temporal fidelity
in electricity operations has increased in importance. RIO decision variables and temporal scales are shown in
Figure 4.

The most important distinction between RIO and other capacity expansion models is the inclusion of the fuels
system, making it possible to co-optimize across the entire supply-side of the energy system, while enforcing
economy-wide emissions constraints within each zone. This is important for accurate representation of the
economics when electricity is used for the production of fuels, for example when renewable over-generation is
used for the production of hydrogen.
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Figure 4 Relevant time scales in RIO along with the decision variables and key results for each. The model works to find a solution to each
decision variable that minimizes total energy system cost while respecting all user-defined constraints, such as annual carbon emissions.

Decision Variables Key Results

H O u rS Generator Dispatch Hourly Dispatch
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Fuel Energy Balance and Storage Daily Electricity Balances
365 days for 2012 Long Duration Electricity Storage Daily Fuel Balances
weather year Dual Fuel Generator Blends

Decision Variables Key Results

Emissions from Operations Total Annual Emissions
Yea rS RPS Supply and Demand RPS Composition
30 yrstudy /5 yr Capacity Build, Retirement & Repower Incremental Build, Retirement, & Repower
timestep Thermal Capacity Factors
= 6 snapshot years Annual Average Market Prices

Marginal Cost of Fuel Supply

RIO utilizes the 8760 hourly profiles for electricity demand and generation from EnergyPATHWAYS but
optimizes operations for a subset of representative days (“sample days”) before mapping them back to the full
year (Figure 5). Operations are performed over sequential hourly timesteps. Clustering of days using several
dozen features or diurnal ‘characteristics’ is used with careful attention to ensure that the sampled days
represent the full range of conditions encountered in the historical weather year. The clustering process is
designed to identify days that represent a diverse set of potential system conditions, including different fixed
generation profiles and load shapes. The number of sample days impacts the total runtime of the model and
trades off with the ability to represent a range of historical conditions. Across the ten Northeast region zones,
45 sample days was found to strike the right balance, giving both good day sampling statistics (provided in
Section 7.1) and reasonable model runtimes (72 hours).

Figure 5 Operational framework for the RIO model. Forty-five sample days map back to 365 days over which fuels and long duration
storage are tracked. The model represents years 2020 — 2050 with a 5-year timestep.
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Table 2 provides a full list of RIO features along with the specific configurations used here. Additional detail on

the RIO model is provided in the appendix.

Table 2 List of important RIO features and parameters

Feature

Optimal generator selection
Optimal energy storage
selection

Long duration storage
Optimal transmission
selection

Optimal fuel technologies

Fuels storage
Dual fuel generators

Flexible load

Number of zones

Number of resource bins
Year timestep

Hours modeled per year
Weather years

Day sample dependency on
year

Perfect foresight
Electricity reliability

Renewable capacity value

Load shapes
Generator retirements

Generator
repower/extension
Annual carbon emissions
constraints

Cumulative carbon emission
constraints

Carbon taxes

RPS/CES

RPS/CES qualification
Annual resource build
constraints

Settings used for the Massachusetts DDP Analysis
All generator types listed in Section 7.8.
Optimal selection of energy & capacity, priced separately.

Enabled with tracking of long duration state of charge across 365 days.
Enabled for all existing paths and Quebec to Maine.

Flexible framework allowing for selection and operations of any fuel conversion and
supply infrastructure. Fuel conversions that consume electricity allowed to co-optimize
operations with electricity generation.

Optimal build and state-of-charge tracking over 365 days for hydrogen.

All existing and new gas generators capable of burning a hythane mix of up to 60%
hydrogen.

Traditional load shedding and a detailed framework with cumulative energy constraints
for end-use flexible loads. Methodology illustrated in Section 7.10.

10 zones co-optimized in RIO

15 NREL technical resource group (TRG) bins for wind and 6 bins for solar PV per zone.
Model run for the years 2020, 2025, 2030, 2035, 2040, 2045, 2050.

45 sample days (1080 hours)

Weather year 2012

No dependency. Future years sample different calendar days because electrification and
increasing penetrations of renewables will change the days that are most critical to
represent.

RIO has perfect foresight because all model time periods are simultaneously solved.
Determined endogenously with user-specified parameters adjusting the conservatism
discussed in section 9.2.5.

Determined endogenously as pre-computed values can have little utility with increasing
electrification and changes in system load shape.

Built bottom-up in EnergyPATHWAYS

Announced retirements are enforced. Otherwise, retirement of generators before the
end of their physical lifetimes is optimized with the benefit being savings in fixed O&M.
Solved endogenously. At the end of their physical lifetimes, generators can be repowered
at (typically) lower cost than new construction.

Straight-line path to 5 million tonnes in 2050 for Massachusetts. Proportional carbon
constraints across other zones, as s explained in Sections 2.1 and 4.1

None applied

None applied

Existing state policy (2019)

Existing state resource qualifications

Annual maximum builds by resource group defined with compound growth rates to
represent supply-chain constraints
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Cumulative resource build Potential constraints enforced for all renewables with data derived from the NREL ReEDS

constraints model.

Fuel prices Specified exogenously for fossil and with supply curves for biomass and carbon
sequestration (sequestration is only available to the Northeast in one pathway that
allows pipelines south for CO; transport).

Biomass allocation Determined endogenously between electricity and fuels
Carbon sequestration/use Determined endogenously between electricity, fuels, and industry
allocation

3.1.3 Cost Methodology
The cost estimates for the decarbonization pathways are derived using a suite of methodologies that cover the
whole energy system. Table 3 provides a list of the cost calculation methods for each component of the energy
system, along with examples.

These costs are presented in the report in two different ways. First shown are gross system cost. This includes
capital and operating costs for anything that produces or delivers energy along with incremental costs above
the baseline for demand-side technologies. Costs incurred outside of Massachusetts (fossil fuel refining) for
energy products consumed within Massachusetts are allocated along with consumption. Second is net system
cost, which focuses on differences between gross system costs between two pathways. Here we use the All
Options pathway, explained in Section 4, as the comparison point for all net cost calculations.

Not included in the cost estimates presented here are any macroeconomic feedbacks, benefits from avoided
climate change, benefits from improved air quality, policy & implementation costs, and employment impacts.
The societal costs and benefits induced by decarbonization, including employment and avoided public health
damages, were evaluated for each of the pathways from a macro-economic perspective using the IMPLAN
model and are presented in the (forthcoming) 2050 Roadmap study.

All costs are assessed on a societal basis. This means, for example, that the cost of biomass in Massachusetts is
summed up for each price tier of the biomass supply curve, as opposed to being calculated based on the
marginal price of the final tier, as might happen in a market for biomass. Using the societal method is
appropriate from a public policy perspective because, in this example, the market profits from biomass
growers within the Commonwealth are not a true cost, but rather a cost transfer. The same dynamic exists in
electricity markets, where a societal cost approach is also taken. The societal cost here does not include
explicit assessments of the different costs across members of society; where public policy is concerned with
the distribution and equity of costs and benefits to across society, these impacts are discussed further in other
reports within in the Roadmap study.

All cost inputs and outputs in this report are shown in 2018 dollars.
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Table 3 List of energy system costs included in this analysis and the basic methods used for each.

Supply/Demand Fixed/Variable

Demand

Demand

Supply

Supply

Supply

Macroeconomic

Macroeconomic

Fixed

Fixed

Fixed

Fixed/variable

Variable

Various

Various

3.1.4 Key data assumptions

Method
Technology
stock

Generic cost
per unit of
energy saved

Technology
stock

Revenue
requirement

Commaodity
costs

IMPLAN
model
IMPLAN
model

Costs

Levelized equipment costs of all energy-
consuming equipment in the economy
represented at the technology level
Incremental energy efficiency measure
costs. Represents demand-side costs we
do not have the technology-level data to
support bottom-up.

Levelized equipment costs of all energy
producing, converting, delivering, and
storing infrastructure in the economy
represented at the technology level

Projected revenue requirements based
on current revenue requirements,
anticipated growth levels consistent with
scenarios (i.e. growing peak demand) and
type of costs (i.e. the costs can be fixed
investments or variable costs that can
decline with lower demand).

Costs based on exogenous unit cost
assumptions

Induced costs and benefits from the
energy system transformation
Health benefits from improved air quality

Examples
Electric vehicles

Industrial energy
efficiency measures

Solar power plants;
wind power plants;
battery storage;
hydrogen electrolysis
facilities

Electricity T&D costs;
gas T&D costs

Biomass, fossil
gasoline, fossil diesel,
natural gas, etc.
Gross state product;
jobs

Reduced healthcare
costs

Complete lists of data sources are listed in Section 7. Table 4 serves as a summary, focusing on those data

inputs of highest impact on the analysis with references to the detailed descriptions. In addition to Section 7, a

data input catalog Excel sheet provides many of the electricity and fuels data inputs used in the analysis.
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Table 4 Key data assumption summary table.

Data Assumption
Weather year

RIO day sampling
Imported net-zero
carbon fuels

Fuel conversion cost
and potential

Carbon sequestration

Building heating costs
& performance
End-use load shape
profiles

Electric & gas delivery
infrastructure
assumptions
Generator cost and
potential

Behind-the-meter
solar PV

Flexible end-use load

Inter-regional
transmission flow
limits and expansion
cost

Hydro-Quebec
operational
constraints and
expansion cost

Cost of capital &
discount rates

Demand-side sales
share assumptions

Section
7.1

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

7.14

Summary

Weather year 2012 is used for presentation of all results. Electricity shapes and T&D estimates
were also done for 2011 because it has higher peak HDD and CDD events. Because the 2011
weather year did not directionally change any of the study’s conclusions, it is not a focus
within the report. Projections of annual average heating and cooling degree days include the
impacts of a warming climate as estimated in the U.S. Annual Energy Outlook 2019.

45 sample days each for the snapshot years 2020, 2025, 2030, 2035, 2040, 2045, 2050.
Net-zero carbon hydrogen imports at $20/MMBtu, gas at $30/MMBtu, and liquid fuels at
S$40/MMBtu. See Section 4.1 for further detail on carbon lifecycle assumptions.

Compilation of public techno-economic studies with cost declines observed for most
technologies. Data is summarized in the Excel input catalog. Biomass potential from DOE 2016
Billion Ton Report.

Available in the Regional Coordination pathway at $71/tonne, including transport costs

Based on a combination of Mass CEC heat pump database values, NREL’s electrification
futures study, and Navigant inputs to DOE NEMS model

A variety of sources are used. For space heating, in house regressions using Energy Plus
building simulations performed by NREL and historical HDD & CDD data by county from NOAA.
Escalation or retirement of existing financial stocks based on assumed ratios between
peak/throughput growth and revenue requirement growth. Calculations are done by
customer class with the average across all classes for electricity growth $205/kW-year.

Cost and performance based on NREL Annual Technology Baseline (ATB) 2019 with regional
cost multipliers by technology. Technology potentials and spur line costs from the NREL ReEDS
model (v2018).

Behind-the-meter solar growth trajectory was an input assumption rather than an output.
Seven gigawatts were assumed to be adopted in Massachusetts by 2050 in all pathways
except for DER Breakthrough where this was increased to 16.9 GW.

Enabled for vehicles, space, & water heating across all pathways. The DER Breakthrough
pathway has increased flexible load penetration and vehicle to grid. Existing load-shedding DR
programs are maintained in all years.

$5,600/MW-mile within New England and $9,400/MW-mile to Quebec with a low-cost
sensitivity (Regional Coordination) assuming $3,300/MW-mile within New England and
$4,700/MW-mile to Quebec

Daily minimum capacity factors of 30% and a maximum hourly ramp rate of 20% across all
dispatchable hydro. Ability to shift hydro budgets between seasons. Expansion costs assumed
from NREL ATB 2019.

Societal discount rate 2% real

Demand-side: 3-8% real depending on subsector

Nuclear 6% real

Offshore wind 5% real

All other electricity generation 4% real

Fuel conversion technologies 10% real

Made by assumption and iteration based on supply-side modeling. Varies by pathway.
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3.2 Regional representation

The EnergyPATHWAYS (EP) and RIO models were run for each of ten zones: six New England / ISO-NE states
plus four neighboring regions (New York, Quebec, New Brunswick, and rest of the U.S.). A map of the analysis
geographies is given in Figure 6. Transmission flows and capacity expansion were economically determined
across 17 transmission paths in the region. Massachusetts is interconnected to five neighboring states (CT, R,
VT, NH, NY) plus direct interties with Quebec.

Figure 6 Study regions used in the EnergyPATHWAYS and RIO models. Final energy scenarios were produced for each colored region,
along with “rest of U.S.” to establish boundary conditions for NY. The transmission topology used in the RIO model is shown in the map
where the width of each black line represents 2020 transmission transfer capability. The large number of zones external to
Massachusetts were represented because of the importance of inter-state and cross-border interactions when all states are pursuing
deep decarbonization.

Study Zones
Massachusetts
Connecticut
Rhode Island

M Maine
New Hampshire
Vermont
New York
Quebec
New Brunswick

© 2020 Mapbox © OpenStreetMap

For the U.S. zones, EP and RIO scenarios were developed specifically for this study. In Quebec and New
Brunswick, electricity load shapes developed in EP in 2018 as part of the North American Renewable
Integration Study (NARIS), conducted in partnership with NREL,?° were used.

For Northeastern states, each pursuing aggressive climate policy in an interconnected system, the regional
context is essential for understanding any single state. This is becoming more critical over time as renewables
emerge as the leading strategy in electricity decarbonization because of the benefits of geographic diversity in
a high renewables electricity system. Northeastern states have a common set of resources to select from, and
potentially to compete over, when decarbonizing (for example, imports from Quebec, sites for building wind
generation, or zero carbon fuel imports). Thus, the availability and robustness of any strategy depends, in part,
on what other states are doing.

20 National Renewable Energy Laboratory, North American Renewable Integration Study,
https://www.nrel.gov/analysis/naris.html
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Assuming collective action generally creates boundary conditions in decarbonization modeling exercises that
increase its difficulty.?! For example, one state could decarbonize by making fuels with any available biomass in
the region but would encounter problems if all the states attempt to implement the same strategy. Similarly,
one state might be able to run a deeply decarbonized economy by building out offshore wind in only the
richest, most accessible, least expensive lease areas, but if every state in the Northeast sets similar renewable
generation goals, that low-hanging fruit would be quickly exhausted.

States must assume that eventually all neighboring jurisdictions share common targets. This removes logical
inconsistencies in the energy system transition and helps ensure any decarbonization strategies do not
inadvertently depend on collective inaction (as would be the case if a strategy was unable to be universalized).
For this reason, this analysis assumed the percent reduction between 2020 and 2050 in energy and industrial
emissions across all zones matched that of Massachusetts. The presumption here is that targets will eventually
coalesce around net zero by 2050, even if most Northeastern state policies currently focus on 80x50 targets.??

3.3 Uncertainties and caveats

Section 2.3 described the value of creating long-term pathways. Here we describe some general uncertainties
that apply to any pathways exercise, plus others that apply specifically to Massachusetts. Instead of returning
to these caveats multiple times in the presentation of the results, they are enumerated here once for the
reader.

3.3.1 General uncertainties

The first important point is to reiterate that none of the pathways in this study are forecasts. The energy
system of the future will inevitably turn out differently than whatever is analyzed here. Aspects that we may
not have considered at all will influence how the system evolves in yet unimagined ways. As a thought
experiment, consider what strategies a decarbonization plan formulated in the year 1990 would have
emphasized; the world’s first offshore wind farm, a key strategy presented in this work, was still a year away
from construction in Denmark. Clearly, the value of this study lies not in creating a rigid blueprint as the basis
of an unvarying 30-year plan, but in informing the public and decision-makers based on the state of current
knowledge. Pathways have been used most successfully in recent years through a process of periodic
updating—a dynamic in which near-term decisions are informed by the long-term perspective, while the long-
term perspective is continually updated based on newly emerging information.

Second, decarbonization pathways studies by their nature focus heavily on the physical transitions of
technology and infrastructure but ignore many human and institutional factors because of the difficulty of
guantifying them and incorporating them into mathematical models. For example, this study assumes a
smooth and continuous growth in the sales of new electric transit buses. The transit authorities in the region,
such as the Massachusetts Bay Transit Authority (MBTA), have in the past tended to purchase buses in large
orders, retiring and replacing as much as a third of their fleets in a single procurement. Because they were not

21 Not considered here is the fact that learning—technical and institutional—is likely to accelerate with collective action,
leading to reductions in the cost of energy system transitions. This benefit is difficult to quantify and is not factored into
the analysis.
22 Because Massachusetts remains this study’s focus, we did not quantify non-CO2 and land related emissions across each
zone in order to determine whether each zone achieved net-zero.
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included in the analysis, these factors are not emphasized in this report, but this does not diminish their

importance.

Similarly, equity and distributional impacts between pathways are not quantified in this report. The energy
data used to populate the EnergyPATHWAYS and RIO models are primarily state-wide aggregates, and as a
result, the models can quantify impacts on the average household, but not, for example, households in a given
zip code. Qualitative discussions of the distributional impacts are brought into the discussion where possible,
but further discussion of the interactions between decarbonization policies and equity are primarily addressed
in the 2050 Roadmap report, rather than this document.

As noted in Section 2.3, one valuable result from modeling a set of pathway sensitivities is the identification of

commonalities between pathways. The common findings for the set of eight pathways run in this report are

discussed in section 6.1. That said, the sensitivities that were modeled are by no means exhaustive, and the

dimensions of the problem that are both important and uncertain are far more numerous than the number of

pathways it was feasible to explore. With more time and computational resources, additional dimensions

could be explored.

3.3.2 Massachusetts-specific uncertainties
The novelty of the energy system transformation imagined across the U.S. in this analysis requires many

assumptions to be made in the modeling that are necessary but uncertain. Table 5 lists some of the largest

uncertainties and the ways this analysis has tried to deal with them. The uncertainties themselves motivated

the design of many of the pathways discussed in the next section.

Table 5 Key areas of uncertainty in modeling decarbonized energy systems in Massachusetts and how they were addressed in the

pathway design.

Uncertainty

Explanation

How addressed in modeling

Ability to New England has been one of the most difficult Onshore wind in New York and New England was
site locations in the U.S. to site renewables due to high given a cost multiplier reflecting a siting premium
renewables population densities, expensive and disconnected land in the region. Solar was assumed to be more
for development, and strong opposition to disturbances expensive to develop in the southern New England
to natural lands. states (Connecticut, Rhode Island, and
Massachusetts). The cost scalers were based on
NREL and EERE solar and wind reports.. 2
Ability to The Northeast has seen many transmission projects Transmission projects that have been built in the
site delayed or canceled due to siting challenges. The ability  region are consistently some of the most

transmission

to build transmission to connect renewables to load
and to help balance renewables through geographic
diversity are essential to scenarios with high wind and
solar penetrations.

expensive in the country. Pathways use pessimistic
interregional transmission costs to discourage
strategies that over-rely on potentially
unachievable transmission builds.

Cost of Both near-term procurement contracts and 30-year Given the importance of offshore wind for the
offshore techno-economic estimates for offshore wind costs region, this uncertainty was tested in a pathway
wind have fallen dramatically in recent years, despite large that used higher offshore wind cost and lower

challenges developing initial projects in the Northeast.
Europe has proven that affordable offshore wind is
possible in the right environment, but how and when
that experience will translate into inexpensive offshore
wind in New England is still uncertain.

potential & performance.

2 Solar cost multiplier of 1.2x derived from: National Renewable Energy Laboratory, U.S. Solar Photovoltaic System Cost
Benchmark: Q1 2018, November 2018, https://www.nrel.gov/docs/fy190sti/72399.pdf

Onshore wind cost multiplier of 1.8x derived from: U.S. Office of Energy Efficiency & Renewable Energy, 2018 Wind
Technologies Market Report, https://www.energy.gov/eere/wind/downloads/2018-wind-technologies-market-report
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Electricity
operations
in high wind
and solar
systems

Customer
adoption of
electric and
efficient
technologies

Load shapes
for electric
heating

Flexibility of
end-use
loads

Electric
distribution
cost
increases
from load
growth

Gas
distribution
cost savings
when gas
throughput
declines

The challenges arising in high renewable systems have
been well documented (Figure 40). While technical
solutions abound, exact cost and implementation
details may not be known in advance.

Demand-side adoption of efficient and predominantly
electric technologies are important pillars of energy
system decarbonization. Yet, this adoption depends on
customer decisions, which can be influenced through
policy mechanisms such as incentives and mandates,
but ultimately not controlled. This means any energy
system transition is partially predicated on customer
behavior regarding energy use, and not just policy to
shape energy supply.

Predicting future peak load from heating is sensitive to
a set of uncertain factors. These include: (1) future
heat-pump COPs at very low temperatures; (2)
temperature, solar gain, and wind-speed distributions
across the state; (3) heat-pump sizing practices; (4) use
of supplemental electric heating; (5) customer set-
points and willingness to participate in flexible load
programs; and (6) improvements to building shells
(infiltration, insulation, and thermal mass).

Building and transport electrification applications are
unique in the magnitude of inherent energy storage
available (chemical in batteries and thermal in space
and water heating). This means shifts in the timing of
electricity consumption are possible with almost no
impact to the customer and large cost savings.
However, participation in these programs, the degree
to which load can be shifted without affecting service,
and exact systems for control are all uncertain.

The cost impact of load increases on distribution
systems is a hyper-local question that varies by circuit.
Therefore, exactly how a doubling of load will impact
the distribution revenue requirement is difficult to
quantify when analyzed at a state level.

All decarbonization scenarios resulted in declines in gas
distribution pipeline throughput. The declines are most
dramatic in scenarios with high building heating
electrification. The cost estimation problem here is the
inverse of electricity distribution problem above—as
gas throughput declines it is uncertain how quickly the
pipeline revenue requirement could be reduced. This
question is also hyper-local and depends on the

These concerns are primarily addressed through
careful design of the modeling tools used (section
3.1) and ensuring that the designed electricity
system is robust to periods in the historical
weather record that correspond to very low
renewable production. Extensive discussion of the
methods by which the envisioned systems balance
supply with demand are provided in section 5.4.3.
Exploration of customer uptake rates at different
levels of incentives and in response to a variety of
regulatory schemes are explored in the Buildings
and Transportation technical reports. In this work,
we studied a high pipeline gas scenario and low
efficiency adoption scenario, both of which test
alternative demand-side outcomes.

This analysis uses a sophisticated set of
regressions developed in the NREL Electrification
Futures Study. 2* with recent updates to low
temperature heat-pump performance. A range of
assumptions were tested on HVAC flexibility as
well as building shell efficiency. Finally,
comparison is done to Quebec load shapes, which
because its heating is primarily electric today, can
serve as a good empirical benchmark—despite
other differences (half the number of households
in New England; primarily electric resistance
heating; and colder average climate)

All pathways embed a moderate amount of
flexible end-use load. The value of major
breakthroughs in end-use load flexibility was
quantified in the DER breakthrough scenario.
Flexible load assumptions are provided in Section
7.10.

The approach taken in this study is to scale
existing revenue requirements with increases in
peak load by feeder (residential, commercial, &
industrial). We assume a doubling of peak leads to
an 80% increase in revenue requirement, which
translated to an average distribution growth cost
of $205/kW-year. This scaling coefficient of 0.8
may be higher or lower and cost results are
discussed with this uncertainty in mind.

As with electricity distribution, the geographic
granularity of this study is insufficient to quantify
all the relevant factors, nor can some of the key
questions, like the geographic patterns of
customer adoption, be definitively forecasted.
Instead, pipeline revenue requirements can shrink
using a revenue requirement scaling similar to
electricity distribution, but only at a very slow rate

24 National Renewable Energy Laboratory, Electrification Futures Study, https://www.nrel.gov/analysis/electrification-

futures.html

27

l



Low-carbon
fuels

Impact of
COVID-19

geographic patterns of electrification, the depreciation
of existing assets, and safety considerations.

There is significant uncertainty in the availability, cost,
and life-cycle impacts of low-carbon fuels (including bio-
and synthetic liquid fuel and gas substitutes). In
addition, should such feedstocks, processes, and life-
cycle considerations be determined it is still unclear
how these considerations would be incorporated into
Massachusetts’ GHG Inventory.

The COVID-19 has had large impacts on the demand for
energy services in 2020.

(assumed 50 year book-life). This approach
recognizes the fact that large portions of the gas
system will need to be maintained for a long time,
even assuming rapid electrification.

Availability and cost of biogenic-based fuels are
bounded by the US DOE’s Billion Ton Study. RIO
uses the domestic production of synthetic fuels
from, for example, captured carbon and
electricity-derived hydrogen when economically
competitive against alternative emissions
reduction strategies. As a simplification, such
drop-ins are considered to have a net-zero carbon
emissions profile. This assumption is discussed
further in Section 4.1 of this report and in
Appendix Z of the Roadmap Report, alongside
implications for policy and GHG accounting
frameworks.

The impacts of COVID-19 are not estimated as part
of this analysis. Much of the modeling work was
conducted in early 2020 when the impacts of
COVID-19 were still emerging. This modeling work
was not revisited because: (1) The impact from
COVID-19 on energy consumption is still not
precisely known at time of publication; and, (2)
the impacts from COVID-19 are not expected to
change the long-term findings of the analysis.
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4 Pathway definitions

We explored eight net-zero emissions pathways for the Northeast. The analysis started by defining a pathway
we call “All Options,” which was created using assumptions found compatible with deep decarbonization in
previous studies. Pathways are varied one dimension at a time in order to isolate the impact of specific factors.
The eight pathways are described in Table 6. The dimensions of variation studied include:

e Behind the meter (BTM) solar and flexible end-use load explored in the “DER Breakthrough” scenario;

e Rates of building and industry electrification explored in the “Pipeline Gas” scenario;

e Deployment of energy efficiency explored in the “Limited Efficiency” scenario;

e Ease of transborder infrastructure development explored in the “Regional Coordination” scenario;

e Availability of gas thermal power plants explored in the “No Thermal” scenario;

e Cost and potential of offshore wind in the “Offshore Wind Constrained” scenario;

e And, the availability of non-renewable inputs to the 2050 energy system (excludes nuclear & fossil) in

the “100% Renewable Primary” scenario.

Aside from the differences highlighted in Table 6, data and assumptions are shared between all pathways. For
example, all scenarios meet the same demand for energy services,” assume the same cost for demand-side
technology adoption, and meet the same emissions targets. Data inputs are from public sources and are
provided along with important assumptions in Section 7. The assumption of consistent service demand is of
particular importance as a design criterion as a way to show the feasibility and affordability of a technological
transition to deep decarbonization. With this in mind, energy conservation and lifestyle change could
significantly ease parts of the transition.

For several pathways listed in Table 6, descriptors “High,” “Medium,” and “Low” are used as a shorthand for
describing the assumptions. This shorthand is used due to the complexity of the inputs, which are difficult to
describe succinctly in one table row. For example, different heat pump adoption rates are specified for space
and for water heating, each separately for residential and commercial customers. The detailed sales share
inputs and resulting stock shares are provided for Massachusetts in Section 7.14.

An important clarification is that the pathway titled “All Options” pathway is not meant to be interpreted as an
endorsed pathway for the Commonwealth. Indeed, it is not lowest cost or necessarily preferred along other
dimensions. Instead, the role of “All Options” is as a point of comparison between different pathways—a role
that is played by a reference or baseline scenario in most studies. This study is not an investigation of whether
Massachusetts should decarbonize,?® given that the net-zero target is current state policy; thus, a reference
scenario, while it was developed, is not a focus within the results.?” Thus, the seven other pathways represent
deviations from All Options meant to explore how technological evolutions could ease the transition to a net-
zero future or how certain constraints or secondary goals could make that transition different, if not more

25 For example, demand for maintaining a comfortable indoor temperature can be met using any combination of fossil
energy (e.g. natural gas-fired furnaces), electric energy (e.g. heat pumps), and efficiency measures (e.g. air sealing and
weatherization).
26 This report does not discuss the quantitative benefits from avoided climate damages or the cost of climate adaptation,
and thus, gives an incomplete picture of the societal net benefits of decarbonization. Many of these elements are
discussed in the Roadmap Study.
27 The reference scenario represents a baseline loosely based on the 2019 U.S. Annual Energy Outlook. Carbon emissions
are not capped, and only minor changes are assumed to occur on the energy demand-side. For example, electric vehicle
adoption is much lower than assumed in the decarbonization pathways.
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difficult. The Pipeline Gas pathway assumes low electrification of gas applications in buildings and industry
(e.g. water heating). Other types of electrification are still assumed, for example heat pumps still replace fuel
oil in buildings. The Pipeline Gas pathway does not pre-constrain the composition of gas in the pipeline (e.g.
biogas or hydrogen) but instead solves for this mix in the supply-side optimization in RIO, which is subject to
the emissions constraints.

Table 6 Scenario matrix contrasting the eight net-zero emissions pathways. The “All options” scenario serves as a common point of
comparison across the seven variations that test key uncertainties or explore alternate strategies. The differences from the All options
scenario are highlighted in orange. Each of the qualitative descriptions (e.g. high vs. low) are defined in Section 7.

100%
) DER L Limited Regional Offshore Wind
All Options Pipeline Gas . L. No thermal . Renewable
Breakthrough Efficiency Coordination Constrained i
Primary
Mass BTM 7GW 17 GW 7GW 7GW 7GW 7GW 7GW 7 GW
solar in 2050
Flexible end- Medium High w V2G Medium Medium Medium Medium Medium Medium
use loads
High High Low High High High High High
Building & electrification
industry of pipeline
electrification gas
applications
High High High Reference High High High High
efficiency
Energy across
Efficiency buildings,
industry and
transport
Captured CO, No No No No Yes No No No
Export
$5,600/MW- $5,600/MW- $5,600/MW- $5,600/MW- $3,300/MW- $5,600/MW- $5,600/MW- $5,600/MW-
mile within mile within mile within mile within mile within mile within mile within mile within
Intra-regional New England; New England; New England; New England; New England; New New England; New England;
transmission $9,400/MW- $9,400/MW- $9,400/MW- $9,400/MW- $4,700/MW- England; $9,400/MW- $9,400/MW-
cost mile to mile to mile to mile to mile to $9,400/MW- mile to mile to
Quebec Quebec Quebec Quebec Quebec mile to Quebec Quebec
Quebec
New gas Disallowed in Disallowed in Disallowed in Disallowed in Disallowed in Disallowed Disallowed in Disallowed in
power plants Massachusetts Massachusetts Massachusetts Massachusetts Massachusetts everywhere Massachusetts Massachusetts
New offshore Economic, Economic, ATB Economic, Economic, Economic, Economic, 30 GW Economic,
wind power ATB low low ATB low ATB low ATB low ATB low Northeast Cap ATB low
plants w ATB mid
New nuclear Disallowed Disallowed Disallowed Disallowed Disallowed Disallowed Economic?® Disallowed
power plants
Existing Maintain Maintain Maintain Maintain Maintain Maintain Maintain Retire
nuclear
Use of fossil Constrained Constrained Constrained Constrained Constrained Constrained Constrained No fossil fuels
fuels by emissions by emissions by emissions by emissions by emissions by emissions by emissions in 2050

28 A base assumption of ‘no new nuclear build’ in the Northeast was implemented due to the perceived difficulty of siting new nuclear

and noting it was not a necessary part of the solution in test runs. However, the study team also had interest in a ‘nuclear

breakthrough’ scenario. Due to limitations on the total number of pathways we could study, the decision was made to add economic
nuclear to the Offshore Wind Constrained scenario. The underlying assumption was that if any scenario would best highlight the
potential role for nuclear, it was one in which offshore wind was limited.
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Creating the eight pathways in the analysis was an iterative process that started with observing early model
results from the All Options pathway and soliciting feedback on the list of uncertainties in Section 3.3.2. For
example, after noting the importance of offshore wind to New England in early runs, the “Offshore Wind
Constrained” scenario was devised to test how increases in offshore wind cost and decreases in potential
would impact the results. Other pathways were developed in response to key questions on the minds of
stakeholders or state policymakers, such as the role for gas in buildings and power plants or the feasibility of
an energy system in 2050 that uses zero fossil fuels.

The eight pathways are themselves not exhaustive and leave some of the uncertainties described in Section
3.3.2 as subjects for future work. However, the primary goal in the pathways design was accomplished, which
was to perturb the All Options pathway in various ways (some making decarbonization more challenging,
others less), in order to observe the commonalities between all pathways that achieve Net Zero. The use of
pathways is discussed further in Section 2.3.

4.1 Energy & Industrial CO, emission constraints

The emission of CO, from the energy and industrial sectors represents the largest, but not the only
contributors to economy-wide net-zero GHG emissions. The companion Non-Energy Technical Report found
that emissions of fluorinated compounds, fugitive methane, and other non-combustion emissions could be
limited to 4.6 MtCOe in 2050. Meanwhile, the Land-Use study analyzed how natural and working lands in the
Commonwealth can help remove residual emissions in 2050 in order to bring Massachusetts towards a net-
zero economy. However, because the Massachusetts GHG Inventory (a matter of law) is currently a gross
emissions accounting framework, this report makes no attempt to resolve how biogenic sequestration of
carbon in natural and working lands might impact a net-zero emissions accounting. During the framing of this
study, EEA undertook a process to seek public comment on setting a gross emissions limit in support of net-
zero emissions at an 80%, 85%, or 90% reduction from 1990 emissions levels by 2050. While the Secretary of
EEA ultimately determined that 85% was the most appropriate gross emissions reduction goal, the timing
considerations required that modeling for this study needed to be underway prior to that determination. Thus,
the project team was instructed to target the upper bound of those options (90% or 9.5 MtCO.e). Leaving a
set-aside for the 4.6 MtCO,e from the non-energy sector in 2050, this left the energy and industrial sectors
with a reduction target of no more than 5 MtCO,e in 2050. Interim years (e.g., 2030, 2040) were set as a
straight-line reduction from the previously established 2020 emissions limit to the 2050 modeling target.

The emissions accounting framework used in this study is based on the system used for the Massachusetts
GHG inventory but differs in several ways based on the net-zero framing.?° Emissions rates for electricity
generators were benchmarked against the factors assumed in the 2017 MassDEP GHG Emissions Inventory;
this approximates, but does not precisely replicate the interstate emissions accounting system MassDEP uses.
Within Northeastern states, imports of net-zero carbon liquid or gaseous fuels was an option in the model as a
replacement for fossil fuels in applications such as aviation or building heating. Combusting these biomass- or
electricity-derived synthetic fuels would result in positive gross carbon emissions within Massachusetts, but
the carbon in these fuels is assumed to come either from the atmosphere or from captured carbon that would

29 Until very recently, Massachusetts GHG targets were based on a gross emission reduction target. The assumptions
made in this analysis were made for expedience and do not resolve all questions or endorse a specific methodology in the
inventory moving forward.
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have otherwise been emitted. Thus, their use is assumed to not result in any net emissions. Use of biomass
harvested within Massachusetts is similarly assumed to be carbon neutral, a simplification of the complex,
long-term carbon fluxes associated with active forest management and growth which are addressed in more
detail in the Land Sector Technical Report. Auxiliary emissions from biomass harvest and bio-fuel production is
an important consideration, but is not addressed in this study for two reasons: (1) all agricultural and industrial
emissions are already accounted for separately, thus the use of life-cycle assessment (LCA) factors for biofuels
would be double-counting; and (2) because the entire economy is decarbonizing towards net-zero, the LCA
factors themselves would trend down over time. Appendix Z of the Roadmap Report discusses the impacts of
low-carbon fuels, especially biofuels, on Massachusetts’ current GHG Inventory, as well as implications for how
life-cycle carbon emissions and non-GHG externalities might be incorporated into an anticipated set of updates
to adapt the Inventory to a net emissions framework. Specific aspects of these fuels, such as feedstocks and
applications, is discussed throughout Section 5 and in detail in Section 5.5 of this report. How Massachusetts
or other states and regions that produce, import, or export zero-carbon fuels should measure and report
sequestration or emissions associated with production, transportation, and utilization of these fuels is highly
complex. This report does not attempt to make recommendations for such accounting procedures.
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5 Results

The results of the modeling are described below in six subsections, beginning with an overview of the 2050

energy system, followed by a detailed examination of emissions, energy end uses, electricity, fuels, and costs.
In most cases, the results focus on Massachusetts only, but regional snapshots are also provided.
Supplemental results figures and tables are provided in Section 8. For clarity and economy of space, not all
pathways are shown in all figures in this section, but in general the full set can be found in the supplemental
results.

This section focuses on describing the technical results of the modeling with a minimum of commentary. The
subsequent section discusses the main conceptual findings revealed by the modeling. The discussion section
identifies and elaborates on commonalities and contrasts found across cases, referring back to the results
presented below.

5.1 Energy system overview

The 2050 energy systems that reach a net-zero E&I CO, target look dramatically different from today’s. A series
of “Sankey diagrams” (Figure 7) provide an overview of this transformation, and illustrate at a high level how
energy is produced and consumed in a net-zero system in 2050. Sankey diagrams show the flow of energy
through the economy, with the left-hand side showing primary energy supplied within Massachusetts, and
imports into Massachusetts, and moving through various conversion processes, such as electricity generation,
to end-use consumption in buildings, industry, and transportation on the right-hand side.

The first diagram shows the current energy system of Massachusetts in 2020. Almost all energy is provided by
imports of petroleum or natural gas. Natural gas use is split between buildings and electricity generation.
Electricity is primarily consumed in buildings. Transportation consumes most of the petroleum, but some is
consumed in buildings (distillate oil-based heating) and some in industry. Industrial energy demand in
Massachusetts is small compared to consumption in buildings and transportation but has the most diverse set
of final energy supplies, requiring electricity, liquids, asphalt, pipeline gas, and steam.

The second diagram shows the All Options net-zero pathway in 2050, which has dramatically different energy
flow patterns. Overall, energy demand has decreased, electricity dominates end uses, and the source of
primary energy has shifted away from fossil fuels and toward renewables. Final energy demand in buildings
and transportation has decreased by about half due to same-fuel efficiency improvements plus the efficiency
benefits that come from electrification.

The process of electrification has created new connections that do not exist at a significant level in the current

system (i.e. electricity in transportation), and roughly doubles the amount of final energy demand that must be
supplied by electricity. Electricity also has an additional new role as an intermediate energy carrier used in the

production of steam and hydrogen.

Hydrogen emerges as an important final energy carrier in transportation, with small amounts also used in
industry. The source of electricity has shifted away from natural gas and towards solar and offshore wind. Both
net imports and net exports of electricity have increased, indicating increased regional interdependence. Both
natural gas and petroleum are still imported but decreased to roughly one-tenth of today’s quantity, with new
carbon neutral imported fuels taking their place in some applications. In-state biomass use has not grown but
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has shifted towards fuel production rather than electricity generation. Liquid and gaseous fuels are still
important energy carriers (for example, in aviation), but due to electrification and efficiency the quantity of
fuels required is greatly reduced.

Figure 7 Energy system Sankey diagrams for Massachusetts show the flow of energy from primary sources or imports (left) through
conversion processes (middle) to final energy demand or exports (right). The width of each line is proportional to the energy flow with
units shown in TBtus. Diagrams are shown for the 2020 energy system and for the eight decarbonization pathways in 2050, across three
pages. The difference in line width between flows into a node and out of a node represents energy losses during conversion or delivery.
To improve readability, annual flows smaller than 3 TBtus are excluded—for example, the small amount of LPG used in buildings in 2050
does not appear. Net annual transmission flows from/to neighboring regions are shown across the top of each figure and abbreviated
“TX”. In the Pipeline Gas and 100% Renewable Primary pathways, hydrogen is produced from electrolysis and some of it is used later to
generate electricity; only the net flow is shown (in these pathways more hydrogen is produced than is consumed in electricity).
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Other pathways can be described based on their differences from the All Options pathway. The bottom
diagram on the first page shows that the 100% Renewable Primary pathway eliminates all fossil fuel imports
and replaces them with carbon-neutral liquid and gaseous imports (hydrogen and pipeline gas). The top
diagram on the second page of the figure shows the DER Breakthrough pathway, which is quite similar to the
All Options pathway when viewed with the energy flows being highly aggregated. The major impacts of this
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pathway are a shift away from ground-mounted solar and towards rooftop PV, as well as significant electricity
distribution savings from the operations of flexible load (both of which are discussed in detail in the following
sections). The next figure shows the Offshore Wind Constrained pathway, which compensates for less offshore
wind with greater net electricity imports. The bottom diagram with the Regional Coordination pathway shows
expanded net imports from some zones, such as New Hampshire, and net exports to others, such as New York.
As a result, in-state solar and wind are slightly reduced. Biomass is also used to make hydrogen for
transportation fuel and the discarded carbon is then captured and exported for sequestration.

The third page of Sankey diagrams starts with the Limited Efficiency pathway at the top. The final energy
demands for buildings, industry, and transport are all higher than the All Options pathways because of the
lower amounts of efficiency. This has upstream implications of various kinds. The two main ones are greater
electricity demand and an increase in both offshore wind and imports to supply it, and a doubling of carbon-
neutral fuel imports. These incremental fuel imports are primarily required to supply a less efficient aviation
sector and the carbon constraints preclude additional fossil imports. The middle diagram shows the No
Thermal pathway, which is the only pathway not to use any fuel (gas or liquid) in generating electricity. As a
result, the amount of solar PV in Massachusetts has increased significantly, and so has renewable
curtailment.® The final pathway is Pipeline Gas, which is distinguishable by the large amount of gas consumed
in buildings (~50% of final demand). The gas in the pipeline is a blend of imported carbon-neutral gas,
imported fossil natural gas, and hydrogen from electrolysis. Natural gas imports are 2.9x larger than in the All
Options pathway and the emissions budget is met by eliminating all fossil petroleum imports and minimizing
gas use in electricity. An alternative pathway would be to compensate for higher pipeline gas use with a higher
blending rate of carbon-neutral gas; however, this was found to be more costly given the difference in cost
between natural gas relative and other refined petroleum products.

Often the carbon emission implications can be intuited from a Sankey diagram, but can’t be definitively known,
since the deployment of strategies that capture or sequester carbon are not shown. For example, asphalt used
in construction is accounted for as an energy flow, but because the asphalt is not combusted, it results in no
CO, emissions. The carbon accounting of the energy systems shown in the Sankey diagrams is therefore
spelled out in the next section.

5.2 Emissions

5.2.1 Massachusetts CO, emissions

All eight pathways were successfully driven to reach the energy and industrial emissions target of 5.0 Mt CO,,
as can be seen in Figure 8. How the emissions target was derived can be reviewed in Section 4.1. Values above
the x-axis represent fossil CO, emissions in-state, or consumption-based allocation of electricity emissions that
occur out-of-state. Values below the x-axis represent negative CO, emissions, either in the form of carbon
sequestered in asphalt, lubricants, and other products that consume petroleum products without combusting
them or as CO; captured in-state and exported out-of-state to be sequestered geologically. Negative emissions
into natural and working lands (e.g., sequestration into trees and wetlands), either in-state or out-of-state in

30 Can be seen by comparing the size of ‘Electricity Generation’ to the energy that flows into ‘Grid Electricity’. Note that
the 2020 reference case also shows this discrepancy, but in this case, it is due to efficiency losses in thermal power plants.
38

‘



the form of an offset credit are discussed in the Land-Use Technical Report and the Roadmap Study Report, but
are not included in the modeling featured in this report.

In the All Options pathway, residual emissions—primarily from natural gas, jet fuel, petroleum, and industrial
processes—sum up to 7.4 Mt CO,, from which 2.4 Mt from sequestration in asphalt is subtracted to yield 5.0
Mt. The DER Breakthrough, Offshore Wind Constrained, No Thermal, and Limited Efficiency pathways have
only minor differences from the All Options emissions profile. Three other pathways are significantly different
from All Options. The Regional Coordination pathway creates emissions space for additional use of fossil fuels
by exporting just over 1 Mt CO; for sequestration out-of-state. As noted in the scenario matrix (Table 7) this
was the only pathway with the option of exporting CO,, because it was assumed that building regional CO,
pipelines would be difficult.

Figure 8. Annual energy and industrial emissions for Massachusetts in 2050 for all pathways. The net emissions constraint (5.0 Mt) is
shown with a solid black line. All pathways meet this constraint, and the 100% renewable primary scenario exceeds the target, with
negative emissions of -1.7 Mt CO; per year. The area above the x-axis shows gross emissions from combustion of fossil fuels and
industrial processes, and the area below the x-axis shows biogenic carbon in asphalt that ultimately ends up sequestered in landfills. In
the regional coordination scenario, CO, that is captured and exported out-of-state for geologic sequestration constitutes an additional
source of negative emissions.
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Another pathway with notable differences is the Pipeline Gas case, in which, except for industrial CO,
emissions from lime production,3! all emissions are from natural gas, with gross emissions of 6.6 Mt. As in
other cases, the net emissions target is met when carbon sequestration in products (bio-asphalt) is subtracted.
Finally, the 100% Renewable Primary pathway exceeds the emissions reductions required by eliminating all
fossil fuel emissions (no fossil fuel is used anywhere in the economy) so that the only gross emissions come
from industrial processes. When this is combined with negative emissions from sequestration associated with

31 These industrial emissions are assumed to be captured by 2050 and except in the Regional Coordination pathway, is
combined with hydrogen in a Fischer Tropsch process to produce liquid fuels. When this fuel is burned, net positive
emissions still occur, but this carbon for fuel production is lower cost than carbon from biomass within Massachusetts or
from direct air capture.
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asphalt (assumed to biomass-based asphalt, rather than petroleum-based in this scenario), the result is net
negative emissions of 1.7 Mt CO..

Annual emissions from All Options and the three dissimilar pathways described above are shown in Figure 9
(results for all nine pathways including the reference case are shown annually in the supplemental materials,
Figure 44). In each pathway, early declines in natural gas emissions due to electricity decarbonization, are
followed by declines in petroleum fuels due to transportation electrification. Strategies of CO, exports and
drop-in fuel replacements are not employed until after 2040. However, as noted in the discussion (Section
6.2.3), these fuels and carbon strategies must reach maturity through learning-by-doing before 2040 in order
to be available at the scale required; this important dynamic is not captured in the modeling, but is an
important piece to remember when crafting near term policies.

Electricity emissions reductions between 2020 and 2030 are critical for meeting a straight-line emissions
trajectory between 2020 and 2050 because of stock-turnover inertia on the demand-side. The sales shares of
electric and efficient end-use technologies are increased at a rapid pace (Section 5.3), but the stock
composition changes slowly as a function of equipment lifetimes. Thus, the 2030 stock changes are not by
themselves sufficient for Massachusetts to reach the 2030 economy-wide CO, benchmark. However, in
electricity a combination of operational changes, renewables procurement, and increased imports, allows for a
more rapid reduction in overall Massachusetts emissions. Because the emissions intensity of the ISO-NE grid is
already below the national average, achieving the 2030 benchmark is particularly challenging due to the lack of
the more easily implementable strategies found in many other regions (e.g. coal to gas switching).

Figure 9. Annual energy and industrial emissions from 2020-2050 for Massachusetts for four pathways. These pathways are highlighted
because they show the greatest variability in the composition of emissions in 2050. The black line represents net emissions.
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The supplemental results provide regional snapshots of emissions for ISO-NE states, both annual (Figure 42)
and cumulative (Figure 43). Cumulative emissions across ISO-NE over the 2020-2050 period were 2.43 Gt in the
All Options pathway versus 3.92 Gt in the reference case.
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5.3 Demand-side transition

This section dives deeper into the final energy demand shown on the right side of the Sankey diagrams in
Figure 7 to understand the changes in energy consumption. This section makes frequent use of the reference
scenario to provide contrast for the decarbonization pathways. Without this, it can be difficult to tell which
trends are a result of natural evolution in energy consumption, and which are strategies required for
decarbonization. The reference scenario is based on the 2019 Annual Energy Outlook and both adoption of
electrification and energy efficiency are assumed to be low. This scenario is not a forecast and does not
represent current Massachusetts policy but is presented here only as a point of contrast.

Six of the eight decarbonization pathways share the same demand-side case—All Options, DER Breakthrough,
Regional Coordination, No Thermal, Offshore Wind Constrained, and 100% Renewable Primary. To improve
readability, only the All Options, Pipeline Gas, and Limited Efficiency pathways are shown in the figures that
follow. Table 7 below maps each pathway to its demand-side case.

Table 7 Mapping from pathway to demand-side case. Multiple decarbonization pathways share the same demand-side case as All
Options.

Pathway Demand Case
Reference Reference

All Options All Options

DER Breakthrough All Options
Pipeline Gas Pipeline Gas
Limited Efficiency Limited Efficiency
Regional Coordination All Options

No thermal All Options

Offshore Wind Constrained  All Options
100% Renewable Primary All Options

5.3.1 Final energy demand

A summary of final energy demand in Massachusetts across the entire energy economy from 2020-2050 for
the four demand-side cases is shown in Figure 10. As noted in Section 4 all pathways satisfy the same demand
for energy services between 2020 and 2050. This means that, for example, the vehicle miles traveled, airline
trips, and temperature set points in homes are identical between cases and that any changes in these values
are the result of technology and not behavioral changes.?? The service demand for 2020 is based on historical
trends and do not include the impact of COVID-19. The impact of the pandemic will mean the 2020 numbers
used in this analysis will differ in many ways from actual energy consumption that will be measured in the
year; however, we do not expect this discrepancy to change any of the long-term findings from the analysis.

The All Options case implements both high electrification and high levels of same-fuel efficiency. The Limited
Efficiency case implements the same electrification measures, but without the same-fuel efficiency

32 As was noted elsewhere, consistent service demands across cases allows apples-to-apples comparisons, helping
establish the robustness of decarbonization pathways. However, this is not to discount the potential role that energy
conservation could have in mitigating the pace and scale of the energy system transition.
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improvements. Finally, the pipeline gas case has the same transportation electrification and same-fuel
efficiency as the All Options case, but lower rates of fuel switching away from pipeline gas.

All cases result in rapid declines in final energy demand, with the largest single factor being efficiency
improvements from switching from internal combustion engines to electric drivetrains. Other reductions in
final demand come from same-fuel efficiency—as highlighted by the contrast between All Options and Limited
Efficiency—and the adoption of heat-pumps in buildings—as highlighted by the contrast between All Options
and Pipeline Gas.

Figure 10 shows the final energy demand for the All Options, Limited Efficiency, and Pipeline Gas pathways
alongside the reference case. Final energy demand for all the pathways sharing the All Options demand-side is
reduced by nearly half below the reference case in 2050 (from about 1000 TBtu to about 550 TBtu). For both
the Limited Efficiency and Pipeline Gas pathways, final energy demand is higher, roughly one-third below the
reference case. For further insight into the differences between the cases, see the technical supplement
(Figure 45), which highlights the difference in final energy demand between the reference case and the three
decarbonized pathways.

Figure 10 Annual final energy demand for Massachusetts by fuel type.
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Looking specifically at electricity consumption in Figure 11, it can be seen that load growth is attributable
almost entirely to two sources: (1) vehicle charging; and (2) space and water heating in buildings. Other
electricity demands decline in the near-term after an increase in efficiency and are roughly constant in the
long-term (seen in the All Options & Pipeline Gas cases).
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The differences resulting from the Limited Efficiency pathway are most stark in space and water heating where
annual energy consumption increases 24% above the All Options case. As discussed in Section 5.3.5, this has
significant implications for electricity system peak loads from heating.

Final energy consumption by sector is shown in Figure 12. The most dramatic changes from the reference case
in all deep decarbonization pathways occur in transportation. Changes to building energy demand (residential
and commercial) are less dramatic and differ across cases depending on the efficiency and electrification
assumptions of each pathway. Industry shows the least change in final energy consumption in all pathways,
because the opportunities for electrification are fewer and generally offer less efficiency benefit. Efficiency in
industry, assumed to be 1% per year above the baseline, keeps industrial final energy demand flat. The next
three sections will look closer at buildings, transport, and industry, respectively.

Figure 11 Annual electricity final demand in Massachusetts for transportation, heating, and other (all other loads). T&D losses are not
included in final demand presented here but are accounted for in the supply-side electricity modeling.
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Figure 12 Massachusetts final energy demand by sector between 2020 and 2050. Differences in the levels of electrification-derived
efficiency (All Options and Pipeline Gas) and same-fuel efficiency (All Options and Limited Efficiency pathway) lead to different patterns
across pathways.
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5.3.2 Buildings

Massachusetts final energy demand for all buildings by final energy type is shown in Figure 13. Distillate fuels,
LPG, and pipeline gas together make up the majority of current building energy demand. Use of these fuels
decreases significantly in all decarbonization pathways, accompanied by a rise in electricity demand. By 2050
in the All Options case, electricity comprises 80% of all energy consumed in the home (excludes vehicle
charging).

Reductions in gas use, even to a modest extent in the Pipeline Gas pathway, come from the combination of
improvements to building shells, appliance efficiency improvements that reduce hot water demand, and long-
term climate-related trends in heating degree days. These factors reduce the service demand requirement for
residential space heating by 30% between 2020 and 2050 (shown in supplemental materials Figure 47).




Figure 13 Massachusetts building (residential + commercial) final energy demand by fuel type. The impacts of electrification and energy
efficiency can be seen in the contrast between ‘reference’, ‘all options’, and ‘limited efficiency.’ The pipeline gas pathway, as a result of
assumptions, sees a modest decline in pipeline gas use, in part due to improved efficiency.
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Figure 14 and Figure 15 break down the technology transitions for key subsectors in residential and
commercial buildings, respectively. Distillate and LPG heating is assumed to switch to mini-split heat pumps
across all cases, a trend that has already begun. The adoption of air source heat pumps and electric cooking
occurs rapidly in the All Options and Limited Efficiency cases, in which heat pumps constitute 50% of new
residential heating system sales in 2030. In residential buildings, virtually all heating system sales, except
cordwood stoves, become electric soon after 2040. Commercial buildings undergo a similarly rapid transition
in technology sales. Due to lower overall commercial heating demand3? a larger share of electric resistance
(rather than heat pump) adoption is assumed.

The pace of electrification and the ratio of air source heat pump to ground-source heat pump (as well as
electric resistance) in different subsectors are both uncertain, but the implications of different trajectories
downstream (for example, in electricity distribution) can be seen in the supply-side results. The emissions
targets can be met under a wide range of adoption patterns, but each variation comes with its own tradeoffs
and implications for costs and for effects on other sectors. For example, switching to an air-source heat pump
provides space cooling benefits, with measurable public health benefits, likely directed to underserved
communities, in the face of a warming climate. These issues are discussed at high degree of detail (e.g., for a
variety of building typologies, locations, and uses) in the Buildings Technical Report.

33 Lower surface area to volume ratios and larger incidental heating from lighting, plug loads, and building occupants.
Large commercial buildings sometimes need to cool building interiors, even in winter.
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Figure 14 Massachusetts residential building electrification. Subsectors with high electrification potential—space heating, water
heating, and cooking—are shown for the All Options and Pipeline Gas pathways. Annual sales shares (based on input assumptions) are
shown in the left-hand figures, the resulting technology stocks in the middle figures, and final energy demand in the right-hand figures.
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Figure 15 Massachusetts commercial building electrification. Subsectors with high electrification potential—space heating, water
heating, and cooking—are shown for the All Options and Pipeline Gas pathways. Annual sales shares (based on input assumptions) are
shown in the left-hand figures, the resulting technology stocks in the middle figures, and final energy demand in the right-hand figures.
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5.3.3 Transportation

Transportation energy today comes primarily from three fuels: diesel, gasoline, and jet fuel, although
compressed natural gas (CNG) and electricity both represent growing importance in certain duty-cycles. Figure
16 shows final energy demand by fuel type, 2020-2050. Diesel and gasoline use fall sharply in all deep
decarbonization pathways, and electricity demand grows from minimal levels today to become the
predominant source of final energy in 2050, with hydrogen playing a small but increasing role over time.

Figure 16 Massachusetts transportation final demand by fuel type compared between pathways. All compliant pathways share a
common set of on-road vehicle assumptions; however, the Limited Efficiency case assumes no improvements in aviation energy
efficiency.
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The sales, stock, and energy implications for this transformation of the main on-road subsectors (light duty
vehicles, light duty trucks, medium duty trucks, and heavy duty trucks) is illustrated in Figure 17. As has been
noted previously, electric drivetrains are approximately three times more efficient than internal combustion
engines from a final energy perspective, which creates the dramatic decline in overall energy consumption.
Light duty vehicles are assumed to become all battery electric vehicles. Medium and heavy-duty vehicles
undergo a somewhat delayed transformation relative to light-duty, and with 2050 stocks split among battery
electric, hydrogen fuel cell, and diesel vehicles. The split between hydrogen fuel cell and battery electric
vehicles is less profound from a primary energy perspective3 but has significant implications for delivery
infrastructure (electric distribution systems and hydrogen fueling stations).

Aviation is the major off-road consumer of energy within the transportation sector. Consistent with MassDEP’s
GHG Emissions Inventory methodology, aviation emissions are determined from total fuel sales at commercial
airports (rather than apportioning emissions according to emissions occurring within Massachusetts’ airspace,

34 Both can be supplied with zero carbon electricity, with battery electric vehicles holding a primary energy efficiency
advantage.
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or excluding international flights, for example). Our pathways assumed no fuel switching3> and instead
assumed continuous annual efficiency improvements of 1.5% per year. This results in a small decrease in jet
fuel demand between 2020 and 2050, despite increasing passenger miles. Efficiency assumptions are discussed
in Section 7.14. More detailed discussion of the timing and technological optionality for fleet- and duty-cycle
transitions is included in the Transportation Technical Report.

Figure 17 Massachusetts on-road transportation subsectors breakdown by sales (based on input assumptions), the resulting stock, and
final energy demand. All pathways share a common set of on-road vehicle assumptions. The percent of 2030 sales assumed to be
electric is displayed on the first panel. Service demand (vehicle miles traveled) increases in all pathways, but final energy demand
decreases due to the efficiency of electric drivetrains.
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5.3.4 Industry

Figure 18 shows final energy demand in industry, separated by fuel type. The industrial sector within
Massachusetts constitutes a smaller share of final energy demand than is the case in many parts of the U.S.
The largest subsectors within industry are construction, including materials use, followed by various small
manufacturing processes, paper products, and agriculture. Applications that require lower temperature
process heat are directly electrified;*® matching assumptions made in NREL’s Electrification Futures Study.3” In
addition, hydrogen is used directly for a portion of the remaining energy demand in manufacturing, replacing
pipeline gas. A share of construction and farm equipment that currently use diesel are electrified by 2050.

On top of the electrification measures listed above, an efficiency increase assumption of 1% per year across all
of industry distinguishes the All Options from the Limited Efficiency pathway. Lime manufacturing is the most

35 Many technologies, including hybridization and hydrogen, are being actively investigated in industry and many seem
promising, particularly for short hops. However, these technologies were judged too nascent for inclusion in this analysis.
36 Low temperature heat can be supplied with a heat pump or electric resistance element and is a more compelling
electrification candidate than high temperature applications.

37 National Renewable Energy Laboratory, Electrification Futures Study, https://www.nrel.gov/analysis/electrification-
futures.html
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significant source of non-combustion CO, emissions in the Commonwealth; it is the only such industrial
process represented in this report.® It is assumed that carbon capture is deployed by 2045 to recover these
emissions for use in the production of synthetic fuels or for export for geologic sequestration. The GHG
emissions associated with the release of other non-CO; process emissions (such as fluorinated compounds
used as refrigerants) are discussed in the Non-Energy Sector Technical Report.

Figure 18 Massachusetts final demand for fuels in industry. Electrification and efficiency improvements (1% per year in all cases except
Limited Efficiency) result in the changes from the reference case. Most final fuel demand goes to combustion, resulting in positive gross
emissions, but some does not, with the bulk of ‘other petroleum’ used as asphalt in construction. Use of bio-asphalts becomes a source
of non-geologic sequestration.
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5.3.5 Electricity profiles

Hourly electricity load profiles (also called load shapes) were built ‘bottom-up’ in EnergyPATHWAYS, as
described in Section 3.1.1. Figure 19 and Figure 20 show hourly ISO-NE load shapes for the All Options and
Pipeline Gas pathways. Each load shape is decomposed into three components of load: heating,
transportation, and other. These represent gross load without the impact of behind-the-meter generation. The
role of these components in annual electricity final demand is shown in Figure 11. Figure 48 in the technical
supplement shows load shapes for the Limited Efficiency pathway, which highlights the role of efficiency in
reducing heating peak load. In all of these figures, ‘heating’ includes water heating and some industrial
processes in addition to space heating, accounting for the non-zero values of heating load during summer. In
the winter, residential space heating grows over time to become an increasingly large component of peak load.

38 Process emissions are the result of chemical processes and are unavoidable, but the resulting CO, can be captured.
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Comparing the All Options and Pipeline Gas pathways, the main difference is in peak load for heating (31.5 GW
versus 21.9 GW). The All Options pathway becomes a winter peaking system due to higher heating demand
growth, while the Pipeline Gas pathway becomes a dual peaking system with both summer and winter peaks.*

Figure 19 ISO-NE electricity load decomposed into heating, transport, and other for the All Options pathway.
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Figure 20 ISO-NE electricity load decomposed into heating, transport, and other for the Pipeline Gas pathway.
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39 For weather year 2012, which was the focus of this study, the Pipeline Gas pathway peak occurs in the summer.
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Each load component has different flexibility characteristics, as described in Section 7.10. Vehicle charging
provides the bulk of flexible load capability, with 50% of the unmanaged charging shape capable of being
delayed by up to 8 hours. Space and water heating were also treated as flexible, but to a lesser degree.*
Focusing only on Massachusetts, and accounting for flexible loads, Figure 21 shows the resulting load shapes in
2050 for the All Options and Pipeline Gas pathways. Winter peak heating loads in 2050, which typically occur
during morning hours, are anti-coincident with today’s system peak loads, which occur in late afternoon during
summer. On the other hand, transportation charging load is highly correlated with existing summer loads,
occurring as people arrive home from work and plug in their vehicles. As a result, summer peak on residential
feeders grows somewhat in tandem with winter heating load, resulting in a smaller relative difference
between the two pathways than might be assumed. This demonstrates the importance of what assumptions
are made regarding the extent of transportation electrification and flexible charging behavior when evaluating
what peak load will be with and without high heating electrification. This is discussed further in Section 6.2.1.

Figure 21 Massachusetts load in the All Options and Pipeline Gas pathways with end-use flexibility, separated by residential customers
and commercial & industrial (C&I) customers. Growth in summer peak load from vehicle charging that is coincident with air conditioning
loads reduces the relative differences between the two pathways.
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Figure 52 in the technical supplement makes an additional comparison of ISO-NE load in 2050 to Quebec’s load
today. This comparison provides a helpful empirical perspective on the likely trajectory of electricity load
under deep decarbonization, because heating in Quebec is already highly electrified today. It also suggests that

40 15% of space heating and cooling load is assumed to be flexible with the ability to shift a single hour. 25% of water
heating load is assumed flexible with up to a 2-hour shift.
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peak loads between ISO-NE and Quebec are likely to become more coincident over time, challenging the
electricity system in new ways. This is examined in the next section.

5.4 Electricity

5.4.1 Low carbon electricity systems
Electricity systems are the hub around which deeply decarbonized energy systems are organized, and in
general they supply the lowest-cost zero-carbon primary energy for the economy. There are four broad
technological approaches to generating decarbonized electricity, and within each there are several different
technology types:
1. Renewable generation: wind, solar, hydro, and solid biomass.*
2. Decarbonized drop-in fuels used in thermal generation: biogas, hydrogen, and synthetic fuels (power-
to-gas).
3. Fossil generation with carbon capture and storage (CCS): post-combustion CCS with 90% CO; capture,
and pre-combustion or Allam cycle CCS with ~100% CO; capture.
4. Nuclear generation: existing Gen Il reactors and new Gen Ill and Gen IV reactors, including small
modular reactors (SMRs).

Renewables, drop-in fuels, and fossil fuels with carbon capture (CC) were options evaluated in all pathways,
but only the Regional Coordination pathway permitted the export of carbon for sequestration out-of-state.
Nuclear power was evaluated in the Offshore Wind Constrained pathway, but at costs that were not reflective
of a potential breakthrough in SMR design. The costs and performance characteristics of all generating
technologies are described in Section 7.8.

The RIO model was used to determine the mix of electricity technologies in future years that minimized cost
while maintaining reliability and meeting carbon targets; the methodology is described in Section 3.1.2. Based
on current cost and performance forecasts, the lowest cost electricity systems for the Northeast were found to
be organized around renewable generation, primarily wind, solar, and hydro, plus decarbonized drop-in fuels
burned in existing thermal power plants.*? Existing nuclear capacity was maintained to the extent possible, and
new nuclear capacity was built in situations in which renewable potential was severely constrained, though not
necessarily in Massachusetts. Due to a lack of geologic sequestration potential in the northeast region, carbon
capture on power plants was not economic in any pathway. Since wind and solar generation, the least-cost
forms of electricity supply, are also both variable and intermittent, electricity systems had to be fundamentally
reorganized to address the energy imbalances between renewable output profiles and load. The required
changes constitute a dramatic shift in electricity planning and operations, as explored in detail in the rest of
this section.

5.4.2 Energy and capacity

5.4.2.1 Massachusetts
Decarbonized power systems serve two different types of electricity demand. The first type is final electricity
demand, in which electricity itself is the form of energy required by end-use loads, which must be served at all

41 Tidal, wave, and geothermal generation were not included in this work, either because they are not competitive based

on current cost projections, or because their technical potential confines them to niche contributions in the Northeast.

Further breakthroughs in these technologies are to be encouraged, but would not be expected to fundamentally alter the

electricity sector solutions presented here.

42 Based on the equipment lifetimes assumed in this study, most existing power plants required re-powering before 2050.
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times. As described in Section 5.3.1 and shown in Figure 11, electrification results in major growth of final
electricity demand, despite aggressive efficiency measures. The second type is intermediate electricity
demand, in which electricity is used in flexible energy conversion processes to produce other forms of final
energy such as hydrogen and steam. This second use of electricity is almost entirely new and brought about in
order to reach the decarbonization goals. The optimal level of intermediate demand was determined
endogenously in the RIO model, such that the overall carbon target was met at lowest cost. Both types of load
are shown in Figure 22. In all pathways, hydrogen and steam production loads became significant after 2040.
Their production and use are shown schematically in the Sankey diagrams in Figure 7.

Figure 22. Massachusetts electricity consumption for end-use final electricity demand and energy conversion loads (electrolysis and
electric boilers). Figure includes T&D losses. Final electricity demand was determined in EnergyPATHWAYS. Conversion loads were
optimized in the RIO model to reach the emissions target at least cost.
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Massachusetts electricity demand (Figure 22) was met using the supply resources shown in Figure 23. The
change in generation mix as the system was decarbonized follows the same basic pattern across all scenarios:
a rapid decrease in thermal generation, accompanied by a rise in electricity imports, followed by a continuous
and dramatic expansion of renewable generation, especially offshore wind. Within this broader pattern, each
pathway shows some variation, which are described below in comparison to the All Options pathway.

The DER Breakthrough pathway effectively traded ground-mounted PV for rooftop PV but ended up with a
similar level of solar generation and overall resource profile. The Regional Coordination pathway used more
imported electricity in the medium-term and delayed some offshore wind development. The Offshore Wind
Constrained pathway increased imports to compensate for lower offshore wind build. The No Thermal
pathway built significantly more solar PV than other pathways and had the lowest net electricity imports in
2050. The Limited Efficiency pathway had an even faster reduction in gas generation and more renewable
generation in absolute terms. The Pipeline Gas pathway had a very steep reduction in thermal generation,
similar renewable generation, and less imported electricity. The 100% Renewable Primary pathway is similar to
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the All Options pathway, with slightly less overall generation because a larger share of fuels were imported
than made within Massachusetts. All pathways except for No Thermal used some pipeline gas in power
generation, but gas’ share of annual electricity production declined by 90% or more across all pathways.

Figure 23. Massachusetts annual electricity supply by resource type for all pathways.
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Massachusetts generating capacity shown in Figure 24. The main features of its changing composition as the
system is decarbonized is best understood by focusing in turn on three key elements: thermal capacity,
renewable capacity, and storage capacity.

Thermal capacity: A large proportion of existing combined cycle gas turbine (CCGT) capacity remained online in
all pathways except No Thermal, in which it was explicitly retired. Pathways that had either high transmission
build to Quebec (Regional Coordination and Offshore Wind Constrained) or lower final electricity demand
(Pipeline Gas) retired a small amount of the current gas capacity by 2050, but other pathways maintained the
capacity at current levels. Qil-fired peaking power plants were retired by 2030 in all pathways. The public
health impacts of maintaining gas generation (at a 90% reduction in annual runtime) were not included the
cost computations that led to that maintaining this capacity as the least-cost solution (compared to, for
example, large-scale battery storage); however it is unlikely that explicitly including those costs would alter the
outcome of the model’s cost optimization. Distributional impacts of these health costs are discussed with an
environmental justice and equity perspective in the Roadmap Study Report. In some cases, hydrogen and zero-
carbon gas alternatives were blended into the combustion mix to reduce the GHG footprint of remaining
thermal capacity.

Municipal Waste Combustors (MWCs) are not dispatched as electricity generating units in the model to meet
peak demands or compensate for valleys in renewable generation due to their characteristics. Therefore,
municipal waste combustors are not assumed to produce electricity in 2050 in this analysis. However, some
MW(Cs may still operate in 2050 for the purposes of waste disposal; this is discussed in the Non-Energy Sector
Technical Report.
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Figure 24. (Top) Massachusetts electricity capacity by year and pathway. (Bottom) Average duration (hours) for energy storage in each

year.
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Renewable capacity: All pathways built 6.7 GW of fixed offshore wind capacity by 2050. Floating offshore wind
capacity ranged from 4.2 GW in the Offshore Wind Constrained pathway to 12.7 GW in the Limited Efficiency
pathway. Floating offshore wind was built primarily after 2035. Onshore wind did not expand significantly in
any pathway, with an installed capacity range of 450-750 MW in 2050. Solar capacity in 2050 was greater than
wind capacity in all pathways when ground-mounted and rooftop PV are added together. However, wind
produces more energy than solar due to its higher capacity factors (the amount of energy produced per unit of
capacity installed). The Regional Coordination pathway has the least solar PV capacity within Massachusetts
because the solar is built in states with more available land and connected to Massachusetts via transmission.
The No Thermal pathway has almost twice the installed solar PV capacity of any pathway.

Storage capacity: Massachusetts has 1.8 GW of pumped hydro storage that is maintained in all pathways.
These resources are supplemented with new battery storage capacity built for bulk energy shifting after 2035.
As noted in the caveats in Section 3.3, this new storage capacity does not include storage built as a wires
alternative within Massachusetts, or distributed storage that is deployed behind the customer meter. That
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type of small-scale storage may represent a key component of the flexible load required to balance grid
operations and mitigate peak impacts in 2050, but is not likely to accommodate the high capacity, long-
duration discharges need of the type of storage discussed here. Distributed storage and microgrid operation
(including the possibility of vehicle-to-grid reverse EV charging) is discussed in greater detail in Section 5.4.3 of
this report. The No Thermal pathway required 10.5 GW of total energy storage, with an average duration of 33
hours, to eliminate the needed thermal capacity. As explained in section 6.1.2, this capacity is a lower bound
on the estimate for long duration storage needed to maintain reliability if thermal capacity is precluded.

5.4.2.2 Northeast Region

In this study, Massachusetts is one state within a decarbonizing regional electricity system in which planning
and operations were assumed to work in concert in order to achieve very low GHG emissions at low cost.
Figure 25 shows annual electricity supply in the All Options pathway for each of nine study zones (the rest-of-
US zone is omitted). Massachusetts offshore wind development was mirrored in Maine and Rhode Island, both
of which exported wind to surrounding states. Connecticut, New Hampshire, and Vermont were modeled to
have more limited (or no) offshore wind potential,*® and so a higher fraction of their renewable generation
was from solar. In both Connecticut and New Hampshire nuclear capacity was maintained, by assumption,
through 2050, except in the 100% Renewable pathway. New York developed significant offshore wind and
solar capacity, and also appreciable onshore wind capacity. By 2050, New York became the largest importer of
electricity from Quebec. The Quebec hydro build anticipated in response to the 83(d) procurement did come
online by 2030, but there was no new hydro after 2030 except in the No Thermal pathway. Instead, Quebec
built onshore wind to supply its new transportation electrification loads domestically, and also for export.
Finally, New Brunswick retired coal in the near term to reduce emissions, followed by a large build of onshore
wind to complement its small hydro and nuclear capacity. Its transmission ties to Quebec were important for
balancing, but net-imports were not a major factor for meeting load.

43 New Hampshire has limited coastline, Vermont has no offshore wind opportunity, and offshore wind resource quality in
Connecticut is lower than in surrounding states based on NREL wind simulations. The assignment of wind resources to
states is discussed further in Section 0.
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Figure 25. All Options pathway annual electricity supply by zone for seven northeastern U.S. states, New Brunswick, and Quebec.
Positive values for net transmission flow represent net imports, and negative values represent net exports.
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Figure 26 shows average hourly operations in the All Options pathway for the six New England states plus
Quebec. The patterns of renewable production (top panel) show that solar and offshore wind generation have
complementary profiles to some extent. Curtailment of renewable generation occurs primarily during daytime
hours; bulk storage works to shift some of the surplus solar energy to the evening peak. Flexible load, primarily
EV charging (but also distributed customer-side batteries and flexible end-uses), results in a significant
reduction in load during the evening; this load is spread across the night-time hours. Quebec exports are
highest outside of daytime hours with a peak in the evening. On the load side (bottom panel) electrolysis and
electric boiler loads are operated to complement renewable output. As discussed in the next section on
renewable balancing, the average day profile is useful for understanding broad patterns of generation and
annual carbon emissions. However, across the year there is significant day-to-day variability in renewable
resource production, and consequently in the operation of dispatchable resources. Understanding the patterns
of variability is essential for explaining many parts of the system, including the role of thermal capacity and
other balancing resources (Figure 24) in system reliability and economics.
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Figure 26. Daily average electricity operations in the All Options pathway, by zone. (Top) Generation, imports, storage discharge, and
curtailment. (Bottom) Load, imports, and storage charging. Flexible load on the generation side represents a reduction in bulk load. The
hours to which this load has been shifted is shown in the same color in the load panel. Because an average value for all days is displayed,
artifacts of the diversity between days are apparent in the figure. For example, in Massachusetts at mid-day, renewable curtailment and
transmission imports can both be seen occurring in the same hour; however, in actuality, both do occur, but on different days.
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5.4.3 Operations and renewable balancing

The electricity systems in all the pathways studied had high penetrations of wind and solar generation, as
described in the previous section. This outcome was not pre-ordained, but was the solution selected by the
RIO optimization model for the lowest cost electricity system consistent with the net-zero emissions target.
However, although wind and solar generation have substantially lower levelized cost of energy than any other
technology considered, they do present unique operational challenges due to their variability. “Renewable
balancing” is the term that describes the operational measures used to address the mismatch between
variable renewable supply and must-serve load. Sometimes renewable supply is far in excess of load, leading
to curtailment of renewable generation and reducing the economic competitiveness of these resources. At
other times, a shortfall of renewable generation on the system results in the need for dispatchable resources
to maintain system reliability. System operators must forecast both surplus and deficits, or “net load,” with
sufficient lead time to apply a suite of tools that enable the system to maintain reliability while meeting carbon
constraints at low cost.

The deployment of each of these balancing tools, aggregated for all of ISO-NE, is shown in Figure 27. The first
three columns show the All Options pathway in 2030, 2040, and 2050. The right-most column shows the No
Thermal pathway in 2050, in order to illustrate the measures required to replace all thermal power plants
without harming reliability. In each row of the chart, a series of translucent colored lines is shown, one for

each of the 45 sample days used by RIO. The solid black line is the average of all the sample day values.
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The top row of the chart shows delivered renewables and the second row shows curtailed renewables, with
the sum of the two being total generation potential. Although various balancing strategies are applied to
minimize curtailment, curtailment is also a critical balancing strategy. Designing a system to have no
curtailment would significantly increase overall system cost because (1) it would have a lower renewable
capacity build, resulting in a larger generation deficit, and a consequent need for other, more costly generation
resources, at times of the year when load exceeds renewable generation, and/or (2) it would require
overbuilding other balancing resources such as energy storage that are expensive and would be infrequently
utilized on the margin.

Figure 27. ISO-NE renewable balancing in the All Options pathway in 2030, 2040, and 2050, and in the No Thermal pathway in 2050.
Each sample day (45 total) is shown using stacked colored lines with the average across all sample days shown in black. Note that the
scale is different for each row. Negative values indicate storage charging or an increase in load while positive values indicate generation
or a decrease in load.
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The third row of Figure 27 shows electric conversion loads. These are electric boiler and electrolysis loads that
are large (5-10 GW on average in 2050) and are not must-serve. Electric boilers are built in a dual-fuel
configuration that allows use of gas when electricity is not available or not at the desired price. Hydrogen can
be stored, blended into the pipeline, or produced by other methods, including imports, when not available via
electrolysis. As evident in the figure, on some days electric conversion loads do not operate at all, and on other
days they average 10-15 GW during most of the day. The importance of this conversion load strategy for high
renewables power systems cannot be overstated. By providing a productive use for surplus renewable
generation on days with low loads, additional renewable capacity can be built to provide energy at times when
there would otherwise be larger renewable deficits. Put another way, conversion loads enable a strategy of
“overbuilding” renewables that permits wind and solar to be utilized to the maximum extent for the energy
system as a whole.

The fourth and fifth rows show flexible load and energy storage. Both show values above and below the x-axis,
with positive values representing storage discharge or a reduction in load, and negative values indicating
storage charging or an increase in load. The main source of flexible load is delayed EV charging, moving the
charging load out of the 5-8 pm window to the middle of the night. The flexible use of space heating is also
apparent in a narrow morning spike. The diurnal EV and heating loads modeled here do not have the flexibility
to shift load into the middle of the day when solar is available; this is where energy storage is most critical.
Energy storage discharges, on average, during nighttime hours with a large discharge peak in the evening and a
smaller peak in the morning. Storage dispatch in the No Thermal pathway dwarfs that in the All Options
pathway. The large amount of storage required to maintain reliability in the No Thermal pathway also
competes with electric conversion loads for the use of renewable over-generation, which is why there is lower
conversion load in this pathway. The state of charge over the course of the year for the long-duration storage
built in the No Thermal pathway is shown for Massachusetts in the technical supplement, Figure 54.

The second to last row of Figure 27 shows net transmission flow into (positive) and out of (negative) ISO-NE.
Over time, transmission flows become increasingly variable as a way of compensating for mismatches between
renewable supply and generation, and the magnitude of the flows grow with transmission capacity, as
discussed in Section 5.4.4. All pathways use the Quebec hydro system in effect as a form of seasonal energy
storage, with energy exported to Quebec during many hours to serve Quebec loads, and with imports from
Quebec in other hours to serve loads in New England and New York. Because it lacks thermal generation,
dispatchable hydro capacity is of especially high value in the No Thermal pathway, and it therefore builds
larger interties to Quebec than in any other pathway. No Thermal is also the only pathway in which it was
found economical to build new hydro in Quebec beyond that which is already assumed. The hydro capacity
build in Quebec is shown in the technical supplement, Figure 56.

The bottom row shows the operation of gas thermal power plants. An interesting trend emerges from 2030 to
2050 period, as the average daily use of gas capacity (shown by the solid black line) decreases, but maximum
daily use increases. In the All Options pathway in 2050, one sample day in particular stands out from the rest
(the uppermost translucent grey line). On this day, the electricity system requires almost 15 GW of thermal
generation, dispatched across all hours, to maintain reliability. It is the effort to replicate this level of sustained
energy production—potentially over multiple days in a row during a prolonged wind drought—that requires a
very large amount of energy storage in the No Thermal pathway.
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The sample day with 24 hours of gas thermal dispatch is February 16™. Figure 28 contrasts this day with
February 1% from the same 2012 weather-year for the All Options pathway in Massachusetts. On February 1%,
the output of offshore wind is close to its nameplate capacity for the entire day. The system is balanced by
exporting energy to surroundings ISO-NE states and to Quebec and operating electrolysis and electric boiler
loads. Two weeks later, on February 16th, the lowest offshore wind production of the year occurs. On this day,
gas generation is needed in every hour of the day in combination with the maximum possible transmission
imports from Quebec. Solar production is significant for a winter day, but still far too small to meet total
energy demand. Any loads that are not “must-serve” are turned off during the day, so there are no electrolysis
or electric boiler loads on this day. While keeping thermal generating capacity online when it is infrequently
used may seem inefficient when viewed from the perspective of its contribution to annual energy production
(Figure 23), the steps required to maintain today’s electricity system reliability without this capacity on days
like February 16 turn out to be extremely costly. Solar shows less day-to-day variability than offshore wind in
New England, which is the primary reason for the large overbuild of solar in the No Thermal pathway. By
greatly increasing solar generation on February 16™, the amount of energy to be provided by energy storage
can be reduced. The flip side of this strategy occurs during other times of the year when up to 100 GW of
renewables are curtailed at once across the region (Figure 27). Across New England, 25% of potential
renewable generation is curtailed in the No Thermal pathway, compared to about 4% in All Options.

Figure 28. All Options pathway daily operations for Massachusetts in 2050. February 1% (a high offshore wind generation day) is
contrasted to February 16" (lowest offshore wind day of the year). Generation is shown in the top panel and load in the bottom panel.
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To further illustrate the operational implications of the sample days discussed above, average daily generation
and load in ISO-NE across 365 days in 2020, 2035, and 2050 (based on the 2012 weather year) is shown in
Figure 29.

Figure 29. Average daily energy generation and load in the All Options pathway for ISO-NE in 2020, 2035, and 2050, based on the 2012
weather year. Electricity supply is on the left and load on the right. Net transmission flows on the supply side represent net daily imports,
and on the load side represent net exports. Energy storage is omitted in the figure because in all pathways except No Thermal, only

small amounts of energy are shifted between days. From an daily energy perspective, storage appears primarily as a load, representing
round-trip losses.
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The three snapshot years illustrate the trends discussed so far. In 2020, gas generation follows load, oil
generation is used on peak days, net daily imports occur on every day of the year, and the days with highest
average energy consumption are in the summer. Renewables are meaningful but still small. In 2035, the
system has winter days with load equal to that of summer peak days, and yet overall load has not yet grown
substantially. Sales shares of electric technologies are high, as described in Section 5.3 and Figure 14, Figure
15, and Figure 17, but the stock itself is not yet highly electrified. High levels of solar and offshore wind are




apparent in 2035 and while exports from ISO-NE are not yet seen, imports to ISO-NE vary significantly across
days as a function of load and renewables. Days of high thermal power plant use can be seen throughout the
year, concentrated mainly during summer and winter peaks. Finally, in 2050 the full set of balancing strategies
is on display. Final energy demand has grown dramatically as electric technology stocks finally reach saturation
levels. Renewable generation has also grown dramatically. Large electrolysis and boiler loads, and exports from
ISO-NE, occur on days with surplus renewables. There are many days in which no thermal capacity is used, but
there are also numerous days in all seasons, especially in winter, that require significant use of thermal
capacity. Imports are even more sporadic than in 2035, and while it is clear that transmission lines are utilized
extensively, net imports over the course of the year have actually shrunk because power is flowing in more
equal quantities in both directions. In the next section we will examine transmission in greater detail.

5.4.4 Transmission and distribution
This study analyzed the role of, and impacts on, the transmission and distribution (T&D) system in the process
of deep decarbonization. Four categories of T&D were considered:

o New inter-regional transmission between states, or between Canada and the US: This transmission is
solved for explicitly in RIO as part of the capacity expansion modeling and is co-optimized with other
supply- and demand-side resources.

e Distribution circuit upgrades (residential, commercial, industrial) within each zone: Simultaneous peak
load by customer class was calculated, and the distribution revenue requirement for each class was
scaled according to peak load growth.

e Transmission upgrades within each state, treated separately from lines between states (for example,
new transmission into Boston from other part of Massachusetts). The simultaneous gross load peak in
each state is pegged to the current revenue requirement, and scaled with peak load growth. It is
assumed to be additive with new inter-regional transmission.

e Renewable interconnections and spur lines to connect solar and wind to load: New lines to connect
renewables to load or the nearest available transmission. This category includes lines to connect
offshore wind.

The latter two categories (in-state bulk transmission and spur lines) are not explicitly addressed in this section,
but are included in the cost estimates in Section 5.6. The first two categories are examined in more detail
below.

5.4.4.1 Inter-regional transmission

New inter-regional transmission was a critical part of all pathways because of its importance as a balancing
strategy in high renewables systems. Its value stems from three factors: weather diversity across zones,
complementary resource endowments, and the flexibility of the Quebec hydro system. Figure 54 in the
technical supplement shows a map of the transmission lines modeled in RIO and contrasts the 2050
transmission capacity in six pathways, including the reference case. In all pathways, the transmission paths
from Quebec to New York, and from Quebec to Massachusetts, had significant new capacity build. In the No
Thermal pathway and the Regional Coordination pathway, significant new capacity was also built from New
York to PJM. Beyond these major transmission paths, numerous smaller upgrades were made within New
England and between New England and New York. Table 8 shows the cumulative transmission build in each of
the studied transmission paths. The net-zero scenarios with the highest total regional transmission build are on
the left side of the table, and those with the lowest total build are on the right side. Massachusetts does not
always follow the regional trends. The highest builds occurred in the No Thermal, Regional Coordination, and
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Limited Efficiency pathways. The lowest total regional build occurs in the Offshore Wind Constrained pathway
in which regional nuclear capacity additions in New York and Connecticut reduce the need for renewable
balancing. New lines were built from Massachusetts to every neighboring state, except for Vermont, in some
but not all pathways. The most frequently built lines for Massachusetts strengthened connections to Quebec,
New Hampshire, and New York. The line to Quebec is the only Massachusetts transmission line built in all
pathways, with a minimum capacity of 2.7 GW and a maximum of 4.8 GW.

Table 8. Cumulative transmission build 2020-2050 by pathway. The 17 modeled transmission paths are assumed to be symmetrical,
meaning that 3.7 GW from New Hampshire to Massachusetts also implies operational capability of 3.7 GW from Massachusetts to New
Hampshire.
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Connecticut Rhode Island 0.5 0.9 1.3 16| 03| 03 0 0
Massachusetts Connecticut 15 0.1 0 0.2 0 0 0 0
Massachusetts Rhode Island 0.5 0 0 0 0 0 0 0
Rest of US New York 7 6 3 1.5 0 0 0 0
New Brunswick Maine 2.7 0.5 0.1 0.8 0 0 0 0.1
New Hampshire Maine 3 1.8 1.2 15 1 0.9 0.9 0
New Hampshire Massachusetts 3.7 2 1.6 02| 06| 1.3 0 0
New York Connecticut 1.5 1 0.8 08| 06| 05| 05| 05
New York Massachusetts 2.6 2.5 1.5 1.5 1 1.2 0 0
New York Vermont 0.4 0.4 0 0 0 0 0 0
Quebec Maine 2 1.2 1.1 09| 06| 06| 06| 09
Quebec Massachusetts 4.3 4.8 3.7 33| 27| 28| 3.1| 3.9
Quebec New Brunswick 0 0 0 0 0 0 0 0
Quebec New York 6.8 6.8 6.8 47| 44| 42| 56| 3.8
Quebec Vermont 0.8 0.7 0.8 0.8 08| 0.8 0.8 0.8
Vermont Massachusetts 0 0 0 0 0 0 0 0
Vermont New Hampshire 0 0 0 0 0 0 0 0
Sum | 37.3 | 287 | 219 | 17.8 12 | 12.6 | 11.5 10

5.4.4.2 Electricity distribution

Electricity distribution cost is the largest single component of the average customer’s electricity bill (see Figure
36 with average rate estimates). Because of this, and the significant impact of electrification on distribution
peak load, understanding what drives distribution upgrade cost is very important. Highly resolved data on
individual circuits would be required to specify exactly what upgrades would be required for a given pathway
in a specific location at a specific time. Since this was not practical for the present study, we took an alternative
top-down approach, calculating simultaneous peak demand across Massachusetts and then scaling revenue
requirements to this peak. The methodology is discussed in further detail in Section 7.7, and the cost results
for the distribution system are presented in Section 5.6.
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The Massachusetts simultaneous peak load by customer class is shown in Figure 30. Commercial and industrial
customers have been grouped. This figure is related to the hourly electricity profiles shown in Figure 21.
Because the All Options, No Thermal, Regional Coordination, 100% Renewable Primary, and Offshore Wind
Constrained pathways all have identical demand-side assumptions, the distribution build is identical, and they
are represented by the All Options pathway.

All pathways have significant increases in distribution peak load. The impact of low building electrification can
be seen in the lower peaks in Pipeline Gas pathway compared to the All Options case. The DER Breakthrough
pathway also has lower peaks, showing the value of additional flexible end-use loads. On the other hand, the
Limited Efficiency pathway has much higher winter heating loads and a substantial increase in distribution
peaks.

Figure 30. Massachusetts coincident peak load by aggregate customer class, residential (left) and commercial and industrial (right).
Projections of future distribution costs are based on the ratio of the existing revenue requirement to the existing peak.
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5.5 Fuels and carbon management

Despite high levels of electrification in all pathways, legacy fuel demand in 2050 was between 25% and 40% of
current levels. The majority of this fuel was in the form of hydrocarbons such as jet fuel, asphalt, and pipeline
gas. In general, the remaining fuel uses were difficult or uneconomic to electrify or to replace with hydrogen.
Since fuel use is unavoidable, developing a sustainable and cost-effective strategy for Massachusetts to
procure fuels that are consistent with a net-zero pathway is essential. Today, Massachusetts imports all of its
fuels, except some biomass, solid waste and land-fill gas, from out-of-state. Because Massachusetts has limited
biomass supplies and limited available land, it is infeasible to produce all fuel needed by the state within its
boundaries. Nonetheless, in all pathways modeled, a much higher proportion of fuel consumed was produced
in-state than is the case today.
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In all modeled pathways, importing net-zero carbon fuels to supplement domestic fuel production commenced
only after 2040 because of the high assumed cost of these fuels. As discussed in Section 6.2.3, the marginal
fuel costs used here reflect the assumption that the United States as a whole is decarbonizing, and that there
are multiple regions and multiple end uses competing for a limited supply of biomass. However, the question
of decarbonized fuel supply may need to be addressed before 2040 for several possible reasons, including the
potential that: (a) emission reductions in electricity occur at a slower pace, requiring earlier fuel
decarbonization in order to reach emissions targets in intermediate years; (b) imports of decarbonized fuels
are available at lower cost early on than assumed in this analysis, because fewer jurisdictions are initially
competing for them; or (c) developing markets for fuels are needed earlier in order to stimulate technological
progress and to clarify the pace and scale of electrification required. The remainder of this section focuses on
the fuels needed in 2050, but with the caveat that these results may be relevant well before then.

5.5.1 Fuel production within Massachusetts

Fuel production within Massachusetts requires hydrogen, captured carbon, or biomass, since all fuels
ultimately need one or more of these components. Figure 31 shows the sources (top row) and uses (bottom
row) of each of these fuel components across all pathways.

Hydrogen: The source of hydrogen was primarily in-state electrolysis, with differing amounts of hydrogen
imports depending on the pathway. Most of the hydrogen produced was used to meet final energy demand in
the transportation sector. Secondary uses of hydrogen included synthesizing liquid hydrocarbon fuels with
carbon captured in Massachusetts, and to a very limited extent, direct combustion in thermal power plants.

Captured carbon: Much of the carbon came from the industrial sector in which carbon capture technology is
used in the production of lime. Captured carbon also came from biorefining processes—pyrolysis, gasification
with Fischer-Tropsch (FT), and hydrogen production from biomass—all of which produce CO,. In the Regional
Coordination pathway, captured carbon was exported for geologic sequestration at a cost of $71/tonne CO;. In
all other pathways, captured carbon was utilized, being combined with hydrogen to make more liquid fuels.
The Fischer-Tropsch process for gasified biomass was also used to synthesize liquid fuels. This could be
visualized as occurring in an integrated process that does not involve transporting captured carbon, but rather
combining biomass refining, hydrogen production, and fuel synthesis in a single location or facility. Issues
surrounding carbon recycling (e.g., double-counting carbon emission abatement from capture and re-use),
carbon life-cycles (e.g., especially for determining biomass harvest sustainability), and implications for GHG
emissions are discussed in greater detail in the Roadmap Study Report.

Biomass: In the modeling, almost all biomass in Massachusetts came from wood, and the biomass that was not
used in biofuel production went primarily to residential heating. In the optimization, the biomass that is used
in electricity generation today is diverted into synthetic fuel production, because the avoided cost for zero-
carbon electricity is relatively low, whereas the avoided cost for imported net-zero carbon liquid fuels is high.
Thus, diverting existing biomass away from electricity and towards liquid fuels provides greater value-added
for plant owners.
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Figure 31 Massachusetts sources and uses of hydrogen, carbon capture, and biomass in all pathways in 2050.
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5.5.2 Net-zero carbon fuel imports

The majority of residual hydrocarbon fuel used in 2050 comes from imported fuels that are assumed to be net-
zero carbon. Figure 32 shows the quantity of carbon neutral hydrocarbons imported into Massachusetts in
2050 in four pathways; it also compares these to existing ethanol imports in 2020 in order to give scale.*

In the All Options pathway, decarbonized fuel imports expanded only slightly from 22 TBtu in 2020 to 31 TBtu
in 2050, but the composition of the imports shifted away from ethanol (because gasoline-type fuel use is
greatly reduced by electrification) and towards jet fuel, which was still in use on the demand side. In the
Limited Efficiency pathway, the lack of efficiency improvements in aviation and other fuel end uses resulted in
a doubling of decarbonized fuel imports. Finally, in the Pipeline Gas and 100% Renewable pathways, significant
additional decarbonized imports were needed to meet greater demand for both liquid fuels and pipeline gas.
In all pathways, carbon neutral fuels were first imported to replace petroleum products, and second to replace
natural gas, since natural gas is much less expensive and has lower carbon content.

4 Assumes Based on an average ethanol blend of 7% by energy content in gasoline.
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The orange dotted line in Figure 32 gives an estimate of Massachusetts’ population share of all sustainable U.S.
biomass use. Sustainable biomass use nation-wide is estimated at 12 quads/year, based on the assumption
that this amount requires no additional land to be put into cultivation for biomass production.* The 12 quads
of biomass feedstock were used to make 6 quads of processed fuels, of which the Massachusetts population-
weighted share is 2.06% or 123 TBtu/year.

Nationally, certain uses like feedstocks in the chemical industry require carbon, and thus, fuel combustion will
frequently not be the highest value-add for our limited biomass resources. Most of these uses are also located
outside of the Northeast. National feedstock demand for organic chemicals and plastics is estimated at 4
quads/year in 2050. Some of this could still be supplied with fossil petroleum; however, in the extreme, if it is
assumed that four quads of the six available are reserved for competing uses, the available sustainable
biomass supply is likely to be closer to 41 TBtus/year for Massachusetts. This level is shown with a dotted grey
line is shown in Figure 32.

Of the eight pathways, three pathways exceed this 41 TBtus/year threshold, while five fell below it (in figure
32, below All Options is the only one of those five pictured). As discussed in Section 6.2.3, further research is
needed to understand the economic and sustainability implications of the fuel import levels found in each of
the pathways. In the meantime, pathways over-relying on large quantities of these fuels should be understood
to carry a significant risk that they will not be available in 2050 at high quantity (or that such quantities would
come with a high price or other external costs, including equity and environmental justice considerations).

Figure 32. Massachusetts imports of carbon-neutral liquid hydrocarbons and methane (pipeline gas). These fuels are made in the rest of
the U.S. (or internationally) for export to Massachusetts and the rest of the Northeast using technologies that imply carbon neutrality.*¢
The dotted line represents Massachusetts’s population share of U.S. biomass production that limits purpose-grown feedstocks to the
same land footprint currently used for ethanol production, plus all available crop wastes and residues.
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4 Princeton Net-Zero America Project, 2020 (forthcoming)
46 To be carbon neutral, the carbon contained in the hydrocarbon fuel must either be come from directly captured from
the atmosphere, gained from biomass, or else its combustion emissions must be captured and sequestered or offset with
a negative emissions technology and geologic sequestration. The production of carbon neutral fuels has been explored
extensively at a national level using the RIO model and these insights have been leveraged in the representation analysis
of fuel imports for the Northeast.
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5.6 Cost

This section presents energy system cost estimates for each pathway studied. As noted in Section 3.1.3 on cost
methodology, the indirect effects and co-benefits of pursuing a net-zero emissions policy for the region—
including employment and public health benefits—were quantified in a follow-on analysis, the results of which
are presented in the Roadmap Study Report. This study did not attempt to quantify the avoided damages from
climate change and thus does not comment on the appropriate value of a “social cost of carbon.” This section
focuses only on spending for energy and demand-side equipment needed to reach the Net Zero goal.

5.6.1 Gross cost

Figure 33 shows annual total spending on energy in Massachusetts in the reference case and All Options net-
zero pathway. Currently roughly half of gross spending goes to the purchase of petroleum products and
natural gas, and the other half goes to capital expenditures either within Massachusetts or allocated to
Massachusetts in markets like ISO-NE. Energy delivery infrastructure for both electricity and natural gas
represent the majority of current in-state capital expenditures on energy. The capital cost of current power
plants is a small share of total spending. All capital costs shown are levelized, meaning the full cost of the
powerplant is not seen in the year it is built, but instead paid in installments over the book life of the asset.

In a decarbonized energy system, spending shifts away from fossil fuel purchases towards new capital
equipment. The All Options pathway in Figure 33 illustrates this transition. At the top of the figure in red is the
incremental demand-side cost above the reference case cost, including the incremental cost of efficiency and
electrification, as represented by, for example, building envelope retrofits, heat pumps, and electric vehicles.
Spending on electricity delivery infrastructure increases due to electricity load growth, while gas pipeline
spending decreases by a modest amount. The decrease in gas pipeline revenue requirement and the
assumptions that went into this are further discussed below. Spending on renewables increases in all years and
the cost of net-zero carbon fuel imports becomes significant in 2050. Gross energy system costs for all
pathways in 2050 are presented in the supplemental materials, Table 19.

Figure 33. Massachusetts gross energy system cost in the Reference (no decarbonization) and All Options pathway, broken out by cost
component. For scale, twenty billion dollars is 3.3% of current gross state product. All costs are shown in real 2018 dollars.

REFERENCE ALL OPTIONS Supply Node Cost Group

25 Il DEMAND-SIDE COSTS
ELECTRICITY STORAGE
ELECTRICITY DISTRIBUTION

M ELECTRICITY TRANSMISSION
GAS PIPELINES

Il GAS POWER PLANTS
IN-STATE FUELS PRODUCTION

Il BIOMASS POWER PLANTS
GROUND-MOUNTED SOLAR
ROOFTOP SOLAR

[l OFFSHORE WIND

M HYDRO PURCHASES

[l ZERO CARBON LIQUID IMPOR..
ZERO CARBON GAS IMPORTS
NATURAL GAS

[l OIL PRODUCTS
OTHER

Gross Cost ($bil)

2020 2025 2030 2035 2040 2045 2050 2020 2025 2030 2035 2040 2045 2050




One effect of the shift in energy system spending towards capital equipment is that a much larger share of
energy expenditures stay within Massachusetts. In-state vs. out-of-state spending is shown in Figure 34. In the
net-zero case, spending for energy purchases out-of-state is cut in half while in-state spending roughly
doubles. The right-hand axis in Figure 34 compares gross energy spending in the reference case and All Options
pathway to the 2019 Massachusetts gross state product (GSP). Historical energy spending has, at times, been a
much higher fraction of GSP than the 2050 cost of a net-zero energy system, as a function of oil price
fluctuations. An additional, unquantified, benefit from decarbonization is the insulation from oil price shocks,
which have often been the precursors to economic recessions over the past 50 years.

Figure 34. In-state vs. out-of-state spending on energy for the reference and all options pathways, in dollars and as a percentage of 2019
gross state product (5600B).
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5.6.2 Net cost by scenario

This section presents annual levelized net costs for all pathways, using the All Options pathway for comparison.
Figure 35 summarizes the net cost by year and Figure 36 shows a detailed breakdown of relative cost by
component. In Figure 36 cost components shown above the x-axis are incremental to the All Options cost,
while costs below the x-axis are savings. The labeled black circles show the net cost from summing the
component cost increases and decreases and match Figure 35. Pathways are ordered based on energy system
cost in 2050, and roughly form three clusters.

In the first cluster are the DER Breakthrough, Regional Coordination, and Offshore Wind Constrained
pathways, which have only small positive or negative net costs relative to All Options. The DER Breakthrough
pathway has additional costs for rooftop PV but saves the cost of ground-mounted PV and also saves
transmission and distribution (T&D) cost. The T&D cost savings come from the flexible end-use load as
reflected in Figure 30 showing simultaneous distribution peak load by customer class. The Regional
Coordination pathway allows greater out-of-state electricity imports in the near- and medium- term and also
allows a combination of fuel system changes that save modest cost in 2050 due to the ability to export CO; for
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sequestration. In other words, the ability to export CO, for sequestration, when captured, was found to be
slightly cheaper than deploying additional mitigation options elsewhere. Both the DER Breakthrough and
Regional Coordination pathways are slightly lower net cost than the All Options pathway. The Offshore Wind
Constrained pathway has small net cost increase. As expected, out-of-state energy purchases increase in this
pathway, while in-state spending on offshore wind is decreased.

Figure 35 Massachusetts net energy system cost for all net-zero pathways compared to the All Options pathway. Costs above the x-axis
represent incremental costs above All Options. Costs below the x-axis represent savings compared to All Options.
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Figure 36. Massachusetts net energy system cost for all net-zero pathways compared to the All Options pathway broken out by cost
component. The labeled black circles show the total net cost after summing each component. Pathways are ordered from lowest to
highest cost in 2050. For context, three billion dollars is approximately half a percent of the current gross state product.
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The second cost cluster in Figure 35 consists of the two pathways with demand-side sensitivities. The Limited Efficiency pathway trades
savings on demand-side equipment for higher expenditures on energy, both electricity and fuels. By 2050, the net annual cost is $1.2B
per year higher than the All Options case. The Pipeline Gas pathway saves costs associated with electricity generation and delivery,
including offshore wind, some transmission, and significant distribution costs. On the other hand, spending on natural gas, gas pipelines,
and net-zero carbon fuel imports increased. The demand-side capital cost difference between low and high electrification was estimated
to be small. On the one hand, air source heat pumps cost more than gas furnaces, but they also avoid the separate cost of an air
conditioner. The cost assumptions for space heating and cooling technologies are discussed further in Section 7.5. The annual net cost in
2050 for the Pipeline Gas pathway is estimated to be 51.7B higher than the All Options pathway. Due to the uncertainty associated with
different parts of this cost estimate, low- and high- cost sensitivities were run. The assumptions used to perform the cost sensitivity are
presented in

Table 9 and the results in Table 10. In general they highlight that relatively modest changes in the price of
carbon neutral fuels could lead to significant (approximately 80%) changes in the net cost of the pathway It
should also be noted that incremental costs compound with reduced thermal electrification and efficiency
investments because increased demand for zero carbon fuels increases both the total amount of fuel
demanded as well as increasing per-unit costs.

Table 9. Assumptions for the Pipeline Gas pathway high and low-cost sensitivities




Category Base Assumption  Pipeline Gas Low Cost Sensitivity Pipeline Gas High

Cost Sensitivity
Carbon Neutral $40/MMBtu S30/MMBtu S50/MMBtu
Liquid Import
Carbon Neutral $30/MMBtu $20/MMBtu S40/MMBtu
Gas Import
Gas 2% per year max No cost difference because declining volumes 4% per year max
Distribution rate of pipeline lead to no difference is revenue requirement rate of pipeline
Pipeline retirement between pathways retirement
Electricity $205/kW-year $250/kW-year $180/kW-year
Distribution

Grid Upgrades

Table 10. Pipeline Gas pathway cost sensitivity results. All costs are net costs compared to the All Options pathway. Positive numbers
indicate a cost increase and negative numbers indicate cost savings.

Base Pipeline Gas Low Pipeline Gas High

Net Cost Category (2018Sbil) Assumption Cost Sensitivity Cost Sensitivity
Carbon Neutral Liquid 2.45 1.84 3.06
Import

Carbon Neutral Gas Import 0.92 0.62 1.22
Gas Distribution Pipeline 0.37 0.00 0.74
Electricity Distribution Grid -0.58 -0.75 -0.54
Other -1.43 -1.43 -1.43
Sum 1.73 0.28 3.05

The third cost cluster in Figure 35 consists of the 100% Renewable and No Thermal pathways. The 100%
Renewable pathway costs are very similar to All Options up until 2050, when a dramatic increase in imports of
net-zero carbon fuels result in a net cost of $3.3B per year. This pathway is more sensitive than any other to
the assumed cost of these fuels, and to the cost of fossil fuels in 2020. If the cost of fossil fuels is higher and
the cost of decarbonized drop-in replacements lower, the net cost will be reduced, and vice-versa. The most
expensive pathway studied was No Thermal, which had significant cost increases in transmission, solar PV, and
battery storage, with only small cost savings from avoided offshore wind and gas power plant capital cost. This
pathway is most sensitive to the cost of energy storage.

5.6.3 Electricity and gas rates

Dividing the gross energy system cost for electricity and natural gas by total retail sales provides an estimate of
average rates for each, which are shown in Figure 37.%” Rates increase out to 2030, then decrease in the
subsequent 20 years. In the near-term, additional imports of hydro from out-of-state increase the cost of
electricity relative to generating electricity with gas in Massachusetts. In addition, the first offshore wind builds
in the 2020s are reflected in the 2030 rates, with initial installation costs that are higher than those anticipated

47 These average rates differ from customer retail rates in two ways. First, rooftop solar is included as it is a cost to
consumers, but not typically reflected in utility bills. Second, generator profits in energy markets are not included. These
profits reflect a cost transfer but not a net cost increase for electricity generation for society.
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in the subsequent two decades. After 2030, growth in electricity load, and vehicle electrification in particular,
allows for a reduction in the per-unit cost of wires on the system. This happens for two reasons. First, flexible
EV charging builds load at night, increasing the load factor in all parts of the system. Second, we assume a
correlation of 0.8 between peak load growth and revenue requirement growth. This means doubling the load
on a distribution feeder results in an 80% increase in system cost. This assumption stems from the fact that
many costs are essentially fixed, regardless of peak load growth, for example the cost of maintenance or tree
trimming. Note that while the average cost of wires decrease per unit of retail electricity, the overall revenue
requirement is increasing significantly, as shown in the gross costs in Figure 33.

Figure 37. Average societal electricity rate by component, across years and between pathways.*¢

Year Pathway Cost Category (group)
2020 ALL OPTIONS 54 s BB s s151mwn O N coLAR
ELECTRICITY STORAGE
2030 ALLOPTIONS 52 o M N o steamwh g1 voRo PURCHASES
B NUCLEAR PURCHASES
2040 ALL OPTIONS 50 29 |5 510 $142/MWh GAS POWER PLANTS
M FUEL PURCHASES
2050  ALL OPTIONS 48 o | 05 s131mwn B OFFSHORE WIND
ONSHORE WIND
DER BREAKTHROUGH 45 25 |Es 18 $129/MWh M BIOMASS & CHP
ELECTRICITY TRANSMISSI..
REGIONAL COORDINATION P 31 |‘= 8 8 $133/MWh ELECTRICITY DISTRIBUTION
OFFSHORE WIND
CONSTRAINED 8 %0 | I 5133/MwWh
LIMITED EFFICIENCY 18 30 |ﬂ 9 6 $132/MWh
PIPELINE GAS 49 2 |E 109 $135/MWh
NO THERMAL s 36 |HE 20 24 8 $164/MWh
100% RENEWABLE PRIMARY s 20 |ﬂ 10 8 $133/MWh

The revenue requirement components, total sales, and implied average societal rates for natural gas are
shown in Table 11 for the Pipeline Gas, All Options, and 100% Renewable pathways. The reference case is also
included for comparison. The Pipeline Gas pathway sees average gas rates double from $10.7/MMBtu in 2020
to $20.5/MMBtu in 2050, similar to the price paid by retail customers in Europe today. The rate increase came
from two sources: (a) the incremental cost of the necessary purchase of net-zero carbon fuels; and (b) the
increase in per unit T&D cost, because natural gas volumes decreased 37% relative to 2020 due to a
combination of efficiency and partial electrification, while the cost of gas transmission and distribution was
assumed to only decrease by 10%. This estimate does not include the cost of carbon allowances, which would
be necessary in some policy frameworks due to the fact that pipeline gas was not fully decarbonized, reflecting
the high sensitivity around deploying decarbonized gas, as discussed above and in Section 5.1

In the All Options pathway, the implied retail cost of gas more than quadruples from today’s rate to
$49.1/MMBtu, creating obvious challenges for the remaining customers on the gas system. In the All Options
pathway, rapid building electrification is pursued, significantly reducing the volume of pipeline gas sold.

“8 The rates calculated and displayed here are lower than retail rates today for three primary reasons: (1) generator
profits in energy markets are not included; (2) additional programmatic costs often included in customer bills are ignored
here; and, (3) these rates reflect an average of all customer classes and are not an estimate of residential rates alone.
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However, the gas distribution pipeline costs cannot be depreciated as fast as the throughput declines. How
this situation turns out in practice depends on the geographic patterns of customers switching to electricity. If
customer switching is randomly distributed, no parts of the gas system can be retired easily because of
remaining customers who have not switched. On the other hand, if electrification was to proceed one
neighborhood at a time with all customers switching at once, it may be possible to start saving gas distribution
costs sooner. These questions are discussed further in Section 6.2.1.

Table 11. Pipeline gas sales, revenue requirement, and implied societal rates for 2020 and for selected pathways in 2050.
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6 Discussion

6.1 Commonalities across pathways

This study analyzed eight different pathways to attaining a net-zero CO, energy and industrial (E&I) system in
Massachusetts by the year 2050 while providing the same level of energy services as a high-carbon reference
case. The value of the pathways concept, the role of pathways analysis in planning, and the risks of making
long-term investment decisions in energy without a pathways analysis, are discussed in Section 2.3. The
limitations of pathways analysis are caveated in Section 3.3, which lists some of the known uncertainties in this
study. As described in these sections, an important value of conducting the kind of scenario and sensitivity
analysis done here is the identification of common elements across pathways. One test for ‘robustness’ is the
appearance of a strategy in different decarbonization pathways that is effective across a wide range of future
uncertainties. Among the pathways analyzed here—not an exhaustive set, but one that explored many of the
key variables—some clear common themes can be identified, as well as some illuminating contrasts.

6.1.1 Pillars of energy decarbonization

The Deep Decarbonization Pathways Project (DDPP) identified*® three strategies common across all energy
systems that transition toward deep emissions reductions—namely, electricity decarbonization, energy
efficiency, and electrification (more broadly, fuel switching). This result was found independently by all sixteen
country teams involved in the project and has been echoed by multiple studies since that point.

In more recent work>® exploring U.S. pathways consistent with returning atmospheric CO, concentrations to
350-ppm by 2100, an additional pillar emerged, the use of carbon capture. This includes negative emissions
and biogenic sequestration. From a mathematical standpoint, negative emissions are a tautological
precondition for net-zero emission, as net indicates the sum of both positive and negative emissions. Where
the parallel Land-Use Study focused on increasing negative emissions on natural and working lands in
Massachusetts, this study focused on the opportunity presented by carbon capture. The use of the captured
CO, varied, in some scenarios being sequestered, in others being used to synthesize hydrocarbon fuels, but
CO, was captured in some quantity across all pathways.

This study is in agreement with these past findings in showing that the main strategies for reaching a net-zero
E&I system can be organized into four pillars, illustrated for the All Options pathway in Figure 38. Illustrations
of the four pillars for the Pipeline Gas and Limited Efficiency pathways are provided in the supplemental
materials, Figure 61 and Figure 62 respectively. These additional figures show that even with low building
electrification and no adoption of same-fuel efficiency measures, the pillars still hold. In the case of the
Pipeline Gas pathway, the electrification of transport still results in a significant increase in the share of final
energy delivered by electricity, and in the Limited Efficiency pathway, efficiency inherent in building and
transport electrification still results in large reductions in energy use per capita. The following metrics drawn
from the All Options pathway provide benchmarks for the four pillars of the transition to a net-zero CO; E&l
system.

49 Deep Decarbonization Pathways Project. Pathways to Deep Decarbonization. https://Ipdd.org/wp-
content/uploads/2020/04/DDPP_2015 REPORT.pdf

50 Evolved Energy Research, 350 ppm Pathways for the United States, May 2019,
https://www.evolved.energy/post/2019/05/08/350-ppm-pathways-for-the-united-states
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e Electricity Decarbonization: The carbon intensity of electricity production is reduced by 98% (from 277
to 3.7 grams CO; per kWh) from 2020 to 2050; this is a nearly complete decarbonization of electricity.
Use of carbon-neutral fuels in thermal power plants to achieve 100% decarbonization within the
electricity sector would result in only a relatively small cost increase due to the low volume of gas
burned, but it is not necessary to do this for meeting the Net Zero target economy-wide.

e Energy Efficiency: Per capita final energy consumption is reduced by more than half (from 143 to 64
MMBtu) between 2020 and 2050. Electrification is the single largest factor in this change, as can be
seen from comparing final energy demands in Section 5.3.1. Same-fuel efficiency also contributes to
the overall efficiency improvement, as illustrated by the effects of its removal in the Limited Efficiency
pathway.

e Electrification: The share of final energy delivered as electricity is 68%, in 2050 increasing by a factor of
3.5 from 2020 levels. This 2050 electrification share is higher in Massachusetts than elsewhere in the
U.S. because of lower industrial fuel consumption in the Commonwealth. While the question was not
explicitly addressed in the analysis, it can be inferred from the Pipeline Gas scenario that slow or
partial electrification can occur either in buildings or in transport, but not in both, if the net-zero goal is
to be attained. This conclusion is predicated on the levels of biomass and hydrocarbon fuels
production that are feasible and sustainable at the national level; these in turn imply a limit to the
amount of carbon-neutral fuels that can be sustainably imported into Massachusetts, and thus a lower
limit to the electrification required.

e Carbon Capture: Captured carbon within the Commonwealth reaches 0.7 Mt in 2050. The carbon is
captured in industry (specifically, cement and lime production) and biofuel refining. Depending on the
pathway, captured carbon is either re-used in a Fischer-Tropsch process to synthesize hydrocarbon
fuels, or exported to be sequestered geologically. The carbon capture required outside of
Massachusetts to produce net-zero carbon fuels for import into the state was not directly quantified in
this study. Thus, even if no capture occurs within Massachusetts state boundaries (a feasible pathway),
carbon still needs to be captured in the broader U.S. economy to support the state’s energy system.

Figure 38 Four pillars of decarbonization for the All Options pathway. Metrics include a 98%+ reduction in the carbon intensity of
electricity production, a 55% reduction in per capita energy consumption, a 3.5x increase in the fraction of final energy delivered from
electricity, and captured carbon within Massachusetts of 0.7 Mt. Not shown is captured carbon outside of MA that is associated with
synthesizing net-zero carbon fuels for import. The electrification metric excludes asphalt use in construction, which is not combusted.
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6.1.2 Common findings on key areas of transformation

In addition to the four pillars that are the foundation of all net-zero pathways, there are other important
commonalities. This section compares the results across all eight pathways in seven key areas—offshore wind,
new transmission, gas generating capacity, transportation electrification, fuel and electricity coupling, energy
storage, and flexible end-use loads—in order to identify the most important common findings and their
possible implications for policy.

Offshore wind: Offshore wind is critically important to net-zero carbon energy systems for Massachusetts. A
minimum of 15 GW of offshore wind is installed in Massachusetts by 2050 in all pathways, except where
constrained by potential caps. Offshore wind resource quality is higher, and the potential greater, in
Massachusetts than in many surrounding states (for example, Connecticut, which must interconnect through
neighboring states to reach the rich offshore wind areas in the open ocean), highlighting the importance of
offshore wind in Massachusetts not only for the Commonwealth’s carbon goals but also the regional electricity
strategy, potentially providing economic opportunities for wind exports. At some point between 2035 and
2040, the dominant installed technology transitions from fixed to floating wind farms, after most of the
potential sites for fixed offshore wind, including large areas not currently identified and available for lease, are
built out. If offshore wind deployment is constrained or turns out to be significantly more expensive than
anticipated today, the actions required over the next decade will still be substantially the same; the near-term
priority is demonstrating the ability to interconnect large amounts of wind generation quickly, safely, and at
low cost. If the wind deployment can be achieved and the production variability of offshore wind managed
within ISO-NE, and in partnership with neighboring regions, the evolution of the electricity system will look
more like that in the All Options pathway. If the wind deployment proves unattainable or can only be achieved
at significantly higher cost, electricity imports and/or new nuclear power plants—not necessarily in
Massachusetts-- become the necessary fallback strategies. Installation of solar PV is substantial across every
pathway; however, because the patterns of production are different for wind and solar, the two forms of
renewable energy fill different niches in the power system and are not exact substitutes for one another. This
can be observed in the results of the Offshore Wind Constrained pathway, which has no increase in solar
deployment within Massachusetts compared to the All Options pathway, despite substantially reduced levels
of wind generation. Overall, the fate of offshore wind is the most pressing question for Massachusetts to
determine regarding electricity generation during the coming decade, followed by inter-regional transmission.

New transmission: Transmission expansion in the region is of three different types, all of which have been
analyzed in this study. The first type is spur lines associated with utility-scale renewables development, which
are needed for connecting renewables to load. The second type is reinforcements and upgrades across the
entire transmission network, which are needed for managing the load growth from electrification. The third
type is transmission between U.S. states, and between the U.S. and Canada, which is needed to facilitate
greater regional trade of electricity. As described in Section 5.4.3, transmission plays an important role in
balancing generation and load in high renewables power systems. This is doubly true when the storage
capabilities of the Quebec hydroelectric system to shift energy in time are considered. Our results show that, if
expanded and operated for this purpose, transmission ties between New England and Quebec can be used to
mutual advantage, avoiding the need for additional balancing resources to be constructed within New England
(new thermal power plants and new energy storage facilities), thereby reducing electricity system cost. Across
all pathways a minimum of 2.7 GW and a maximum of 4.8 GW in new transmission capacity directly between
Quebec and Massachusetts are built. Additional transmission capacity is also constructed between Quebec and
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other New England states, and between Quebec and New York, in every pathway modeled. The sum of all new
transmission capacity between the northeastern U.S. and Quebec is 13.5 GW in the Regional Coordination
pathway and 8.5 GW in the All Options pathway.! These findings are significant because these levels of new
transmission build emerged from the analysis despite the intentional use of pessimistic assumptions about the
cost of new inter-regional transmission, as a way of reflecting the historical challenges of siting new long-
distance transmission in the region. As a point of comparison, the New England Clean Energy Connect (NECEC)
has a projected cost of $950 million dollars and would run 145 miles with a capacity of 1.2 GW, implying a cost
of $5,460 per megawatt mile.>? This is 42% below the transmission cost of $9,415/MW-mile assumed in all
pathways except for Regional Coordination. In the Regional Coordination case only, the cost was assumed to
be $4,701/MW-mile, 14% below the NECEC benchmark. New transmission development was found to be of
the greatest importance in the No Thermal pathway for which the sum of new inter-regional capacity is more
than three times that of the All Options pathway.

Thermal generating capacity: In all scenarios, the use of gas generation decreases through 2050. While 10.8
GW of gas is the minimum size of the regional gas fleet across scenarios, it is used only sparingly in 2050,
operating with an aggregate capacity factor of less than 6%. The minimum regional gas fleet size in ISO-NE is
10.8 GW in the Pipeline Gas pathway and 15.4 GW in the All Options pathway. For comparison, as of the end of
2020, there is a total of 16.9 GW of gas capacity (as modeled) in the ISO-NE system. These results must be
caveated, in that a single weather-year of data was used in the analysis; this study is not a substitute for
reliability planning within the region. Maintaining today’s power system reliability while using only renewables
and storage results in a minimum incremental cost of $1,000 per household per year, barring order-of-
magnitude breakthroughs in the cost of long-duration storage technologies.>® The need for ‘sustained peaking

’54in the region is explained in Section 5.4.3, which shows the results for renewables balancing; these

capacity
results indicate that the region must be prepared for a minimum of six consecutive days with no appreciable
offshore wind generation. However, despite the critical role gas capacity plays in regional reliability, it is used
very sparingly; in 2050 dispatchable thermal operate with an average annual capacity factor of less than 6%
across all net-zero pathways. Operation of gas power plants without carbon capture has a high marginal cost in
2050, either because decarbonized fuels with a high $/MMBtu cost are burned, or because natural gas
emissions must be offset elsewhere at a high S/tonne carbon abatement cost. For this reason, the number of
operating hours needs to be low; if the number of operating hours is high, the more economical solution for
reliability is gas generation with carbon capture, or nuclear generation, or imports. The latter two strategies

are deployed in the Offshore Wind Constrained pathway. Gas with carbon capture is a poor fit in New England,

51 Sustainable Development Solutions Network, Evolved Energy Research, and Hydro-Quebec, Deep Decarbonization in
the Northeastern United Stated and Expanded Coordination with Hydro Quebec, April 2018, https://irp-
cdn.multiscreensite.com/be6d1d56/files/uploaded/2018.04.05-Northeast-Deep-Decarbonization-Pathways-Study-
Final.pdf
2 New England Clean Energy Connect, Army Corps of Engineers Grant Permit to AVANGRID’s New England Clean Connect
Clean Energy Corridor, November 2020, https://www.necleanenergyconnect.org/necec-milestones
53 The size of the long duration storage resources needed to fully replace thermal capacity may be underestimated for two
reasons (1) a single weather year was used in the analysis (2) the dispatch model has perfect foresight and can perfectly
‘prepare’ for the worst event of the year leading up to it by making sure the state of charge is full (see Figure 54). In actual
operations, forecasts will never be this good 3-5 days in advance, making a high degree of conservatism necessary in
operation and leading to an increase in the storage capacity found here. Since even with optimistic operational
assumptions, the costs of the No Thermal pathway were high, this shortcoming was not pursued further. However, any
future work that explores the effect of cost breakthroughs in long duration storage should revisit these dynamics.
54 Distinguished by the fact that it is not duration limited, like a battery. This role is sometimes referred to as ‘clean firm.’
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where there are few potential sites for geologic sequestration, and the anticipated cost of pipelines to carry
CO; south into the Appalachian basin is high.%®

Transportation electrification: As described in Section 6.1.1, electrification is a pillar of all decarbonized
energy systems. Electrification of transportation is an essential linchpin of the transition to a net-zero
economy, from the physics, cost, and all-sectors perspectives. Transportation electrification is assumed in all
pathways to be the primary technological strategy for reducing transportation CO, emissions. The latest
projections of battery cost indicate that high levels of transportation electrification will be cost effective in all
decarbonized energy systems, even assuming low oil prices in the counterfactual case. In addition, given the
limited supplies of sustainable biomass for making carbon-neutral fuels, the ability to have lower or slower
building electrification, and therefore maintaining higher fuel use in buildings, is predicated on having rapid
electrification in transportation. For these reasons, transportation electrification is a no-doubt, no-regrets
strategy for the Commonwealth.

Fuels and electricity coupling: The use of electricity to power hydrogen electrolysis and dual-fuel electric
boilers®® was found to have large benefits for the region as complements to a high renewables electricity
system. Large loads such as these that can operate flexibly (that is, be utilized more or less as conditions
require) on long timescales benefit the E&I system in three ways: (1) they provide a productive use for surplus
renewable generation, improving the economics of a high renewable system; (2) they produce useful products
(hydrogen and steam) that substitute for fossil fuel combustion in sectors that were difficult to directly
electrify, reducing emissions; and, (3) by keeping marginal curtailment low, they allow for the overbuilding of
renewable generation, which reduces the gap between renewables and must-serve loads during times of
renewables scarcity. This is further described in Section 5.4.3.

Energy storage: Energy storage for shifting bulk flows of renewable energy from the time it is generated to a
time it is needed to meet load is of less importance in Massachusetts than in states further south that have
greater potential use for solar and less potential use for wind. This is because the time-signature of energy
imbalance with solar is much shorter, leading to frequent charge and discharge cycles of limited duration (5-8
hours) with predictable regularity (daily). By contrast, wind production can vary over a timescale of days or
weeks, resulting in the need for energy storage of much longer duration and less frequent charge and
discharge cycles. In New England, expanded transmission ties with Quebec offer the ability to provide energy
balancing across all timescales at lower cost than battery storage. For these reasons, this study did not find
energy storage resources to be competitive for bulk energy shifting at any significant level. However, storage
was not studied as an alternative to additional investment in distribution infrastructure within Massachusetts.
This may hold significant locational benefits, such as resilience and peak cost reductions, and is a topic that
requires further research.

Flexible end-use loads: The value of flexible end-use loads such as electric vehicle charging was found to be
significant, primarily in limiting or avoiding the need for transmission and distribution system upgrades

55 Increased sequestration of New England emissions would also compete with captured carbon from PJM, which has
higher loads, poorer offshore wind potential, and closer proximity to geologic sequestration sites.
%6 The term dual-fuel electric refers to a boiler that can switch between electricity or pipeline gas in order to make steam.
The value of this technology is that adding electric resistance elements to a boiler is relatively inexpensive, and because it
has a secondary source for heat, can operate flexibly.
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following high levels of electrification in transportation or buildings. Flexible load and battery storage were
competitors for diurnal load shifting with an increase in one leading to a reduction of the other. Flexible load’s
role in the electricity system, like that of battery storage, was found not to have a significant impact on the
installed gas generating capacity needed in the region. This is because the role of thermal generation is not
primarily in meeting short duration peaks, but in providing bulk energy during long stretches with low
renewable production.

6.2 Dynamics of resource competition

This section dives deeper into areas of resource competition for which different outcomes were observed
across pathways. The discussion below identifies the key trade-offs and frames the outstanding questions for
Massachusetts. The first section explores issues related to building electrification; the next examines
distributed versus large-scale solar; and the last centers on the role for decarbonized fuel imports.

6.2.1 Building electrification versus decarbonized gas

Conceptually, the approach to building electrification across the U.S. should depend on climate zone, since the
main driver of gas use in buildings is space heating, for which both demand and thermal efficiency depend on
the weather. This implies that a certain heating degree day threshold exists beyond which, for anything colder,
decarbonized gas is the winning strategy. Based on the assumptions made in this study, the pathway results
indicate that achieving a high level of building electrification for heating in the Northeast has a lower net cost
than decarbonizing gas supplies for that purpose.®’ Both strategies lead to multiple outstanding questions and
implementation challenges. The implementation details will be a large factor in determining which strategy is
best for the state in practice, since although building electrification appears to be lower cost, decarbonized gas
is not cost prohibitive. This cost difference is shown in section 5.6.2, with the annual incremental cost of the
Pipeline Gas pathway estimated at $1.7 billion dollars per year in 2050, equivalent to less than 0.3% of gross
state product today. As discussed in Section 5, the incremental cost of Pipeline Gas is highly sensitive to input
assumptions around the cost and supply of decarbonized gas.

Exactly when a climate is cold enough that decarbonized gas is a better choice depends on many factors, which
are summarized in Table 12. Some of the factors are counter-intuitive; for example, that higher vehicle
charging flexibility increases the competitiveness of pipeline gas. These dynamics illustrate why the question of
building electrification must be evaluated from a whole energy system perspective to obtain a more complete
picture.

57 In both the All Options and Pipeline Gas pathways, distillate heating systems are replaced with heat pumps. Thus, a
large degree of building electrification can be said to occur on either pathway. This section discusses the further question
of pipeline gas application electrification in buildings.
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Table 12 Factors that change the relative competitiveness of decarbonized gas relative and electrification.

Factors

New construction

Existing building stock

Improved building efficiency

Systems with high air conditioner
saturation

Heat pump technology
improvements

Partial building electrification

Decarbonized fuels available at high
volume

Low-cost decarbonized fuels

Older distribution pipeline stock

Systems with high vehicle
electrification

Systems with high vehicle charging
flexibility

Systems using distributed storage or
vehicle to grid (V2G)

Systems with high transmission and
distribution upgrade costs

How this can increase gas
competitiveness

Building design may not be conducive
to heat pump installations

More bio-feedstock supplies are
available for remaining uses.
Customer comfort issues may arise
with heat pumps.

More bio-feedstock supplies are
available for remaining uses

A necessary pre-condition for the
Pipeline Gas pathway

Directly improves gas affordability
Financial stock may be depreciated,
and customers enjoy low gas rates

Bio-feedstock supplies are available
to decarbonize pipeline gas
Difference in distribution upgrades
needed with or without building
electrification increases

Allows for potential operation of
furnace fans to provide heating when
there is no power

If the marginal cost of increasing peak
load on distribution circuits or adding
transmission is high, decarbonized
gas is more competitive

How this can increase electrification
competitiveness

Without the complication of exit from
the gas system, electrification is more
compelling

Peak heating loads from
electrification are decreased and heat
pump sizes reduced

Heat pumps double as air
conditioners, avoiding this cost
High COP at low temperatures
improves heating load factors
Throughput on the gas system
decreases, increasing rates

Safety or lifetime concerns trigger
major upgrades for continued
pipeline use, increasing gas rates
T&D upgrades are already triggered
by vehicles

See V2G

Non-wires alternatives to avoid
distribution cost and shave morning
needle peaks. Can supply heat pumps
during power outages, but not for as
long as furnace fans.

From a customer perspective, heating reliability in the Northeast will remain a major issue. In this regard,

neither electrification nor decarbonized gas holds a clear advantage with today’s technologies, since most

heating systems go off during power outages. In the future, either heat pumps or furnace fans could be

connected to backup power (for example, dedicated battery storage or EV discharge to the home). In any case,
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improvements in grid reliability (SAIDI/SAIFI/CAIDI),>® accompanied by improvements in building shell
efficiency that help maintain customer comfort in the event of an outage, are likely to remain priorities in
either pathway.

In Section 5.6.3, Table 12 showed gas rates doubling by 2050 due to a combination of reduced throughput
(caused by increased energy efficiency and partial electrification) and the higher cost of decarbonized gas®®
relative to natural gas, while average electricity rates stay more or less constant. This represents a major risk
associated with the Pipeline Gas pathway because if heat pumps become competitive for the end consumer,
an uncontrolled exit from the gas system could occur. Such a scenario would lead to a further escalation in gas
rates in which fixed costs are paid by fewer and fewer remaining customers. This also raises significant equity
concerns, in that customers who are less able to adopt new technologies that have higher up-front cost (e.g.
heat pumps) could end up paying much more for their energy on the legacy gas system. Implementing a
controlled exit from the gas system also presents risks and challenges. Exactly how the exit from the gas
delivery infrastructure can be carried out in an organized and fair fashion is a question for policy makers and
gas utilities.

One observation about the prospects for building electrification is that in most cases, the forms of energy used
in space heating, water heating, and cooking are closely linked. What is done in heating, currently the
dominant use of natural gas in buildings, will almost certainly decide the issue. Put differently, if heating loads
are electrified, the remaining gas applications will not have high enough throughput to support the existing gas
delivery system, and these applications will either be electrified, in turn, or move to on-site gas tanks (similar
to the use of propane in some applications today).

The crux of the issue for residential building electrification cost hinges on two questions: (1) how much does
peak load grow after building electrification, and what costs are induced by this?; and (2) how much do
decarbonized fuels cost, and will they be available in sufficient volume? On the first question, differences in
seemingly inconsequential modeling assumptions can lead to very different policy conclusions. For example,
what is the heat pump coefficient of performance at low temperatures? How will heat pumps improve in the
future? Will there be reductions in installation cost for geothermal heat pumps? Are heat pumps assumed to
have electric resistance backup?® How large are the installed heat pumps? How will building shells improve in
the future? Which (and how many) weather years were analyzed? What is the temperature and wind-speed
diversity throughout the region? And, does this diversity matter when investigating hyper-local questions on a
single distribution circuit?

8 Common customer reliability metrics: SAIFI measures how often a customer can expect to experience an outage, SAIDI
measures average outage duration per customer, and CAIDI measures average outage duration if an outage is
experienced.
59 For reasons also noted, these gas rates are likely low because it assumes gas customers pay nothing additional on the
carbon emissions from burning natural gas. If this cost of carbon is embedded in the rate or the fraction of decarbonized
gas increased in pipelines, rates would increase by a further 5-10/MMBtu.
80 A commonly assumed technology configuration for heat pumps says that electric resistance is used as backup and
below some temperature threshold, the system switches to resistance elements whereby peak loads spike. Some newer
heat-pump configurations forgo the electric resistance backup all together and remain highly efficient at temperatures
well below zero degrees Fahrenheit.
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On the question of cost and quantity of biomass supplies available to make decarbonized fuels, analyses
abound that examine a small handful of subsectors, applying national biomass supply curves to a single city or
state, without consideration of the complexity of competing uses for this limited supply. For example, organic
bulk chemical and plastics synthesis that requires a hydrocarbon molecule is expected to demand four quads
of energy in 2050, potentially accounting for a large portion of available biomass, as discussed in Section 5.5.2.
Similarly, applications like long-distance aviation require a volumetric and gravimetric fuel density that, thus
far, has only been possible using hydrocarbons. Continued progress in direct air capture and renewables cost
may lead to new pathways for producing synthetic decarbonized gas, but major breakthroughs will be needed
before these fuels become cost competitive in space-heating applications.

With the remaining uncertainties surrounding building electrification for the region, the following list of
actions could be taken to help clarify a path forward:

e Building load research data: New England already has significant heat pump adoption, driven thus far
by fuel switching away from distillate. Collecting temporal data on the performance of these heat
pumps for use in model benchmarking and extrapolation will help to answer remaining questions
about what to anticipate regarding the duration and timing of heating peaks. Also, studies could be
conducted in partnership with Hydro Quebec, which already has high electric heating penetrations
today, to understand the impacts empirically.

e Pilots to explore decarbonized fuel use: Further commercial development of the carbon-neutral fuels
industry in the U.S. will help to provide empirical data to support modeling assumptions and policy
arguments about cost and biomass supplies. For biomethane this also includes further research on
feedstock availability and emissions profile to ensure lifecycle net-zero emissions, risk of emissions
from land-use change, and other externalities.

o Detailed, site-specific studies of gas and electric distribution systems: The cost savings and increases
that may follow high building electrification are fundamentally a function of what engineering
solutions are required at a local level. This study, and others like it, have provided high level estimates
using system-wide factors, but more granular studies can help shape policy and implementation.

e Full awareness of decarbonization strategies in other sectors: As seen in Table 13, questions of
building electrification interact in complex ways with strategies in other sectors that are undergoing
similar transformations in order to achieve the economy-wide net-zero CO, target. Adopting the no
regrets strategies identified in Section 6.1.2 will help narrow the uncertainty on remaining items.

6.2.2 Rooftop solar versus ground-mounted solar

Aggressive development of rooftop solar can replace the need for some ground-mounted solar, but at a higher
cost. The overall generation potential from rooftop solar is modest (<20%) relative to what Massachusetts load
will be after significant electrification, even when covering every roof in the state. Both the All Options and
DER Breakthrough pathways studied levels of solar (both rooftop and ground mounted) that greatly exceed
what is installed today. The All Options pathway assumed 7 GW of rooftop solar was installed in 2050, versus
16.9 GW assumed in the DER Breakthrough pathway; for comparison, today’s penetration is a little less than
2.5 GW. The total technical potential identified by NREL is 22.5 GW, %! implying 1-in-3 roofs, and 3-in-4 roofs,
have solar PV mounted on them in the two pathways, respectively.

61 National Renewable Energy Laboratory, Rooftop Solar Photovoltaic Technical Potential in the United States: a Detailed
Assessment, January 2016, https://www.nrel.gov/docs/fyl160sti/65298.pdf
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A key finding of this study is that rooftop and ground-mounted solar trade off against each other but are
largely insensitive to other assumptions except for thermal power plant retirements as in the No Thermal
pathway.®? The modeling suggests that solar PV energy penetration of 25%-30% is optimal from a system
balancing perspective. Below this range, additional solar can be deployed to avoid higher-cost generation, and
above this range, marginal curtailment or costs required to shift the solar output in time (for example, with
storage) increase to the point that solar is no longer cost competitive against other options. From a bulk power
system balancing perspective, rooftop solar and large ground-mounted solar play the same role and fill the
same electricity generation niche.

This study did not undertake a cost benefit analysis of rooftop solar versus large ground-mounted solar that
considered the locational benefits of each, other than for avoided T&D losses from distributed PV. Prior
research and direct utility experience have shown that distributed PV can either have costs or benefits,
depending on location and the amount of solar installed relative to loads. In many cases, costs increase
because high solar penetrations of distribution feeders disrupt existing protection schemes and increase
voltage levels outside of ANSI limits, since at the time they were built two-way power-flow over distribution
feeders was never anticipated. A subset of potential issues is shown in

Figure 41. On the other hand, strategically placed solar has been shown to improve sagging voltage, and with
the use of smart inverters could improve power quality; both of these can help avoid the need for utility
equipment upgrades. Implicit in the choice to not consider these factors in this long-term decarbonization
study is the fact that distribution system upgrades driven by high electrification loads could subsume most of
the costs associated with deployment of distributed PV; adding additional upgrade costs in the modeling could
be double counting. This question should be explicitly studied, using the magnitudes of solar identified in these
pathways, which are consistent with the Commonwealth’s long-term decarbonization goals.

One of the main benefits of pursuing more aggressive development of rooftop solar is limiting the land
requirements of ground-mounted solar, as discussed in Section 6.3.1. This land use impact (2.5% of total
Massachusetts land are in the All Options pathway), is reduced by half in the DER Breakthrough pathway. This
could potentially lead to large ancillary benefits that were not explicitly quantified in this report (i.e., the value
of natural and working lands preserved for recreation, agriculture, and increasing the land carbon sink).

Differences in resource quality also make policies pursued in other states, such as net-zero buildings, a more
difficult prospect in the Northeast, where ~50% more roof area is required than in the Southwest to produce
the same amount of energy. Thus, different types of policies may be needed to encourage solar development.
In terms of developing a strategy in Massachusetts over the next ten years, however, this study finds that both
rooftop solar and ground-mounted solar are needed and should be actively pursued. Both types of solar
installations will be needed in quantities far above what exists today to meet decarbonization goals.

6.2.3 Fossil fuels vs. net-zero carbon fuels
The question of fossil fuels versus decarbonized drop-in fuels are simpler in Massachusetts than elsewhere in
the U.S. by virtue of the state having limited biomass supplies, and no geologic sequestration potential in the

52 This is discussed in Section 6.3.1 and is because the regularity of solar vs. wind can help avoid additional energy storage
build in replacing the reliability function served by thermal power plants.
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immediate region. Instead, the ongoing use of fossil fuels and net-zero carbon fuels in Massachusetts is
governed by only two factors: CO; reduction targets and progress on electrification.

This study assumed costs for imported decarbonized drop-in fuels that matched recent work in the region
(S30/MMBtu for gas, $40/MMBtu for liquid fuels), and that are consistent with having multiple competing uses
for these fuels in a 2050 decarbonized energy system.®® Due to the high costs assumed of decarbonized drop-
in fuels relative to fossil fuels, these were only used as a ‘last resort’ in the economic optimization when
necessary to reach the carbon goals. The result was pressure to decarbonize electricity more rapidly in the
near-term, and no use of decarbonized fuels (aside from ongoing ethanol imports) until after 2040 in all
pathways. However, the transition path for fuels may be more nuanced and challenging than directly
suggested in the results.

One important factor is that if U.S. experience in, and markets for, net-zero carbon fuels do not develop until
the 2040s, both technological progress and insights into unresolved questions (for example, how much fuel will
be available for import into the Northeast) will be delayed. The second consideration is that near-term costs
for decarbonized drop-in fuels would be expected to be below the values used in this study, since each fuel has
its own supply-curve and near-term competition would be less fierce than assumed in 2050 with a net-zero
carbon energy system nationwide. This presents opportunities in Massachusetts to ‘learn by doing’ in the near-
term with few risks, and this can also help shape future electrification policy. In addition, strategic investment
in relevant pilots in the buildings and transportation sectors can help both the Commonwealth and private
markets identify lower cost decarbonization strategies, as well as increase the pace of market transition. If
electrification of transport does not materialize over the next ten years in the ways imagined in all eight
decarbonization pathways studied here, net-zero carbon fuel imports in the 2030s will be necessary for
following a straight-line emissions path to the 2050 goal.

The 100% Renewable Primary pathway had the highest use of decarbonized fuel imports but otherwise was
remarkably similar to the All Options pathway until 2045. The quantity of imported fuels required suggests the
best way to prepare for this option will be to focus in the near- and medium- term on high electrification.
Beyond this, the fork in the road for reaching the 100% Renewable Primary energy pathway will not arrive for
several decades.

Across all pathways, import of net-zero carbon fuels were used first for liquid fuels (versus gaseous fuels)
because the avoided cost of refined fossil fuels is far higher than that of natural gas ($15-20/MMbtu vs. $3-
5/MMbtu). For this reason, the Pipeline Gas pathway reached the 2050 emissions target by first decarbonizing
all other liquid fuels before decarbonizing the pipeline, and then only to the degree required (see energy
Sankey diagrams in Figure 7). This approach had the lowest societal cost but resulted in cost increases outside
of the buildings sector.

Across all pathways, electrolytic hydrogen was an important complement to electricity balancing and a key
decarbonized energy carrier for shipping and industry. The lowest amounts of electrolysis were built when
either transmission was cheap or offshore wind was constrained (Figure 60), the former reducing its
competitiveness for balancing and the latter reducing the number of hours with surplus electricity. The highest

83 The Brattle Group similarly assumed $30/MMBtu for gas in a 2020 study on building electrification in Rhode Island: The
Brattle Group, Heating Sector Transformation in Rhode Island,
http://www.energy.ri.gov/documents/HST/RI%20HST%20Final%20Pathways%20Report%204-22-20.pdf
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amounts of electrolysis were built in the Pipeline Gas pathway in which blending of hydrogen into the pipeline
(up to 7% by energy) was used as a lower cost alternative to decarbonized methane. Also seen in both the
Pipeline Gas and 100% Renewable Primary was the use of hythane® in gas power plants, with a much higher
blend percentage of hydrogen (50%+). Retrofits for existing power plants to allow this blending is expected to
be far cheaper than adding carbon capture, and it allows thermal power plants to act as de-facto long-duration
energy storage when electrolytic hydrogen is stored on site for use as a zero-carbon fuel during stretches with
low offshore wind production.

Biomass within Massachusetts was assumed to play a limited role across all pathways due to limited biomass
supplies in the state, as estimated in the 2016 Billion Ton Report from DOE.® Some existing biomass supplies
were diverted away from power plants and industrial co-generation towards biofuel generation within the RIO
optimization because electricity production had readily available and affordable alternatives, while
decarbonized fuels had high marginal cost. The suitability of these feedstocks for this application was not
explored and is a topic for further study.

6.3 Renewable build

6.3.1 Land

We estimate land use for ground-mounted solar in Figure 39, assuming an average of 4.06 acres/MWxc with a
high and low-and estimate developed assuming 7.8 acres/MWacand 2.9 acres / MWc respectively.®® This does
not include the land requirements of any new transmission development needed to connect generation with
load. The wide range of land use factors used acknowledge the inherent uncertainty associated with project
design and technology progression. Many national estimates for solar land use factors are on the high end of
the range presented here;®” however, the high cost of land in Massachusetts compared to the rest of the
United States, among other factors, has tended to result in denser development within the Commonwealth.
For example, a project currently in development in Sandwich, MA sites 4.5 MWpc on 11 acres of land, implying

64 Hythane refers to a mix of hydrogen and methane.

85 U.S. Office of Energy Efficiency & Renewable Energy, 2016 Billion-Ton Report: Advancing Domestic Resources for a
Thriving Bioeconomy, July 2016, https://www.energy.gov/eere/bioenergy/2016-billion-ton-report

56 The land area required for ground-mounted solar can be decomposed into several factors shown in the equation below:

Land Area,. = Panel Areapc X ILR X (1 + ALF) + GCR

Where:

e  Panel Areapcis the direct panel dimensions per rated megawatt. We assume 1.2 acres/MWpc based on a 20.5%
efficient panel from the NREL System Advisor Model. This parameter is expected to decrease over time as efficiency
continues to improve.

e LR is the inverter loading ratio (DC system size / AC interconnection size), assumed to be 1.3 in this work.

e ALFisthe auxiliary land area used by a project for buffers, shading setbacks, roads, and other equipment. We assume
a factor of 30% is typical with a high-end estimate of 50%. Smaller projects typically have a larger ALF.

e GCRis the ground coverage ratio, which is a measure of the density of the installed panels. The highest density
projects are assumed to have a GCR of 0.7 (Turner, 2020) and the lowest density projects a GCR of 0.3. A typical
project GCR for Massachusetts is assumed to be 0.5

Based on the above parameters, a set of high, low, and medium land-use factors are calculated:
Low Land Area Estimate = 2.9 acres / MWac=1.2x1.3x1.3+0.7
Medium Land Area Estimate = 4.06 acres / MWac=1.2x1.3x1.3+0.5
High Land Area Estimate = 7.8 acres / MWac=1.2x1.3x1.5+0.3
67'S. Ong, et al. Land-use requirements for solar power plants in the United States. No. NREL/TP-6A20-56290. National
Renewable Energy Lab. (NREL), Golden, CO (United States), 2013
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3.2 acres per MW,c (assuming an inverter loading ratio of 1.3).%8 Having greater regional coordination, as in the
Regional Coordination pathway, reduces land requirements within Massachusetts by about 20%, though it
increases land requirements elsewhere. A policy emphasis on rooftop solar development, as in the DER
Breakthrough pathway, can cut the land requirement for solar in half.

The solar land-use requirement for the No Thermal pathway is 158,000 acres, just over 3% of Massachusetts’
total land area and more than double that of any other pathway. As described elsewhere, the preference for
solar over wind in this pathway is because solar has less day-to-day variability and fewer days like February
16™, a model sample day in which offshore wind production drops to near zero over 24 hours+ (see section
5.4.3). The basic dynamic at work is that adding more solar is cheaper than adding additional hours of
discharge duration to energy storage, and therefor by flooding the system with solar, more energy can be
produced in February 16" and some of the storage avoided. The downside to this strategy, in addition to the
high land requirement, is a surplus of unusable energy at other times of the year, with 20% of Massachusetts
renewables curtailed in the No Thermal pathway versus 3.2% in the All Options pathway.

Regardless of which pathway the state pursues, these results indicate that land-use for renewables and
transmission development will be a major challenge in planning. Geospatially explicit, proactive planning
processes that combine energy and land-use, as are starting to be adopted in some states, may provide useful
perspectives on addressing this challenge.®

Figure 39 Ground-mounted solar PV land-use estimates across pathways. Error bars show high and low land-use estimates based on

project design and technology progression. Fifty thousand acres represents approximately 1% of Commonwealth land area.
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%8 Turner, J.E., Memorandum: Solar PV Project Design in a Space-Limited Context. Aries Power Systems, LLC,
Westborough, MA (United States), 2020.

59 Wu, G., et al. (2020). Low-impact land use pathways to deep decarbonization of electricity. Environmental Research
Letters.
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6.3.2 Build rates

Separate from land-use, reaching the renewable penetrations described in Section 5.4.2 will require sustained
annual builds of renewables far in excess of the rates seen historically. Figure 40 shows the annual average
renewable capacity build rates for four different pathways in each five-year period between 2020 and 2050.
Modeling can determine the build rates necessary to meet the generation targets in different pathways, but it
cannot make normative judgements about whether these build rates can be achieved and sustained.

Offshore wind, the largest source of carbon-free generation in the state, requires annual average build rates of
400 MW per year in the Offshore Wind Constrained pathway and 1,000 MW per year in the Limited Efficiency
pathway. The All Options pathway splits this difference with approximately 650 MW built each year on average
between 2026 and 2050. This refers only to the build occurring in Massachusetts’ waters; a much larger
regional wind industry is implied in the pathways. One easily observable benefit from the aggressive adoption
of energy efficiency for the state is the ability to slow the pace of this development. If the achievable rate of
offshore wind build for Massachusetts is lower than the 650 MW per year in the All Options pathway, it implies
an overall state strategy that is more in-line with the Offshore Wind Constrained pathway, with electricity
imports playing a more important role. Low annual build rates for offshore wind also make it more likely that
new nuclear will be both economic and necessary in the region. Much depends on the ability for transmission
expansion as well as the eventual cost and safety concerns for next-generation nuclear.

Annual solar build rates are also substantial, especially for ground-mounted solar after 2035. Within the
economic optimization framework of our modeling, the rapid cost declines projected for solar within NREL’s
2019 Annual Technology Baseline (ATB) later in the study period results in delayed deployment. However,
frontloading some of this solar build could be a good strategy for the state, as a way to develop the industry,
develop the ability to site these resources, and reduce pressure on imports in the near-term. The build rates
for solar in the No Thermal case, reaching as high as 3.6 GW per year in the 2040s, will be especially difficult to
achieve and imply both societal and technological breakthroughs.

Figure 40 Average annual build rate by 5-year period for selected pathways. Taking the example of offshore wind in the All Options
pathway during 2026-2030, the annual average build rate of 0.6 GW results in a total of 3 GW built during the five-year period.
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6.4 Electricity balancing

In the pathways studied, nearly all electricity not supplied by nuclear generation or imports comes from non-
dispatchable, variable renewable generation. Gas generation plays a critical reliability role in such a system,
but its contribution to total annual energy production is small. These changes represent a fundamental shift in
the planning and operation of power systems, and the implications warrant further discussion.

One important conclusion is that the procurement of capacity (MW) and energy (MWh) are fundamentally
separate in decarbonized energy systems. The most resource-constrained days (for example, see the February
16" hourly profile in Figure 28) look nothing like the average day (see Figure 25). The average day indicates the
requirements for renewable procurement and meeting the carbon emissions target, which are primarily about
energy. The resource-constrained day, on the other hand, indicates the requirements for storage,
transmission, and thermal power plants, which are primarily about capacity.

For evaluating the operational impacts of high variable generation on the electricity system, it is instructive to consider the temporal
and spatial dimensions of different aspects of the balancing problem shown in

Figure 41. The solution to any one of the challenges shown must be specific to its location on the system
(described in terms of voltage level) and the timescale over which the challenge manifests. Thought about in
this way, it is clear that there are no silver bullet solutions that address all the challenges raised by variable
generation; instead, what is required is a collection of different measures that work in concert. A subset of
these, including thermal generation, storage, flexible load, transmission, and curtailment, are shown in Figure
27.

This study has not addressed balancing challenges that occur either at the sub-hourly time scale or on
geographic scales smaller than New England states. As noted elsewhere, local electricity storage could play an
important role in addressing both sub-state and sub-hourly balancing challenges. Pathways such as the DER
Breakthrough, with a high rooftop PV build, may create challenges for distribution systems. Some of these
challenges could be addressed through flexible load operation, and others could be addressed by the same
upgrades that will already be required to meet new electrification loads, but these aspects were not explored
in this report.

The Northeast region presents a unique set of challenges and opportunities when it comes to renewable
balancing. The region has large offshore wind potential that is anticipated to have a low levelized cost of
energy, but simulated wind datasets show that offshore wind can drop to near zero in any month and remain
at low levels of output for long stretches.”® Across all pathways, the challenges posed by wind variability are
made manageable, in part through gas generation and in part through operational coordination with Hydro
Quebec, which has over 100 TWh of energy stored behind dams in Quebec, and the ability to shift energy on a
seasonal time scale. This study’s results are in full agreement with previous studies that highlight the mutual
benefits of transborder electricity trade. However, operational coordination involves more than the single
issue of trade with Quebec; it also encompasses greater coordination with New York, and between different
ISO-NE regions. For example, this study’s results show clear patterns of resource specialization within ISO-NE—
Massachusetts building offshore wind while Vermont and New Hampshire build solar, with mutually beneficial

70 The NREL wind toolkit shows offshore wind in Massachusetts dropping below 5% for six consecutive days in August
2012.
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trade among them taking advantage of resource diversity. This dynamic among others represents a new
operational paradigm in the region, and with it come challenges that go beyond a mere tabulating of the
transmission and generating technologies that must be built. The next section discusses electricity markets,
just one of the institutional barriers that ahead on the path to Net Zero.

Figure 41. The challenges that can arise in balancing high variable generation (wind & solar) systems are numerous. Most have been
extensively studied, with technical solutions existing for each. However, the associated costs are uncertain and no power systems the
size of ISO-NE have yet achieved renewable penetrations that match those envisioned in this study. Figure credit: Evolved Energy
Research
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6.5 Electricity markets

The rapid decarbonization of the New England electricity system envisaged in this report points to the need for
major changes in ISO-NE electricity markets, quite distinct from whatever changes are required in engineering
and operating procedures to support a high renewables electricity system. We described the basic issues in
previous work,”* which is summarized here in abridged form. The need for changes in electricity markets stems
from the fact that electricity markets were originally designed under a paradigm in which most generators
were assumed to be dispatchable and to have a non-zero marginal cost, and in which load was passive and far
more difficult and costly to control than supply. These assumptions are almost entirely flipped on their heads
in a high renewables system, giving rise to a new market paradigm in which almost all costs are fixed, supply
itself is variable, and new technology enables demand-side flexibility.

The first key market challenge is how to keep the necessary level of thermal generators in the system. This
report highlights the role of thermal generation in a future ISO-NE system with high penetrations of wind and
solar (discussed in Sections 5.4.3 and 6.1.2). Thermal generating plants are needed for reliability in a lowest-

1 Jones, et al. 2019, IEEE Power & Energy Magazine, Electrification and the Future of Electricity Markets,
https://www.evolved.energy/post/2018/07/18/future-of-electricity-markets
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cost electricity system; however, from an operating hours standpoint, the role of dispatchable thermal
gradually but fundamentally shifts from that of “load follower” to “peaker” over the coming decades. Table 13
illustrates this transition using average combined cycle gas plant capacity factors across ISO-NE for each
decarbonization pathway. With fewer operational hours, more revenues will likely need to be collected in
capacity payments, and for this to work, ISO-NE capacity markets must eventually distinguish between a 6-
hour energy storage resource and a gas plant, both of which provide capacity value to the system, but are not
substitutable. While technological advancement in longer-term storage options could obviate the need to
maintain thermal capacity, this outcome is uncertain; thus failure to maintain thermal capacity represents a
significant risk to the regional energy system.

Table 13 ISO-NE gas combined cycle gas turbine capacity factors by pathway

pathway 2020 2030 2040 2050
all options 54.0% 17.1% 14.0% 5.4%
100% renewable primary 54.0% 18.1% 14.4% 3.6%
der breakthrough 54.0% 18.6% 15.3% 5.3%
limited efficiency 53.9% 113% 9.8% 4.9%
no thermal 53.8% 18.3% 8.6% N/A

offshore wind constrained 54.0% 17.9% 152% 4.2%
pipeline gas 539% 173% 6.6% 2.2%
regional coordination 54.0% 17.5% 12.9% 6.2%

The second key market challenge is how to provide the necessary incentives for the participation of flexible
loads. The findings of this study highlight the value of flexible loads in operating a highly renewable and highly
electrified energy system at low cost. Important flexible loads include both small distributed end-uses (for
example: water heating, heat pumps, and electric vehicles) and large industrial loads that are not must-serve
(for example: electrolysis). Enabling flexible load to play the role they do in this study will require market
symmetry, meaning equivalent treatment of supply-side and demand-side resources. Over time, the current
focus of wholesale markets on buying and selling energy needs to evolve toward the buying and selling of
balancing services, in which scheduling a load reduction is equivalent in value to committing a power plant.
Markets must come to incorporate the concept of resource state of charge, both for energy storage and
flexible loads, with resource scheduling optimized accordingly. Finally, markets must send signals to flexible
end-use loads regarding when circuit level loads must be decreased in order to avoid the need for new
distribution system investments.

6.6 Outstanding research questions

In this report, a number of areas have been identified as being open questions or involving uncertainties that
were not explicitly explored in the eight net-zero pathways. The follow-up work identified by this study can be
divided into three basic categories: (1) outstanding questions that can be explored further using modeling
methods similar to those presented here; (2) outstanding questions that require additional modeling but for
which different tools are required; and, (3) questions for which a real-world ‘learning-by-doing’ approach will
be necessary in order to gain better empirical data and on-the-ground insights before important decisions are
made. Some of the most difficult questions facing the state (for example, building electrification), have
elements that fall into all three categories.
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For research questions in the first category, new sensitivities could be developed, for example testing the
consequences of slow adoption of transportation electrification, or of breakthroughs in long-duration storage.
Also, refinements can be made within existing models to better reflect regional preferences or highlight
decisions that impact Massachusetts. Sensitivities involving multiple weather years, different heating
electrification technology assumptions, and different costs for net-zero carbon fuels could each help to
illuminate the topics raised in the discussion.

For research questions in the second category, there is a critical need for new tools that can assess cost
increases or savings within electricity and gas distribution infrastructure from either major increases or major
declines in the volume of energy flows. Forecasting exactly how circuit loads on a local level would change is
not possible, but ‘what if’ analyses can be performed that clarify these critical questions for the region.

In the last category, questions include the ability for Massachusetts to build the amount of offshore wind
capacity assumed in each of the eight pathways, including the required transmission. Operational experience
in high variable generation systems must be learned by doing, with the full toolbox resources at the disposal of
system operators to ensure regional reliability.

Throughout this report, the results demonstrate both the interconnectedness of decarbonization activities
across the Northeast region, and the importance of interactions between sectors within the energy economy
with respect to achieving the net-zero goal in Massachusetts. This highlights the need for any future research
to consider these factors—not just in quantifying effect magnitudes, but in obtaining directionally correct
information for the region.
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7 Appendix 1: Data inputs and assumptions

7.1 Weather year & RIO day sampling

This study used a 2012 weather year for loads and renewable profiles. The weather year was chosen to match
parallel work for the Building Sector report. A 2011 weather year was also tested but did not change any of the
major findings and is therefore not emphasized in the results. The RIO model works by sampling representative
days for use in the capacity expansion model. The theory behind and methodology for this day sampling is
presented in Section 9.2.3. This study used forty-five sample days. Figure 42 displays the day sampling statistics
for Massachusetts and shows a close match between the sampled and actual values for annual load and

renewable capacity factors.

Figure 42 Day binning fit statistics for Massachusetts. Each of the 45 sampled days are mapped back to the 366 days in 2012 to

approximate a whole year of operations. The binned approximation based on this mapping is shown in orange and the true data for the

2012 weather year is shown in blue.
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7.2 Imported net-zero carbon fuels

All pathways were allowed an unconstrained supply of imported fuels assumed to be carbon neutral. Caveats
regarding the carbon impacts and import limitations of biofuels are presented in Section 5.5 and 6.2.3. The
cost of this fuel was assumed to be $20/MMBtu for hydrogen, $30/MMBtu for pipeline gas, and $40/MMBtu
for all liquid fuels. The cost estimates for these fuels were influenced by the Princeton Net-Zero America
Project’? and match estimates used in recent work by The Brattle Group in Rhode Island.”® Cost assumptions
were purposefully conservative due to the uncertainties in biomass feedstock supplies and the fact that most
biomass supplies are outside of the Northeast and have many competing uses.

The following assumptions were used to yield biogas and liquid fuels at $20/MMBtu and $30/MMbtu
respectively:

Biogas at $30/MMBtu:

A biogas conversion plant costing $2500/kW-output

Lifetime of 25 years

Capital recovery factor of 0.1102

Average utilization of 80%

Fixed O&M of 3% of capital cost per year

Variable O&M of $2/MMBtu produced gas

Delivered biomass cost of $150/dry-ton ($8.34/G)J)

Conversion efficiency of 1.5 GJ biomass per GJ produced biogas
t $40/MMBtu:

Fischer Tropsch Gasification costing $3500/kW-output

Lifetime of 25 years

¥ 0 O 0O 0O O O O

Liquid fuels

Capital recovery factor of 0.1102

Average utilization of 80%

Fixed O&M of 3% of capital cost per year

Variable O&M of $2/MMBtu produced liquid

Delivered biomass cost of $150/dry-ton ($8.34/G))
Conversion efficiency of 2 GJ biomass per GJ produced liquids

0O O O O O O O ©O

7.3 Fuel conversion cost, performance and potential

The sources for the cost and performance of conversion technologies are summarized in Table 14Table 14.

72 Princeton University, The Net-Zero America Project, https://acee.princeton.edu/rapidswitch/projects/net-zero-america-
project/

73 The Brattle Group, Heating Sector Transformation in Rhode Island,
http://www.energy.ri.gov/documents/HST/RI%20HST%20Final%20Pathways%20Report%204-22-20.pdf
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Table 14 Conversion technology sources

Technology Source

Biomass Gasification G. del Alamo et al.”*

Biomass Gasification with CCUS

Renewable Diesel G. del Alamo et al.

Renewable Diesel with CCUS

Biomass Pyrolysis Meerman, J. and E. Larson (2017)7°
Biomass Pyrolysis with CCUS

Central-station Hydrogen Electrolysis Princeton Net-Zero America Project (NZAP)
Power-to-liquids IEA, The Future of Hydrogen (2018)7®

Power-to-gas
Power-to-liquefied petroleum gas
Direct air capture Keith et al. (2018)”’

The availability of bioenergy feedstocks at various price points for each state in New England is summarized by
Figure 43 below.

Figure 43 Bioenergy supply curve
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74 |[EA Bioenergy, Implementation of Bio-CCS in Biofuels Production, https://www.ieabioenergy.com/wp-
content/uploads/2018/08/Implementation-of-bio-CCS-in-biofuels-production final.pdf

7>Meerman and Larson 2017 “Negative-carbon drop-in transport fuels produced via catalytic hydropyrolysis of woody
biomass with CO2 capture and storage” http://www.rsc.org/suppdata/c7/se/c7se00013h/c7se00013h1.pdf

76 |[EA G20 Hydrogen report: Assumptions, https://iea.blob.core.windows.net/assets/a02a0c80-77b2-462e-a9d5-
1099e0e572ce/IEA-The-Future-of-Hydrogen-Assumptions-Annex.pdf

77Keith et al., Joule 2 2018 A Process for Capturing CO2 from the Atmosphere https://www.cell.com/joule/pdf/S2542-
4351(18)30225-3.pdf
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7.4 Carbon sequestration

Carbon sequestration was allowed across the Northeast in the Regional Coordination pathway at a cost of

$71/tonne, inclusive of transport. Costs were derived from National Energy Technology supply curves.”® It was

not necessary to cap this potential because relatively small amounts were used across the region.

7.5 Building heating costs & performance

Residential building cost is based on a technology prospectus developed by Evolved Energy Research. Heating

performance data is from NREL’s Electrification Futures Study.”® These are summarized by Table 15 and Table

16, respectively.

Table 15 Residential space heating cost and efficiency. Efficiency values are given for climate zone 5A. Efficiencies vary for other climate
zone and come from NREL’s Electrification Futures Study, mid-technology scenario.

Category

Combustion

Electric

Technology

Reference Natural Gas Furnace
Reference Natural Gas Furnace
Reference Natural Gas Boiler/Radiator
Reference Natural Gas Boiler/Radiator
Reference Natural Gas Boiler/Radiator
Gas Wall Heater

Reference Distillate Boiler/Radiator
Reference Distillate Furnace
Reference Distillate Furnace
Reference Kerosene Furnace
Reference LPG Furnace

Reference Natural Gas Heat Pump
High Efficiency Distillate Boiler/Radiator
High Efficiency Distillate Furnace

High Efficiency Kerosene Furnace

High Efficiency LPG Furnace

High Efficiency Natural Gas Boiler/Radiator
High Efficiency Natural Gas Furnace
Reference Air Source Heat Pump
Reference Air Source Heat Pump
Reference Air Source Heat Pump
Reference Air Source Heat Pump
Ductless Mini-Split Heat Pump
Ductless Mini-Split Heat Pump

78 NETL CO2 Injection and Storage Cost Model,

https://www.netl.doe.gov/projects/files/NETLCO2InjectionandStorageCostModel 020712.pdf

Vintage

2020
2030
2020
2030
2040
2020
2020
2020
2030
2020
2020
2020
2020
2020
2020
2020
2020
2020
2020
2030
2040
2050
2020
2030

Capital Cost
(2018S$/unit)
1500

1500
3400
3400
3400
1500
2654
1836
1836
2350
925
11000
3982
2754
3525
1388
3982
2625
8500
7724
6948
6171
5368
4878

Install Cost (2018$) Efficiency

3100
3100
4482
4482
4482
500

8357
5780
5780
5780
5780
2000
8357
5780
5780
5780
4482
3100
2000
2000
2000
2000
2500
2500

(out/in)
0.90
0.92
0.90
0.93
0.95
0.90
0.84
0.83
0.84
0.83
0.80
1.30
0.91
0.97
0.97
0.98
0.96
0.98
2.42
3.02
3.43
3.55
2.55
2.55

72 National Renewable Energy Laboratory, Electrification Futures Study, https://www.nrel.gov/analysis/electrification-

futures.html
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Ductless Mini-Split Heat Pump
Ductless Mini-Split Heat Pump
Through-the-wall Heat Pump
Reference Geothermal Heat Pump
Reference Geothermal Heat Pump
Reference Geothermal Heat Pump
Reference Geothermal Heat Pump
Reference Electric Furnace

Reference Electric Unit Heaters

2040
2050
2020
2020
2030
2040
2050
2020
2020

4388
3898
600

8500
7724
6948
6171
700

1000

2500
2500
200

8500
8500
8500
8500
2300
500

2.55
2.55
1.82
3.60
3.80
4.00
4.00
0.99
0.98

Table 16 Residential water heating cost and efficiency. Efficiency values are given for climate zone 5A. Efficiencies vary for other climate

zone and come from NREL’s Electrification Futures Study, mid-technology scenario.

Category

Combustion

Electric

Technology

Reference Gas Water Heater

Reference LPG Water Heater

Reference Distillate Water Heater
Reference Distillate Water Heater
High Efficiency Gas Water Heater
High Efficiency Gas Water Heater
High Efficiency Gas Water Heater
High Efficiency LPG Water Heater

High Efficiency Distillate Water Heater

Vintage

2020
2020
2020
2030
2020
2030
2040
2020
2020

Reference Electric Heat Pump Water Heater 2020

Reference Electric Heat Pump Water Heater 2030

Reference Electric Heat Pump Water Heater 2040

Reference Electric Heat Pump Water Heater 2050

Reference Electric Resistance Water Heater = 2020

7.6 End-use load shape profiles

Hourly load shapes for different end-uses come from many different sources provided in Table 17. Heating and

cooling shapes were weather-matched to 2012.

Table 17 Load shape sources

Shape Name

Used By

Bulk Electricity System Load Initial electricity

reconciliation, all

subsectors not otherwise

given a shape

Light-Duty Vehicles (LDVs) All LDVs

Capital Cost

(2018S$/unit)

1000 480
1200 480
1585 640
1575 640
1470 480
1330 480
1280 480
1800 530
2500 640
1560 320
1440 320
1320 320
1200 320
700 320

Input Data Geography

Emissions and

Generation Resource

Integrated Database
(EGRID) with additional

granularity in the
Western
Interconnection
United States

Input Temporal
Resolution
Hourly, 2012

Month-hour-
weekday/weekend

Install Cost (2018S) Efficiency

(out/in)
0.62
0.62
0.62
0.62
0.85
0.85
0.85
0.80
0.68
2.73
3.19
3.41
3.41
0.95

Source

FERC

Evolved Energy
Research analysis of
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Water Heating (Gas Shape)
Other Appliances

Lighting
Clothes Washing

Clothes Drying

Dishwashing

Residential Refrigeration
Residential Freezing
Residential Cooking
Industrial Other
Agriculture

Commercial Cooking
Commercial Water Heating

Commercial Lighting
Internal

Commercial Refrigeration
Commercial Ventilation
Commercial Office
Equipment

Industrial Machine Drives
Industrial Process Heating
Electric_furnace_res

Reference_central_ac_res

High_efficiency_central_ac_

res

Reference_room_ac_res

High_efficiency_room_ac_r
es

Reference_heat_pump_hea
ting_res
High_efficiency_heat_pump
_heating_res

Residential hot water
Residential TV &
computers

Residential lighting
Residential clothes
washing

Residential clothes
drying

Residential dish washing
Residential refrigeration
Residential freezing
Residential cooking

All other industrial loads
Industry agriculture
Commercial cooking
Commercial water
heating

Commercial lighting

Commercial refrigeration
Commercial ventilation
Commercial office
equipment

Machine drives

Process heating

Electric resistance
heating technologies
Central air conditioning
technologies
High-efficiency central
air conditioning
technologies

Room air conditioning
technologies
High-efficiency room air
conditioning
technologies

ASHPs

High-efficiency ASHPs

North American Electric
reliability Corporation
(NERC) region

IECC Climate Zone by
state (114 total
geographical regions)

average, separated
by home vs work
charging

Hourly, 2012
weather

2016 National
Household Travel
Survey80
Northwest Energy
Efficiency Alliance
Residential Building
Stock Assessment
Metering Study
(Northwest)81

California Load
Research Data

EPRI Load Shape
Library 5.0%2

Evolve Energy Research
Regressions trained on
NREL building
simulations in select
U.S. cities for a typical
meteorological year
and then run on county
level HDD and CDD for
2102 from the National
Oceanic and
Atmospheric
Administration

(NOAA)®3

80 U.S. Department of Transportation Federal Highway Administration, National Household Travel Survey,

https://nhts.ornl.gov/

81 Northwest Energy Efficiency Alliance, Residential Building Stock Assessment, https://neea.org/data/residential-building-

stock-assessment

82 Electric Power Research Institute, End Use Load Shapes, https://loadshape.epri.com/enduse
83 Completed for and published in the Electrification Futures Study, 2008: https://www.nrel.gov/analysis/electrification-

futures.html
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Reference_heat_pump_cool ASHPs
ing_res
High_efficiency_heat_pump  High-efficiency ASHPs

_cooling_res

Chiller_com Commercial chiller
technologies

Dx_ac_com Direct expansion air
conditioning
technologies

Boiler_com Commercial boiler
technologies

Furnace_com Commercial electric
furnaces

Flat shape MDV and HDV charging United States n/a n/a

7.7 Electric & gas delivery infrastructure assumptions

Electricity and gas delivery infrastructure calculations were done in a five-step process explained below. A
book-life of 50 years was assumed for gas distribution and 100 years for gas transmission, which became the
amount of time needed for an incremental investment to fully depreciate. If throughput in delivery
infrastructure drops faster than that asset could be depreciated, the result was increasing rates.
Correlation factor
Initial T&D annual EnergyPATHWAYS assumed between

revenue requirement and RIO simulations growth in stock and Depreciation of
established by used to track growth growth in revenue existing stock

New annual revenue

customer class using of simultaneous peak requirement. (80% of determined based on TR UITETRIEIE

EIA and load through 2050. electric T&D, 80% for assumed physical and
Massachusetts utility This determines T&D gas distribution and financial lifetimes.
data. stock. 20% for gas
transmission)

calculated for T&D for
each future year.

The above calculation resulted in an average electricity distribution growth cost of $205/kW-year.

7.8 Generator cost and potential

Generator cost was derived primarily from NREL ATB 201924 and renewable resource potential from the NREL
ReEDS model®>. Regional cost adders for onshore wind and ground-mounted solar PV were added based on the
ReEDS model and wind technology market reports. Spreadsheets with each of the values used in the study are
available upon request and are summarized at a high level below in Table 18.

84 “Annual Technology Baseline” (National Renewable Energy Laboratory, 2019; https://atb.nrel.gov/electricity/2019/)
8 K. Eurek et al. “Regional Energy Deployment System (ReEDS) Model Documentation: Version 2016” (Publication TP-
6A20-67067, NREL, 2017; www.nrel.gov/docs/fy170sti/67067.pdf)
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Table 18. Generator cost and potential assumptions.

Data Category
Resource
Potential

Technology Cost
and
Performance

Data Description

Binned resource potential (GWh)
by state with associated resource
performance (capacity factors)
and transmission costs to reach
load.

Thermal electric technology
installed cost projections

Renewable technology installed
cost projections

Cost and efficiency of other,
existing power plant types

Supply Node

Transmission — sited Solar PV (6 resource
bins); Onshore Wind (7 resource bins);
Offshore Wind — Fixed (4 resource bins);
Offshore Wind — Floating (8 resource
bins)

Nuclear Power Plants; Combined — Cycle
Gas Turbines; Coal Power Plants;
Combined — Cycle Gas Power Plants with
CCS; Coal Power Plants with CCS; Gas
Combustion Turbines

Onshore Wind

Offshore Wind
Solar PV

Fossil Steam Turbines; Coal Power Plants

7.9 Behind-the-meter solar PV adoption

Adoption assumptions for behind-the-meter solar PV are provided in Figure 44. Adoption assumptions were

informed by ISO-NE forecasts and NREL estimates for state-level rooftop PV technical potential.®®
Figure 44 Behind-the-meter solar PV adoption scenarios by New England state
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86 K. Eurek et al. “Regional Energy Deployment System (ReEDS) Model Documentation: Version 2016” (Publication TP-
6A20-67067, NREL, 2017; www.nrel.gov/docs/fy170sti/67067.pdf).

87 «

Annual Technology Baseline” (National Renewable Energy Laboratory, 2019; https://atb.nrel.gov/electricity/2019/).

88 7. L. Johnson, “MARKAL Scenario Analyses of Technology Options for the Electric Sector: The Impact on Air Quality”
(Publication 600/R-06/114, EPA, 20006; https://nepis.epa.gov/Exe/ZyPDF.cgi/P10089YQ.PDF?Dockey=P10089YQ.PDF).
89 National Renewable Energy Laboratory, Rooftop Solar Photovoltaic Technical Potential in the United States: A Detailed
Assessment, January 2016, https://www.nrel.gov/docs/fyl160sti/65298.pdf
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7.10 Flexible end-use load

Table 19 Flexible load input assumptions

Electric Load Type % of load that is # hr delay
flexible by 2050

Water heating 25% (50% in DER 2 hrs

(res and Breakthrough)

commercial)

Heating (res and 15% (25% in DER 1lhr

commercial) Breakthrough)

Cooling (res and 15% (25% in DER 1hr

commercial) Breakthrough)

Light duty 50% (V2G in DER 8 hr

vehicles Breakthrough)

Medium/Heavy 0% (25% in DER 8 hr

duty vehicles Breakthrough)

# hr advance

2 hrs

1hr

1hr

0 hr

0 hr

2050 final
electricity
demand (TWh)
7.7
12.5
2.1
22.6
3.1

7.11 Inter-regional transmission flow limits and expansion cost

Assumptions for existing transmission flow limits, transmission losses and the cost expanding interties is

2050 final energy
peak load (GW)

2.6

133

3.7

10.2

0.7

summarized in Table 20. Existing transmission capabilities are derived from NREL’s Regional Energy
Deployment System (ReEDS) Model and ISO-NE documents.?’ The capital cost of expanding transmission
between zones is derived from the ReEDS model with adjustments to increase or decrease the cost of inter-

regional transmission, based on scenario.

Table 20 Transmission assumptions

Zone A Zone B
Connecticut Rhode Island
Massachusetts Connecticut
Massachusetts Rhode Island
NE external New York
New Brunswick Maine
New Hampshire = Maine
New Hampshire = Massachusetts

New York Connecticut
New York Massachusetts
New York Vermont

Existing Flow
Limit A->B

(Mw)

1,038
1,521
1,725
2,268
1,000
1,300
2,464
1,139
653
242

Existing
Flow Limit
B->A
(MW)

1,038
1,521
1,725
2,268
1,000
1,300
2,464
1,139
653
242

Losses

(%)

1.7%
2.0%
0.8%
9.6%
3.0%
1.5%
0.7%
1.0%
2.2%
2.8%

Reference
Expansion
Cost (S/kW)

991
1,161
450
4,701
1,956
893
417
512
1,010
1,276

%0 National Renewable Energy Laboratory, Regional Energy Deployment System Model,

https://www.nrel.gov/analysis/reeds/

Regional
Coordination
pathway
Expansion
Cost (S/kW)
496

580
225
2351
978
447
209
256
505
638
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Quebec Maine - - 7.0% 1,646 823

Quebec Massachusetts 2,000 2,000 7.7% 2,586 1293
Quebec New Brunswick 770 770 7.0% 2,867 1433
Quebec New York 1,690 1,000 8.1% 3,103 1552
Quebec Vermont 200 100 6.6% 940 470
Vermont Massachusetts 2,133 2,133 2.9% 1,676 838
Vermont New Hampshire 1,796 1,796 2.6% 1,519 760

7.12 Hydro-Quebec operational constraints and expansion cost

New hydro expansion in Quebec within the capacity expansion modeling was priced at $5537/kW in 2016 USD
with an average capacity factor of 60.3%. Hydro budgets could be shifted in the optimization by a total of 3
months forward or backward in time compared to historical use. In addition, across the aggregate of
dispatchable hydro in Quebec, no more than 20% of the capacity could ramp over each hour, and the
minimum generation across the fleet was 30% of the nameplate capacity in every hour. These constraints were
informed by past study involving Hydro Quebec.*!

7.13 Cost of capital & discount rates

The following parameters were used in the RIO and EnergyPATHWAYS models:
e Societal discount rate 2% real
e Demand-side: 3-8% real depending on subsector
e Nuclear 6% real
e  Offshore wind 5% real
e  All other electricity generation 4% real

e  Fuel conversion technologies 10% real

7.14 Demand-side sales share assumptions

Sales shares of demand-technologies were exogenously specified based on expert judgement and a limited
number of manual iterations between RIO and EnergyPATHWAYS. Technology adoption is assumed to follow
and s-curve pattern. A snapshot of sales shares by decade is provide in Table 21.

Table 21 Demand-technology sales share assumptions for select years.

Subsector Technology Group Demand Case 2020 2030 2040 2050
commercial air conditioning  High Efficiency REFERENCE 4% 9% 11% 11%
commercial air conditioning = High Efficiency ALL OPTIONS 4% 86% 91% 91%
commercial air conditioning  High Efficiency LIMITED EFFICIENCY 4% 43% 71% 65%
commercial air conditioning  High Efficiency PIPELINE GAS 4% 84% 92% 91%
commercial air conditioning  Reference REFERENCE 96% 91% 89% 89%
commercial air conditioning  Reference ALL OPTIONS 96% 14% 9% 9%
commercial air conditioning Reference LIMITED EFFICIENCY 96% 57% 29% 35%
commercial air conditioning  Reference PIPELINE GAS 96% 16% 8% 9%

91 Sustainable Development Solutions Network, Evolved Energy Research, and Hydro-Quebec, Deep Decarbonization in
the Northeastern United Stated and Expanded Coordination with Hydro Quebec, April 2018. https://irp-
cdn.multiscreensite.com/be6d1d56/files/uploaded/2018.04.05-Northeast-Deep-Decarbonization-Pathways-Study-

Final.pdf
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commercial cooking
commercial cooking
commercial cooking
commercial cooking
commercial cooking
commercial cooking
commercial cooking
commercial cooking
commercial lighting
commercial lighting
commercial lighting
commercial lighting
commercial lighting
commercial lighting
commercial lighting
commercial lighting
commercial refrigeration
commercial refrigeration
commercial refrigeration
commercial refrigeration
commercial refrigeration
commercial refrigeration
commercial refrigeration
commercial refrigeration
commercial space heating
commercial space heating
commercial space heating
commercial space heating
commercial space heating
commercial space heating
commercial space heating
commercial space heating
commercial space heating
commercial space heating
commercial space heating
commercial space heating
commercial ventilation
commercial ventilation
commercial ventilation
commercial ventilation
commercial ventilation
commercial ventilation
commercial water heating

commercial water heating

Electric
Electric
Electric
Electric
Reference
Reference
Reference
Reference
High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
Electric
Electric
Electric
Electric

High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
Electric

Electric

REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS

ALL OPTIONS
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS

37%
37%
37%
37%
63%
63%
63%
63%
54%
51%
54%
51%
46%
49%
46%
49%
0%
0%
0%
0%
100%
100%
100%
100%
6%
6%
6%
6%
0%
0%
0%
0%
94%
94%
94%
94%
0%
0%
100%
100%
100%
100%
14%
14%

39%
89%
89%
41%
61%
11%
11%
59%
87%
99%
87%
99%
13%
1%
13%
1%
12%
88%
12%
88%
88%
12%
88%
12%
9%
55%
55%
40%
0%
0%
0%
0%
91%
45%
45%
60%
87%
87%
100%
13%
100%
13%
15%
41%

38%
97%
97%
54%
62%
3%
3%
46%
89%
100%
89%
100%
11%
0%
11%
0%
15%
100%
15%
100%
85%
0%
85%
0%
8%
100%
100%
52%
0%
0%
0%
0%
92%
0%
0%
48%
100%
100%
100%
0%
100%
0%
15%
99%

38%
97%
97%
66%
62%
3%
3%
34%
89%
100%
89%
100%
11%
0%
11%
0%
17%
100%
17%
100%
83%
0%
83%
0%
8%
100%
100%
66%
0%
0%
0%
0%
92%
0%
0%
34%
100%
100%
100%
0%
100%
0%
15%
100%
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commercial water heating
commercial water heating
commercial water heating
commercial water heating
commercial water heating
commercial water heating
commercial water heating
commercial water heating
commercial water heating
commercial water heating
residential air conditioning
residential air conditioning
residential air conditioning
residential air conditioning
residential air conditioning
residential air conditioning
residential air conditioning
residential air conditioning
residential building shell
residential building shell
residential building shell
residential building shell
residential building shell
residential building shell
residential clothes drying
residential clothes drying
residential clothes drying
residential clothes drying
residential clothes drying
residential clothes drying
residential clothes drying
residential clothes drying
residential clothes washing
residential clothes washing
residential clothes washing
residential clothes washing
residential clothes washing
residential clothes washing
residential clothes washing
residential clothes washing
residential cooking
residential cooking
residential cooking

residential cooking

Electric
Electric

High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
Electric
Electric
Electric

Electric

LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS

ALL OPTIONS
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS

14%
14%
0%
0%
0%
0%
86%
86%
86%
86%
5%
5%
5%
5%
95%
95%
95%
95%
0%
0%
100%
100%
100%
100%
0%
1%
0%
1%
100%
99%
100%
99%
0%
1%
0%
1%
100%
99%
100%
99%
64%
64%
64%
64%

41%
18%
0%
0%
0%
0%
85%
59%
59%
82%
6%
89%
32%
89%
94%
11%
68%
11%
100%
100%
100%
0%
100%
0%
0%
87%
0%
87%
100%
13%
100%
13%
0%
87%
0%
87%
100%
13%
100%
13%
64%
95%
95%
67%

99%
29%
0%
0%
0%
0%
85%
1%
1%
71%
6%
97%
46%
98%
94%
3%
54%
2%
100%
100%
100%
0%
100%
0%
0%
100%
0%
100%
100%
0%
100%
0%
0%
100%
0%
100%
100%
0%
100%
0%
64%
100%
100%
75%

100%
51%
0%
0%
0%
0%
85%
0%
0%
49%
6%
96%
51%
97%
94%
4%
49%
3%
100%
100%
100%
0%
100%
0%
0%
100%
0%
100%
100%
0%
100%
0%
0%
100%
0%
100%
100%
0%
100%
0%
64%
100%
100%
82%
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residential cooking
residential cooking
residential cooking
residential cooking
residential dishwashing
residential dishwashing
residential dishwashing
residential dishwashing
residential dishwashing
residential dishwashing
residential freezing
residential freezing
residential freezing
residential freezing
residential freezing
residential freezing
residential lighting
residential lighting
residential lighting
residential lighting
residential lighting
residential lighting
residential lighting
residential lighting
residential refrigeration
residential refrigeration
residential refrigeration
residential refrigeration
residential refrigeration
residential refrigeration
residential refrigeration
residential refrigeration
residential space heating
residential space heating
residential space heating
residential space heating
residential space heating
residential space heating
residential space heating
residential space heating
residential space heating
residential space heating
residential space heating

residential space heating

Reference
Reference
Reference
Reference
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
Electric
Electric
Electric
Electric

High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference

Reference

REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS

ALL OPTIONS
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS

ALL OPTIONS
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS

36%
36%
36%
36%
1%
1%
100%
99%
100%
99%
1%
1%
100%
99%
100%
99%
47%
46%
47%
46%
53%
54%
53%
54%
0%
1%
0%
1%
100%
99%
100%
99%
14%
14%
14%
14%
0%
0%
0%
0%
86%
86%
86%
86%

36%
5%
5%

33%

87%

87%

100%

13%

100%

13%

87%

87%

100%
13%
100%
13%
81%
100%
81%
100%

19%
0%

19%
0%
0%

87%
0%

87%

100%

13%

100%

13%

16%

58%

58%

45%
0%
0%
0%
0%

84%

42%

42%

55%

36%
0%
0%

25%

100%
100%
100%
0%
100%
0%
100%
100%
100%
0%
100%
0%
83%
100%
83%
100%

17%
0%

17%
0%
0%

100%
0%
100%
100%
0%
100%
0%

16%

95%

95%

58%
0%
0%
0%
0%

84%
5%
5%

42%

36%
0%
0%

18%

100%
100%
100%
0%
100%
0%
100%
100%
100%
0%
100%
0%
82%
100%
82%
100%

18%
0%

18%
0%
0%

100%
0%
100%
100%
0%
100%
0%

16%

96%

96%

70%
0%
0%
0%
0%

84%
4%
4%

30%
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residential water heating
residential water heating
residential water heating
residential water heating
residential water heating
residential water heating
residential water heating
residential water heating
residential water heating
residential water heating
residential water heating
residential water heating
heavy duty trucks

heavy duty trucks

heavy duty trucks

heavy duty trucks

heavy duty trucks

heavy duty trucks

heavy duty trucks

heavy duty trucks

heavy duty trucks

heavy duty trucks

heavy duty trucks

heavy duty trucks

heavy duty trucks

heavy duty trucks

heavy duty trucks

heavy duty trucks

light duty autos

light duty autos

light duty autos

light duty autos

light duty autos

light duty autos

light duty autos

light duty autos

light duty autos

light duty autos

light duty autos

light duty autos

light duty autos

light duty autos

light duty autos

light duty autos

Electric
Electric
Electric
Electric

High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
Electric
Electric
Electric
Electric

High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
Hydrogen
Hydrogen
Hydrogen
Hydrogen
Electric
Electric
Electric
Electric

High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
Hydrogen
Hydrogen
Hydrogen
Hydrogen

REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS

31%
31%
31%
31%
0%
0%
0%
0%
69%
69%
69%
69%
0%
0%
0%
0%
0%
0%
0%
0%
100%
99%
99%
99%
0%
0%
0%
0%
6%
6%
6%
6%
6%
6%
6%
6%
88%
88%
88%
88%
0%
0%
0%
0%

47%
68%
68%
56%
0%
0%
0%
0%
53%
32%
32%
44%
0%
17%
17%
17%
0%
0%
0%
0%
99%
81%
81%
81%
0%
2%
2%
2%
11%
66%
66%
66%
10%
4%
4%
4%
79%
30%
30%
30%
0%
0%
0%
0%

47%
100%
100%

65%

0%
0%
0%
0%
53%
0%
0%
35%
0%

61%

61%

61%

0%
0%
0%
0%

99%

13%

13%

13%

0%

26%

26%

26%

16%

98%

98%

98%

11%

0%
0%
0%
73%
2%
2%
2%
0%
0%
0%
0%

47%
100%
100%

76%

0%
0%
0%
0%
53%
0%
0%
24%
0%

64%

64%

64%

0%
0%
0%
0%
99%
0%
0%
0%
0%

36%

36%

36%

19%
100%
100%
100%

11%

0%
0%
0%
70%
0%
0%
0%
0%
0%
0%
0%
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light duty trucks
light duty trucks
light duty trucks
light duty trucks
light duty trucks
light duty trucks
light duty trucks
light duty trucks
light duty trucks
light duty trucks
light duty trucks
light duty trucks
light duty trucks
light duty trucks
light duty trucks
light duty trucks
medium duty trucks
medium duty trucks
medium duty trucks
medium duty trucks
medium duty trucks
medium duty trucks
medium duty trucks
medium duty trucks
medium duty trucks
medium duty trucks
medium duty trucks
medium duty trucks
medium duty trucks
medium duty trucks
medium duty trucks
medium duty trucks
transit buses
transit buses
transit buses
transit buses
transit buses
transit buses
transit buses
transit buses
transit buses
transit buses
transit buses

transit buses

Electric
Electric
Electric
Electric

High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
Hydrogen
Hydrogen
Hydrogen
Hydrogen
Electric
Electric
Electric
Electric

High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference
Reference
Hydrogen
Hydrogen
Hydrogen
Hydrogen
Electric
Electric
Electric
Electric

High Efficiency
High Efficiency
High Efficiency
High Efficiency
Reference
Reference
Reference

Reference

REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS
REFERENCE

ALL OPTIONS
LIMITED EFFICIENCY
PIPELINE GAS

1%
1%
1%
1%
1%
1%
1%
1%
98%
98%
98%
98%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
100%
99%
99%
99%
0%
0%
0%
0%
1%
1%
1%
1%
19%
17%
17%
17%
80%
82%
82%
82%

2%
40%
40%
40%

3%

2%

2%

2%
94%
58%
58%
58%

0%

0%

0%

0%

0%
19%
19%
19%

0%

0%

0%

0%
99%
80%
80%
80%

0%

1%

1%

1%

1%
50%
50%
50%
19%

9%

9%

9%
80%
41%
41%
41%

3%
98%
98%
98%

4%

0%

0%

0%
92%

2%

2%

2%

0%

0%

0%

0%

1%
67%
67%
67%

0%

0%

0%

0%
98%
11%
11%
11%

0%
22%
22%
22%

1%
99%
99%
99%
19%

0%

0%

0%
80%

1%

1%

1%

5%
100%
100%
100%

6%

0%

0%

0%

89%

0%

0%

0%

0%

0%

0%

0%

1%

70%
70%
70%

1%

0%

0%

0%

98%

0%

0%

0%

0%

30%
30%
30%

1%
100%
100%
100%

19%

0%

0%

0%

80%

0%

0%

0%
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8 Appendix 2: Supplemental results

Figure 45 Annual energy and industrial emissions for ISO-NE states for each pathway. All pathways achieve the regional target of 10.2

Mt net E&I emissions in 2050 (100% renewable primary scenario reaches -2.2 Mt).

all options

regional coordination

pipeline gas

100% renewable primary

¥ natural gas
[ coal

Mt CO2

[ coke
diesel

[ gasoline
jet fuel

W LPG

[ residual petroleum
waste
industrial co2

[ asphalt & other

[ geologic sequestration
net transmission imports

2020 2030 2040

2050

2020 2030

2040

20502020

2030 2040

2050

2020 2030 2040

Figure 46 Cumulative E&I emissions for ISO-NE states for the All Options pathway compared against reference.
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Figure 47 Massachusetts annual E&I CO; emissions for all pathways
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Figure 48 Difference in final energy demand compared to the reference scenario for Massachusetts. Area above the x-axis represents
final energy consumption above that in the reference case, area below the x-axis represents a reduction in final energy consumption

compared to reference. Final energy types that show no appreciable change vs. the reference case have been eliminated from the
legend.

\ all options limited efficiency pipeline gas
200
100
0
2 -100
fie]
|_
£
g -200
o
£
© 300
Final Energy (group) . pipeline gas
pipeline gas pipeline gas
M jet fuel ‘
400 [ diesel fuel
[ gasoline fuel \
M electricity \ N
-500 1 steam .
" Ipg fuel and feedstocks
M hydrogen
-600
2020 2025 2030 2035 2040 2045 20502020 2025 2030 2035 2040 2045 2050/2020 2025 2030 2035 2040 2045 2050




Figure 49 Regional final energy demand for ISO-NE states.
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Figure 50 Massachusetts residential heating service demand. The allocation of service demand to a final energy type is shown by the
stacked area. Trends in building shell and HDD lead to modest reductions in the baseline space heating demand. Aggressive building
shell measures in the All Options and Pipeline Gas pathways reduce space heating service demand to 70% of the baseline. High
efficiency washing machines and dish washers result in a drop in demand for hot water.
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Figure 51 Electricity shapes for the Limited Efficiency pathway divided into heating, transport, and other. This shape is before the impact
of any load shifting for applications like transport.
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Figure 52 ISO-NE system load shape comparisons, excluding transportation load. Transportation is shown in additional figures below,
but for comparability with Quebec, is excluded here. All modeling used a 2012 weather year. The first panel shows the 2020 ISO-NE load,
the second shows load in 2050 in the All Options pathway, and the third panel shows Quebec’s current load shape. Quebec already has
high building heating electrification today, making it useful as an empirical comparison (differences between New England and Quebec
include: Quebec has about half the number of households; heating is primarily electric resistance; and the climate is colder). The
maximum and average load values are displayed and the load factor (excluding transportation) for ISO-NE decreases from 57.1% in
2020 to 46.8% in 2050.
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Table 22 Massachusetts electricity supply for all pathways between 2020 and 2050 separated by resource (TWh).
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Figure 53 ISO-NE installed capacity by year across pathways.
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Figure 54 Electricity supply in the Offshore Wind Constrained pathway for each zone in the Northeast.
connecticut maine massachusetts new brunswick h ar:S:Ihire new york quebec rhode island vermont
ground-mounted pv
400 rooftop pv
[ offshore wind floating
350 | offshore wind fixed
onshore wind
[ hydro
300 " nuclear
- M gas
9] 250 gas w cc
® il
g 200 I msw
8 < [ coal
e E [l biomass
] 150 biomass w cc
g [7] net transmission flow
<
L 100 )
[s] 4
50
0 — @ d —
-50
2020 2040 2020 2040 2020 2040 2020 2040 2020 2040 (2020 2040 2020 2040 2020 2040 2020 2040




Figure 55 Electricity supply in the No Thermal pathway for each zone in the Northeast.
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Figure 56 Zonal electricity generation shares for each pathway

‘massachusetls connecticut maine new hampshire' rhode island vermont quebec new york Resource (group)
100% | ' ground-mounted pv
rooftop pv
[ offshore wind fixed

50%
[ offshore wind floating

' onshore wind
[ hydro

[ nuclear

[ biomass

| biomass w cc
ol

[ gas

| gaswcc

[ coal

1 msw

all options

0%

efficiency breakthrough

regional

constrained ' coordination

offshore wind

pipeline gas

T

no thermal

-

—
\
A\

100%
renewable

FEUENTVE

2020 2040

2020 2040

2020 2040

2020 2040

2020 2040 2020 2040

2020 2040




Figure 57 Transmission maps showing total 2050 transfer capability between zones. Heavier lines (color and width) represent a larger
transfer capability. The six pathways displayed were selected because of their contrasting transmission features.
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Figure 58 Massachusetts energy storage state of charge at the end of each day in 2050 for the No Thermal pathway.
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Figure 59 Installed capacity® in Quebec across between the All Options, Offshore Wind Constrained, and No Thermal pathways. The No
Thermal pathway shows new hydro economically competitive against onshore wind in Canada due to the value of dispatch flexibility
after all gas generation in the region is retired. In all other pathways, onshore wind is selected before new hydro. The increase in hydro
capacity between 2020 and 2030 in all pathways represents planned additions.
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92 Because a share of Hydro Quebec production typically is exported to Ontario but not represented in the study zones,
starting hydro capacity was derated to account for this energy. Ontario exports were assumed to remain constant.
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Figure 60 All Options pathway daily energy operations for Quebec. Net transmission flow on the load-side (right) represents net daily
exports. Imports are shown on the generation-side (left). Day-to-day variability in hydro production increases in future years to balance
renewables regionally and warrants hydrological study.

60 - solar: - 60 [ net transmission flow
onshore win [ bulk load
M net transmission flow
£ 50 M hydro 50
i) =
8 40 § 40
S >
o =
S > 30 8
3
(o) g
g 20 g
[
z

60

50

2035
Average Daily Generation (GW)
Average Daily Load (GW)

2050
Average Daily Generation (GW)
Average Daily Load (GW)

N OMONTTOOONTOONDNTODDNN T IO DMN OCOANL O T—FTNONOAND VT IFINO MODNLWO — <
NDOTFTONODOTMITONVO =M FON0O — N WO TOSTONODODTANNTONVO T-TNIFTLLOMNDO — M O
T rrr A ANNANNNNOO®OO® —Frrrrrr A AN NNANNNOOOOO




Figure 61 ISO-NE dispatchable or firm electricity capacity in 2050 across pathways. Storage is dispatchable, but not firm due to duration
limits, whereas nuclear is firm, but assumed not to be dispatchable.
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Figure 62 Massachusetts net energy system cost compared to the All Options pathway and broken out by final energy demand type.
Costs above the x-axis represent incremental costs above All Options. Costs below the x-axis represent savings compared to All Options.
The labeled black circles show the total net cost after summing each component. Pathways are ordered from lowest to highest cost in
2050. For context, three billion dollars is approximately half a percent of the current gross state product.
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Table 23 Gross Massachusetts energy system cost (20185B) by category in 2050 for each pathway
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Cost Group < e a O
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Figure 63 2050 electrolysis capacity within each ISO-NE state compared between pathways
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Figure 64 Four pillars of a net-zero energy system illustrated for the Pipeline Gas pathway. Despite lower building electrification than in
other pathways, the percent of final energy supplied by electricity still more than doubles as a function of transportation electrification.
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Figure 65 Four pillars of a net-zero energy system illustrated for the Limited Efficiency pathway. The efficiency of final energy
consumption still increases significantly between 2020 and 2050 due to the final efficiency improvements from heat pumps and electric

drivetrains.
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9 Appendix 3: Detailed model methods

9.1 EnergyPATHWAYS

9.1.1 Model Structure

The EnergyPATHWAYS model is a comprehensive energy accounting and analysis framework specifically
designed to examine large-scale energy system transformations. It accounts for the costs and emissions
associated with producing, transforming, delivering, and consuming energy in an economy. It has strengths in
infrastructure accounting and electricity operations that separate it from models of similar types. It is used, as
it has been in this analysis, to calculate the effects of energy system decisions on future infrastructure,
emissions, and costs to energy consumers and the economy more broadly.

EnergyPATHWAYS projects energy demand and costs in subsectors based on explicit user-decisions about
technology adoption (e.g., electric vehicle adoption) and activity levels (e.g., reduced VMTSs). These projections
of energy demand across energy carriers are then sent to the supply-side of the model. In combination with
RIO, the supply-side of the model calculates upstream energy flows, primary energy usage, infrastructure
requirements, emissions, and costs of supplying energy. These supply-side outputs are then combined with the
demand-side outputs to calculate the total energy flows, emissions, and costs of the modeled energy system.
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Initial Demand-Side
Calculations

Initial Supply-Side
Calculations

Electricity And Fuels
Investment and Operations

(RIO Optimization)

Figure 66 shows the basic calculation steps for EnergyPATHWAYS and the outputs from each step.

* Energy Demand
* Infrastructure Costs
* Measure Costs

* Energy Demand/Supply
Mapping

* Energy Exports

* 10 Matrix Solve

* Grid Infrastructure Needs
* Thermal Capacity Needs
* Thermal Dispatch

* Infrastructure Costs

* Product and Primary
Energy Costs

* Supply-Side Emissions

* Demand-Side Emissions

Final Supply-Side
Calculations

Final Demand-Side
Calculations

* Demand-Side Emissions

The sections below describe the EnergyPATHWAYS demand-side, supply-side, infrastructure, emissions, and
cost calculation methods in detail.

9.1.2 Subsectors

Subsectors represent separately modeled units of demand for energy services. These are often referred to as
end-uses in other modeling frameworks. EnergyPATHWAYS is flexible in the configuration of subsectors, and
methods used in each subsector depending on data availability. The high level of detail in subsectors in the
EnergyPATHWAYS U.S. database is enabled by the availability of numerous high-quality data sources for the
U.S. energy economy. Below we describe the calculations used for individual subsectors on the demand-side.
Total demand is simply the summation of these calculations for all subsectors.

9.1.3 Energy Demand Projection

Data availability determines subsector granularity and informs the methods used in each subsector. The flow
diagram below represents the decision matrix used to determine the methods — named A, B, C, D — used to
model an individual energy demand subsector (Figure 64). The arrow downward indicates a progression from
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most-preferred (A) to least-preferred (D) methodology for modeling a subsector. The preferred methods allow
for more explicit measures and better accounting of costs and energy impacts. Each method for projecting
energy demand is described below.

Figure 67 Methods for projecting energy demand

Technology Stock + Technology Parameters + Energy Demand
Method B: Stock and Energy Demand

Service Demand + Energy Demand
Method C: Service Demand + Energy Demand

Energy Demand
Method D: Energy Demand

9.1.3.1 Method A: Stock and Service Demand

This method is the most explicit representation of energy demand possible in the EnergyPATHWAYS
framework. It has a high data requirement; many end-uses are not homogenous enough to represent with
technology stocks and others do not have measurements of energy service demand. When the data
requirements are met, EnergyPATHWAYS uses the following formula to calculate energy demand from a
subsector.

Equation 1

Eycr = Z Z vatcr * fvtc * dyr * (1 - Ryrc)

vevV t=T

Where

E = Energy demand in year y of energy carrier cin region r

Uyytcr = Normalized share of service demand in year y of vintage v of technology t for energy carrier cin
regionr

fvic = Efficiency (energy/service) of vintage v of technology t using energy carrier c

d,, = Total service demand input aggregated for yeary in region r

Ry = Unitized service demand reductions for year y in region r for energy carrier c. Service demand
reductions are calculated from input service demand measures, which change the baseline energy service
demand levels.
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9.1.3.1.1 Service Demand Share (U)

The normalized share of service demand (U) is calculated as a function of the technology stock (S), service
demand modifiers (M), and energy carrier utility factors (C). Below is the decomposition of U into its
component parts of Sand M and C.

Equation 2

Syvtr * Myptr * Cte

U =
yvtr
ZUEV ZtET Syvtr * Myptr

Where

Syver = Technology stock in year y of vintage v of technology t in region r
M, = Service demand modifier in year y for vintage v for vintage t in region r
C;. = Utility factor for energy carrier c for technology t

The calculation of these factors is detailed in the sections below

9.1.3.1.2 Technology Stock (S)

The composition of the technology stock is governed by stock-rollover mechanics in the model, technology
inputs (lifetime parameters, the distribution and pattern of technology retirements), initial technology stock
states, and the application of sales share or stock measures. The section below describes the ways in which
these model variables can affect the eventual calculation of technology share.

9.1.3.1.3 |Initial Stock

The model uses an initial representation of the technology stock to project forward. This usually represents a
single-year stock representation based on customer survey data (e.g. the U.S. Commercial Building Energy
Consumption Survey data informs 2012 technology stock estimates) but can also be "specified" into the future,
where the composition of the stock is determined exogenously. At the end of this initial stock specification, the
model uses technology parameters and rollover mechanics to determine stock compositions by year.

9.1.3.1.3.1 Stock Decay and Replacement

EnergyPATHWAYS allows for technology stocks to decay using linear representations or Weibull distributions,
which are typical functions used to represent technology reliability and failure rates. These parameters are
governed by a combination of technology lifetime parameters. Technology lifetimes can be entered as
minimum and maximum lifetimes or as an average lifetime with a variance.

After the conclusion of the initial stock specification period, the model decays existing stock based on the age
of the stock, technology lifetimes, and specified decay functions. This stock decay in a year (y) must be
replaced with technologies of vintage (v) v = y. The share of replacements in vintage v is equal to the share of
replacements unless this default is overridden with exogenously specified sales share or stock measures. This
share of sales is also used to inform the share of technologies deployed to meet any stock growth.

9.1.3.1.3.2 Sales Share Measures

Sales share measures override the pattern of technologies replacing themselves in the stock rollover.

An example of a sales share measure is shown below for two technologies — A and B - that are represented
equally in the initial stock and have the same decay parameters. EnergyPATHWAYS applies a sales share
measure in the year 2020 that requires 80% of new sales in 2020 to be technology A and 20% to be technology
B. The first equation shows the calculation in the absence of this sales share measure. The second shows the
stock rollover governed with the new sales share measure.

S = Stock

D = Stock decay
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G = Year on year stock growth

R = Stock decay replacement

H = User specified share of sales for each technology
N = New Sales

a = Technology A

b = Technology B

Before Measure (i.e. Baseline)

S2019 = 100
Saz019 =50
Sp2019 =50
D020 =10
Dg2020 =5
Dp2020 =5
S2020 = 110

G2020 = S2020 — S2019 = 110 — 100 = 10
Ra2020 = Dazoz0 =5

Rp2020 = Dp2020 =5

Gaz2020 = D;ZOZO * (9020 = 5/10 * 10 =5

2020

D
Gpz020 = Dbzzoozzoo * (Gp020=5/10*%10=5

Na2020 = Raz020 + Gaz020=5+5=10
Np2020 = Rp2020 + Gp2020=5+5=10
Sa2020 =Sa2019 T Daz020 + Na2020 =50-5+10=55
Sp2020 = Sp2019 + Dp2020 + Np2020 =50 -5+ 10=55

After Sales Share Measure

S2019 = 100
Saz2019 =50
Sb2019 = 50
D020 =10
Dg2020 =5
Dp2020=5
S2020 =110

G2020 = S2020 — S2019 = 110 — 100 = 10

Ra2020 = D2020 * Hg2020 =10 * .8 =8

Rp2020 = D2020 * Hpzo20 =10 * .2 =2

Ga2020 = G2020 * Hg2020 =10 * .8 =8

Gp2020 = G2020 * Hpzo20=10%.2=2

Na2020 = Ra2020 + Ga2020=8+8=16

Np2020 = Rp2020 + Gp2020=2+2=4

842020 = Sa2019 + Daz2020 + Naz020 =50-5+16=61
$p2020 = Sp2019 T Dp2020 + Np2020 =50-5+4 =49
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This shows a very basic example of the role that sales share measures play to influence the stock of
technology. In the context of energy demand, these technologies can use different energy carriers (i.e.
gasoline internal combustion engine vehicles to electric vehicles) and/or have different efficiency
characteristics.

Though not shown in the above example, the stock is tracked on a vintaged basis, so decay of technology A in
2020 in the above example would be decay in 2020 of all vintages before 2020. In the years immediately
following the deployment of vintage cohort, there is very little technology retirement given the shape of the
decay functions. As a vintage approaches the end of its anticipated useful life, however, retirement
accelerates.

9.1.3.1.4 Service Demand Modifier (M)

Many energy models use stock technology share as a proxy for service demand share. This makes the implicit
assumption that all technologies of all vintage in a stock are used equally. This assumption obfuscates some
key dynamics that influence the pace and nature of energy system transformation. For example, new heavy-
duty vehicles are used heavily at the beginning of their useful life but are sold to owners who operate them for
reduced duty-cycles later in their lifecycles. This means that electrification of this fleet would accelerate the
rollover of electrified miles faster than it would accelerate the rollover of the trucks themselves. Similar
dynamics are at play in other vehicle subsectors. In subsectors like residential space heating, the distribution of
current technology stock is correlated with its utilization. Even within the same region, with the same climactic
conditions, the choice of heating technology informs its usage. Homes that have baseboard electric heating,
for example, are often seasonal homes with limited heating loads.

EnergyPATHWAYS has two methods for determining the discrepancy between stock shares and service
demand shares. First, technologies can have the input of a service demand modifier. This is used as an
adjustment between stock share and service demand share.

Using the example stock of Technology, A and B, the formula below shows the impact of service demand
modifier on the service demand share.

S =Stock

x = Stock ratio

M = service demand modifier
U = service demand allocator

52019 == 100
Sa2019 = 50
Sa2020 = 50
Saz019 50
X, =———=—=.5
a2019 S2019 100
X — Sb2019 _ 50 _
b2019 S2019 100
Mgz019 = 2
Mpz010 = 1
_ Sa2019*Maz019 _ 50%2 _
Ugz019 = " = Te0 .667
Yt=a.bSt2019*Mt2019 0
_ Sp2019*Mp2o19  _ 50%1 _
Upropr9 =577 — = =.333

Yt=T St2019*M¢t2019 150
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When service demand modifiers aren’t entered for individual technologies, they can potentially still be
calculated using input data. For example, if the service demand input data is entered with the index of t, the
model calculates service demand modifiers by dividing stock and service demand inputs.

Equation 3

Styr
M = —
tyr dtyT

Where

M,,, = Service demand modifier for technology tin yeary in region r
Styr = Stock input data for technology tin yeary in region r

dtyr = Energy demand input data for technology t in year y in region r

9.1.3.1.4.1 Energy Carrier Utility Factors (C)

Energy carrier utility factors are technology inputs that allocate a share of the technology’s service demand to
energy carriers. The model currently supports up to two energy carriers per technology. This allows
EnergyPATHWAYS to support analysis of dual-fuel technologies, like plug-in-hybrid electric vehicles. The input
structure is defined as a primary energy carrier with a utility factor (0 — 1) and a secondary energy carrier that
has a utility factor of 1 —the primary utility factor.

9.1.3.1.5 Method B: Stock and Energy Demand

Method B is like Method A in almost all its components except for the calculation of service demand. In
Method A, service demand is an input. In Method B, the energy demand of a subsector is used as a substitute
input for service demand. From this input, EnergyPATHWAYS takes the additional step of deriving service
demand, based on stock and technology inputs.

Equation 4

Eycr = Z Z vatcr * fvtc * Dyr * (1 - Ryrc)

VEV t=T
Where

E = Energy demand in year y of energy carrier c in region r

U = Normalized share of service demand in year y of vintage v of technology t for energy carrier c in region r
f = Efficiency (energy/service) of vintage v of technology t using energy carrier c

D = Total service demand calculated for year y in region r

Ry = Unitized service demand reductions for year y in region r for energy carrier ¢

9.1.3.1.5.1 Total Service Demand (D)

Total service demand is calculated using stock shares, technology efficiency inputs, and energy demand inputs.
The intent of this step is to derive a service demand term (D) that allows us to use the same calculation
framework as Method A.

Dyr = Z z Z Uyutcr * fotc * €ycr

veV ceC t=T

Equation 5

Where

D,, = Total service demand in yeary in region r

fvec = Efficiency (energy/service) of vintage v of technology t using energy carrier c
eycr = Input energy data in year y of carrier c in region r

130




9.1.3.1.6 Method C: Service and Service Efficiency
Method C is used when EnergyPATHWAYS does not have sufficient input data, either at the technology level or
the stock level, to parameterize a stock rollover. Instead EnergyPATHWAYS replaces the stock terms in the
energy demand calculation with a service efficiency term (j). This is an exogenous input that substitutes for the
stock rollover dynamics and outputs in the model. Within this study, no subsectors use Method C, but the
description is included here for completeness.
Equation 6

Eycr = jycr * dyr * Ryrc - Oyrc
where
Ey . = Energy demand in yeary for energy carrier c in region r
Jyer = Service efficiency (energy/service) of subsector in year y for energy carrier c in region r
d, = Input service demand for year y in region r
Ry, = Unitized service demand multiplier for yeary in region r for energy carrier c
Oy, = Energy efficiency savings in year y in region r for energy carrier c
9.1.3.1.6.1 Energy Efficiency Savings (O)
Energy efficiency savings are a result of exogenously specified energy efficiency measures in the model. These
take the form of prescribed levels of energy savings that are netted off the baseline projection of energy
usage.
9.1.3.1.7 Method D: Energy Demand
The final method is simply the use of an exogenous specification of energy demand. This is used for subsectors
where there is neither the data necessary to populate a stock rollover nor any data available to decompose
energy use from its underlying service demand.

Equation 7
Eycr = Cycr — Oyrc
Where
E, ¢ = Energy demand in year y for energy carrier c in region r
eycr = Input baseline energy demand in year y for energy carrier c in region r
Oy¢ = Energy efficiency savings in year y in region r for energy carrier c

9.1.3.1.8 Demand-Side Costs

Cost calculations for the demand-side are separable into technology stock costs and measure costs (energy
efficiency and service demand measures).

9.1.3.1.9 Technology Stock Costs

EnergyPATHWAYS uses vintaged technology cost characteristics as well as the calculated stock rollover to

calculate the total costs associated with technology used to provide energy services.”

ca [ N om
Ctk = ¢ + cins+ ) + )

Where
C;ﬁk = Total levelized stock costs in year y in region r
CE® = Total levelized capital costs in year y in region r

yr

%3 Levelized costs are the principal cost metric reported, but the model also calculates annual costs (i.e. the cost in 2020 of
all technology sold). Supply-side technology costs are included in the accompanying Excel workbook to this technical
appendix.
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C},’;S = Total levelized installation costs in year y in region r
C;TS = Total levelized fuel switching costs in year y in region r
C;ﬁm = Total fixed operations and maintenance costs in year y in region r

9.1.3.1.9.1 Technology Stock Capital Costs

The model uses information from the physical stock rollover used to project energy demand, with a few
modifications. First, the model uses a different estimate of technology life. The financial equivalent of the
physical “decay” of the technology stock is the depreciation of the asset. The asset is depreciated over the
“book life,” which doesn’t change, regardless of whether the physical asset has retired.

To provide a concrete example of this, a 2020 technology vintage with a book life of 15 years is maintained in
the financial stock in its entirety for the 15 years before it is financially “retired” in 2035. This financial stock
estimate, in addition to being used in the capital costs calculation, is used for calculating installation costs and
fuel switching costs.

Equation 8
cap _ fin cap
Cyr - ZveV ZtET Stvyr * M/tvr
Where
C;'Tlp = Total levelized technology costs in year y in region r
WP = Levelized capital costs for technology t for vintage v in region r
St];i;r = Financial stock of technology t and vintage v in year y in region r

EnergyPATHWAYS primarily uses this separate financial accounting so that EnergyPATHWAYS accurately
account for the costs of early-retirement of technology. There is no way to financially early-retire an asset, so
physical early retirement increases overall costs (by increasing the overall financial stock).

9.1.3.1.9.2 Levelized Capital Costs (W)

EnergyPATHWAYS levelizes technology costs over the mean of their projected useful lives (referred to as book
life). This is either the input mean lifetime parameter or the arithmetic mean of the technology’s max and min
lifetimes. EnergyPATHWAYS additionally assesses a cost of capital on this levelization of the technology’s
upfront costs. While this may seem an unsuitable assumption for technologies that could be considered “out-
of-pocket” purchases, EnergyPATHWAYS assumes that all consumer purchases are made using backstop
financing options. This is the implicit assumption that if “out-of-pocket” purchases were reduced, the amount
needed to be financed on larger purchases like vehicles and homes could be reduced in-kind.

WP = de * Zgyy * (1 ";dt)l?wk
A+d)P" -1
Where
Wtf;ip = Levelized capital costs for technology t for vintage v in region r

d; = Discount rate of technology t

zfgf = Capital costs of technology t in vintage v in region r

[book= Book life of technology t

9.1.3.1.9.3 Technology Stock Installation Costs

Installation costs represent costs incurred when putting a technology into service. The methodology for
calculating these is the same as that used to calculate capital costs. These are levelized in a similar manner.
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9.1.3.1.9.4 Technology Stock Fuel Switching Costs

Fuel switching costs represent costs incurred for a technology only when switching from a technology with a
different primary energy carrier. This input is used for technologies like gas furnaces that may need additional
gas piping if they are being placed in service in a household that had a diesel furnace. Calculating these costs
requires the additional step of determining the number of equipment sales in a given year associated with
switching fuels.

9.1.3.1.10 Technology Stock Fixed Operations and Maintenance Costs

Fixed operations and maintenance (O&M) costs are the only stock costs that utilize physical and not financial
representations of technology stock. This is because O&M costs are assessed annually and are only incurred on
technologies that remain in service. If equipment has been retired, then it no longer has ongoing O&M costs.

C;:m = ZUEV ZteT Styvr * M/u};gm

Where

Styvr= Technology stock of technology t in year y of vintage v in region r
Wtﬁ‘r)m = Fixed O&M costs for technology t for vintage v in region r

9.1.3.1.11 Measure Costs

Measure costs are assessed for interventions either at the service demand (service demand measures) or
energy demand levels (energy efficiency measures). While these measures are abstracted from technology-
level inputs, EnergyPATHWAYS uses a similar methodology for these measures as for technology stock costs.
EnergyPATHWAYS uses measure savings to create “stocks” of energy efficiency or service demand savings.
These measure stocks are vintaged like technology stocks and EnergyPATHWAYS use analogous inputs like
capital costs and useful lives to calculate measure costs.

9.1.3.1.12 Energy Efficiency Measure Costs

Energy efficiency costs are costs associated the reduction of energy demand. These are representative of
incremental equipment costs or costs associated with non-technology interventions like behavioral energy

efficiency.

Equation 9

C;f = ZUEV ZmEM Srenevyr * Wrreuen"
Where

Cyr = Total energy efficiency measure costs
Sf;ﬁ,yr = Financial stock of energy demand reductions from measure m of vintage v in year y in region r

Wiror = Levelized per-unit energy efficiency costs

9.1.4 EnergyPATHWAYS supply-side

9.1.4.1 Supply Nodes

Supply nodes represent the fundamental unit of analysis on the supply-side and are analogous to subsectors
on the demand-side. We will primarily describe the calculations for individual supply nodes in this document,
but assessing the total costs and emissions from the supply-side is just the summation of all supply nodes for a
year and region.

9.1.4.2 1/0O Matrix

There is one principal difference between supply nodes and subsectors that explains the divergent approaches
taken for calculating them; energy flows through supply nodes must be solved concurrently due to a number
of dependencies between nodes. As an example, it is not possible to know the flows through the gas
transmission pipeline node without knowing the energy flow through gas power plant nodes. This tenet
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requires a fundamentally different supply-side structure. To solve the supply-side, EnergyPATHWAYS leverages
techniques from economic modeling by arranging supply nodes in an input-output matrix, where coefficients
of a node represent units of other supply nodes required to produce the output product of that node.
Consider a simplified representation of upstream energy supply with four supply nodes:

a. Electric Grid

b. Gas Power Plant
c. Gas Transmission Pipeline
d. Primary Natural Gas

This is a system that only delivers final energy to the demand-side in the form of electricity from the electric
grid. It also has the following characteristics:
1. The gas transmission pipeline has a loss factor of 2% from leakage. It also uses grid electricity to power

compressor stations and requires .05 units of grid electricity for every unit of delivered gas.

2. The gas power plant has a heat rate of 8530 Btu/kWh, which means that it requires 2.5 (8530
Btu/kWh/3412 Btu/kWh) units of gas from the transmission pipeline for every unit of electricity

generation.

3. The electricity grid has a loss factor of 5%, so it needs 1.05 units of electricity generation to deliver 1 unit

of electricity to its terminus.

The 1/0O matrix for this system is shown in tabular form in Table 20 as well as in matrix form in the equation

below.
Table 24. Tabular I/0 Matrix

Natural Gas G.as Transmission Gas Power Plant | Electric Grid
Pipeline
Natural Gas 1.02
Gas Transmission Pipeline 2.5
Gas Power Plant 1.05
Electric Grid .05

Equation 10
1.05

2.5
1.05
.05

134




With this /O matrix, if we know the demand for energy from a node (supplied from the demand-side of the
EnergyPATHWAYS model), we can calculate energy flows through every upstream supply node. To continue

the example, if 100 units of electricity are demanded:
0
0
0
100
We can calculate the energy flow through each node using the equation, which represents the inverted matrix

d=

multiplied by the demand term.
x=(I-A)"1xd
This gives us the following result:
308
302
121
115
Applied in EnergyPATHWAYS the 1/0 structure is much more complex than this simple example. Most of the

X=

supply-side calculations are focused on populating /0 coefficients and solving throughput through each node,
which allows us to calculate infrastructure needs, costs, resource usage, and greenhouse gas emissions
associated with energy supply

There are six distinct types of nodes that represent different components of the energy supply system. These
will be examined individually in all of the supply-side calculation descriptions. The list below details some of
their basic functionality

1. Conversion Nodes — Conversion nodes represent units of infrastructure specified at the technology level
(i.e. gas combined cycle power plant) that have a primary purpose of converting the outputs of one
supply node to the inputs of another supply node. Gas power plants in the above example are a
conversion node, converting the output of the gas transmission pipeline to the inputs of the electric grid.

2. Delivery Nodes — Delivery nodes represent infrastructure specified at a non-technology level. The gas
transmission pipeline is an example of a delivery node. A transmission pipeline system is the aggregation
of miles of pipeline, hundreds of compressor stations, and storage facilities. We represent it as an
aggregation of these components. The role of delivery nodes is to deliver the outputs of one supply node
to a different physical location in the system required so that they can be used as inputs to another
supply node. In the above example, gas transmission pipelines deliver natural gas from gas fields to gas
power plants, which are not co-located with the resource. A full list of the delivery nodes in
EnergyPATHWAYS is given in Table 21.

3. Primary Nodes — Primary nodes are used for energy accounting, but they generally represent the start
of the energy supply chain. That is, absent some exceptions, their coefficients are generally zero.

4. Product Nodes — Product nodes are used to represent energy products where it is not possible to
endogenously build up the costs and emissions back through to their primary energy source.

5. Blend Nodes — Blend nodes are non-physical control nodes in the energy supply chain. These are the
locations in the energy system that we apply measures to change the relative inputs to other supply
nodes. There are no blend nodes in the simplified example above, but an alternative energy supply
system may add a biogas product node and place a blend node between the gas transmission pipeline
and the primary natural gas node. This blend node would be used to control the relative inputs to the
gas transmission pipeline (between natural gas and biogas).
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6. Electric Storage Nodes — Electric storage nodes are nodes that provide a unique role in the electricity
dispatch functionality of EnergyPATHWAYS, as discussed further below.

Table 25 EnergyPATHWAYS supply-side delivery nodes

EnergyPATHWAYS Delivery Nodes
Coal - Rail Delivery

Coal - End-Use Delivery

Diesel End-Use Delivery
Electricity Distribution Grid
Electricity Transmission Grid

Gas Distribution Pipeline

Gas Transmission Pipeline

Hydrogen Fueling Stations

Liquid Hydrogen Truck Delivery
LPG Feedstock Delivery
Lubricants Delivery

Motor Gasoline End-Use Delivery

Petrochemical Feedstock Delivery

Pipeline Gas Feedstock Delivery

Residual Fuel-Oil End-Use Delivery

9.1.4.3 Energy Flows

9.1.4.3.1 Coefficient Determination (A — Matrix)

The determination of coefficients is unique to supply-node types. For primary, product, and delivery nodes,
these efficiencies are exogenously specified by year and region.

9.1.4.3.2 Conversion Nodes

Conversion node efficiencies are calculated as the weighted averages of the online technology stocks. We use
both stock and capacity factor terms because we want the energy-weighted efficiency, not capacity-weighted.
Equation 11

_ Stvyr * utvyr
Xynr - Z Z S % * f tvnr
teT vev teT LveV Ytvyr utvyr

Where

Xynr = Input coefficients in yeary of node n in region r

Stvyr = Technology stock of technology t in year of vintage v in year y in region r

Utpyr = Utilization rate, or capacity factor, of technology t of vintage v in year y in region r
fontr = Input requirements (efficiency) of technology t of vintage v using node n in region r

9.1.4.3.3 Energy Demands

9.1.4.3.3.1 Demand Mapping

To help develop the (d) term in the matrix calculations described in section 9.1.4.2, EnergyPATHWAYS must
map the demand for energy carriers calculated on the demand-side to specific supply-nodes. In the simplified
energy system example, electricity as a final energy carrier, for example, maps to the Electric Grid supply node.
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9.1.4.3.3.2 Energy Export Specifications

In addition to demand-side energy requirements, the energy supply system must also meet export demands,
that is demand for energy products that aren’t used to satisfy domestic energy service demands, but instead
are sent to other countries. These products aren’t ultimately consumed in the model, but their upstream
impacts must still be accounted for. Within the Net-Zero America Study, these fossil fuel exports are gradually
trended down along with petroleum consumption, which reduces up-stream emissions in the decarbonization
scenarios.

9.1.4.3.3.3 Total Demand
Total demand is the sum of domestic energy demands from the demand-side of EnergyPATHWAYS as well as
any specified energy exports.
Equation 12
Dyrn = D;?ﬁ + D;;Cs
Where
Dy, = Total energy demand in yeary in region r for supply node n
D;ﬁff = Endogenous energy demand in year y in region r for supply node n
D;fﬁ = Export energy demand in year y in region r for supply node n

This total demand term is then multiplied by the inverted coefficient matrix to determine energy flows through
each node.

9.1.5 Infrastructure Requirements
Infrastructure is represented by delivery and conversion supply nodes. Infrastructure here refers to physical
assets that produce or move energy to end-use applications. In delivery nodes, this infrastructure is
represented at the aggregate node-level. In conversion nodes, infrastructure is represented in technology
stocks similarly to stocks on the demand-side. The sections below detail the basic calculations used to
determine the infrastructure capacity needs associated with energy flows through the supply node.
9.1.5.1 Delivery Nodes
The infrastructure capacity required is determined by Equation 13 below:
Equation 13

]yr — L

Uy, * 8760

Where
u,,,-%* = Utilization (capacity) factor in year y in region r
E,, = Energy flow through node in yeary in region r
h =Hours in a year, or 8760
9.1.5.2 Conversion Nodes
Conversion nodes are specified on a technology-basis, and a conversion node can contain multiple
technologies to produce the energy flow required by the supply system. The operations of these nodes are
analogous to the demand-side in terms of stock rollover mechanics, with sales shares and specified stock

94 Capacity factors of delivery nodes are exogenous inputs to the model except in the special cases of the Electricity
Transmission Grid Node and the Electricity Distribution Grid node, where capacity factors are determined in the electricity
dispatch.
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measures determining the makeup of the total stock. The only difference is that the size of the total stock is
determined by the demand for energy production for the supply node, which is different than on the demand-
side, where the size of the total stock is an exogenous input.

The formula to determine the size of the total stock remains essentially the same as the one used to determine
the size of the total delivery stock. However, the average capacity factor of the node is a calculated term
determined by the weighted average capacity factor of the stock in the previous year:

Equation 14

_ Dter Lvev Stvy—1r * Utpyr

U,. =
T Yiter Xvev Stvy-1r
Where
U, = Utilization (capacity) factor in year y in region r

Stvy—1r = Technology stock of technology t in year of vintage v in year y-1 in region r
Usyyr = Utilization rate, or capacity factor, of technology t of vintage v in yeary in region r

9.1.6 Emissions
There are two categories of greenhouse gas emissions in the model. First, there are physical emissions. These
are traditional emissions associated with the combustion of fuels, and they represent the greenhouse gas
emissions embodied in a unit of energy. For example, natural gas has an emissions rate of 53.06 kG/MMBTU of
consumption while coal has an emissions rate of 95.52 kG/MMBTU®. Physical emissions are accounted for on
the supply-side in the supply nodes where fuels are consumed, which can occur in primary, product, delivery,
and conversion nodes. Emissions, or consumption, coefficients, that is the units of fuel consumed can be a
subset of energy coefficients. While the gas transmission pipeline may require 1.03 units of natural gas, it only
consumes 0.03 units. Gas power plants, however, consume all 2.5 units of gas required. Equation 15 shows the
calculation of physical emissions in a node:
Equation 15

GRY = )Xo+ By x BYY

neN

Where
G;’Thy = Physical greenhouse gas emissions in year y in region r
Xy7n = Consumption coefficients in year y in region r of node n

E,,= Energy flow through node in yeary in region r

Bphy

yrn = Emissions rates (emissions/energy) in yeary in region r of input nodes n.

Emissions rates are either a function of a direct connection in the I/O matrix to a node with an emissions
coefficient or they are “passed through” delivery nodes, which don’t consume them. Gas powerplants in the
supplied example take the emission rates from the Natural Gas Node, despite being linked in the 1/O matrix
only through the delivery node of Gas Transmission Pipeline.

The second type of emissions are accounting emissions. These are not associated with the consumption of
energy products elsewhere in the energy system. Instead, these are a function of energy productionin a

% The full list of emissions factors are found in the Excel sheet that accompanies this appendix.
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node®. Accounting emissions rates are commonly associated with carbon capture and sequestration supply
nodes or with biomass. Accounting emissions are calculated using:
Equation 16
GEEe = Eyy % BYSS
Where
G;}TCC = Accounting greenhouse gas emissions in the node in year y in region r
E,, = Energy flow through the node in yeary in region r
By = Node accounting emissions rate

For primary, product, and delivery nodes, the accounting emissions rate in year y in region r is exogenously
specified. For conversion nodes, this is an energy-weighted stock average.

acc
YteT Xvev Stvyr* btvyr

Bacc —
yr ZteTZvEV Stvyr

Where

Byr¢ = Energy weighted average of node accounting emissions factor in yeary in region r

Stvyr = Stock of technology t of vintage v in year y in region r

acc
tvyr

= Exogenous inputs of accounting emissions rate for technology t of vintage v in year y in region r
9.1.7 Costs

Costs are calculated using different methodologies for those nodes with infrastructure (delivery, conversion,
and electric storage) and those without represented infrastructure (primary and product).

9.1.7.1 Primary and Product Nodes

Primary and product nodes are calculated as the multiplication of the energy flow through a node and an
exogenously specified cost for that energy.

Cyr = Eyr * Wy,

Where

Cy, = total costs of supplying energy from node in yeary in region r

E,,= Energy flow through node in yeary in region r

w,,-= Exogenous cost input for node in year y in region r

9.1.7.2 Delivery Nodes

Delivery node cost inputs are entered as per-energy unit tariffs. We use and adjust for any changes for the
ratio of on-the-books capital assets and node throughput. This is done to account for dramatic changes in the
utilization rate of capital assets in these nodes. This allows EnergyPATHWAYS to calculate and demonstrate
potential death spirals for energy delivery systems®’, where the demand for energy from a node declines faster
than the capital assets can depreciate. This pegs the tariff of the delivery node to the existing utilization rates
of capital assets and increases them when that relationship diverges.

% For example, biomass may have a positive physical emissions rate, but biomass is considered to be zero-carbon for the
Princeton study, so positive physical emissions rate is offset by a negative accounting emissions rate. For accounting
purposes, this would result in the Biomass Node showing negative greenhouse gas emissions and the supply nodes that
use biomass, for example Biomass Power Plants, recording positive greenhouse gas emissions.
97 For example, if delivered energy declines by 50% while the delivery assets are only depreciated 25%, the delivery costs
seen by remaining customers will increase by 50% ( (1-0.25) / (1-0.5) ), this creates a further incentive for customers to
exit the system, whereby remaining costs are spread over an even smaller number of customers.
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Equation 17
S

yr

S.an Z u
yr yel Yyr
Cyr= S * *q*Wyr+(1_Q)*Wyr *Eyr
Tyer—dm T
y fin
S
yr

Where
Cyr = Total costs of delivery node in yeary in region r
Syr-= Physical stock of delivery node in yeary in region r

S;rm = Financial stock of delivery node in year y in region r

u,, = Exogenously specified utilization rate of delivery node in yeary in region r

g = Share of tariff related to throughput-related capital assets, which are the only share of the tariff subjected
to this adjustment.

w,,- = Exogenous tariff input for delivery node in year y in region r

E,, = Energy flow through node in yeary in region r

9.1.7.3 Conversion Nodes

Conversion node cost accounting is similar to the cost accounting of stocks on the demand-side with terms for
capital, installation, and fixed O&M cost components. Instead of fuel switching costs, however the equation
substitutes a variable O&M term.

Equation 18

k _ ,~cap i fom
Cor = Cp” + CF° + Cpp " + CP™

Where
C;ﬁk = Total levelized stock costs in year y in region r
C;fp = Total levelized capital costs in year y in region r

Cf,’;s = Total levelized installation costs in year y in region r

C;rom = Total fixed operations and maintenance costs in year y in region r

C;,’;’m = Total levelized variable operations and maintenance costs in year y in region r

There is no difference in the calculation of the capital, installation, and fixed O&M terms from the demand-
side, so reference calculation for calculating those components of technology stocks in section 9.1.3.1.9.

9.1.7.3.1 Variable O&M Costs
Variable O&M costs are calculated as the energy weighted average of technology stock variable O&M costs.

k
C‘UOm _ Stvyr utvyr % Wvom % E
yr - Z Z S * tvry yr
teT eV otvyr * Utpyr

teT vev

Where

Cy7™ = Total levelized variable operations and maintenance costs in year y in region r

Stvyr = Technology stock of technology t in year of vintage v in year y in region r

Utyyr = Utilization rate, or capacity factor, of technology t of vintage v in yeary in region r

wg’,j’g} = Exogenous input of variable operations and maintenance costs for technology t of vintage v in region r
inyeary

E,, = Energy flow through node in year y in region r
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9.1.7.4 Electric Storage Nodes

Electric storage nodes are a special case of node used in the electricity dispatch. They add an additional term,
which is a capital energy cost, to the equation used to calculate the costs for conversion nodes. This is the cost
for the storage energy capacity, which is additive with the storage power capacity.

stk _ cap ecap r~ins fom vom
Cyr = Cyr + Cyr Cyr + Cyr + Cyr

Where

C;ﬁk = Total levelized stock costs in year y in region r

C;'rlp = Total levelized capital costs in year y in region r

C;fap = Total levelized energy capital costs in year y in region r

Cyy® = Total levelized installation costs in year y in region r

C;rom = Total fixed operations and maintenance costs in year y in region r

Cy7™ = Total levelized variable operations and maintenance costs in yeary in region r

9.1.7.4.1 Electricity Capacity Costs

Energy storage nodes have specified durations, defined as the ability to discharge at maximum power capacity
over a specified period of time, and also have an input of energy capital costs, which are levelized like all
capital investments.

Equation 19
ecap __ fin ecap
Cyr - 2 Z Stvyr * dt * VVtvr
VEV teT
Where
C;ﬁap = Total levelized energy capacity capital costs in year y in region r

Wtziap = Levelized energy capacity capital costs for technology t for vintage v in region r

d; = Exogenously specified discharge duration of technology t

Sfin

toyr = Financial stock of technology t and vintage v in year y in region r
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9.2 RIO

9.2.1 EnergyPATHWAYS/RIO Integration
The EnergyPATHWAYS/RIO integration is a multi-step process where:

e EnergyPATHWAYS is used to define energy demand scenarios as parameterizations for RIO
optimizations.

e RIO is used to optimize investments in EnergyPATHWAYS conversion supply nodes and
determine optimal blends of fuel components.

e Optimized energy decisions are returned to EnergyPATHWAYS where they are input into the
EnergyPATHWAYS accounting framework as stock measures or blend measures. This allows us
to validate and represent the optimal scenario with the comprehensive accounting detail of
EnergyPATHWAYS.

9.2.2 Overview

RIO is a model that sets up a linear optimization problem with the decision variables relating to capacity build
and operational decisions on the supply-side of the energy system. RIO minimizes a representation of all future
avoided costs in the energy system, discounted to present day using a 2% societal time preference.
Operational and capacity expansion decisions are co-optimized with perfect foresight in a single optimization
problem with approximately 15 million decision variables. This problem formulation means that multiple
timescales are simultaneously relevant, as shown in Figure 68.

The formulation for RIO is proprietary; however, the methodology descriptions below provide the reader with
a conceptual understanding of how RIO works and what advantages this approach has for the Net-Zero
America study. The most important distinction between RIO and other capacity expansion models for this
study was the inclusion of the fuels system, making it possible to co-optimize across the entire supply-side of
the energy system, while enforcing economy-wide emissions constraints, and still maintaining very high

temporal fidelity in the electric power system.
Figure 68 RIO decision variables and results for each of the represented timescales

Decision Variables Key Results
H O u rS Generator Dispatch Hourly Dispatch

Transmission Flows Transmission Flows

24 hr * 41 sample days Operating Reserves Market Prices
=984 hours Curtailment Curtailment

Load Flexibility

Days

Fuel Energy Balance and Storage Daily Electricity Balances
1 weather year Long Duration Electricity Storage Daily Fuel Balances
= 365 days Dual Fuel Generator Blends

Decision Variables Key Results

Emissions from Operations Total Annual Emissions
Ye a rS RPS Supply and Demand RPS Composition
Capacity Build, Retirement & Repower Incremental Build, Retirement, & Repower

30 i StUdy / 5 yr timeStep Thermal Capacity Factors

=7 snapshot years Annual Average Market Prices
Marginal Cost of Fuel Supply
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9.2.3 Day Sampling

RIO utilizes the 8760 hourly profiles for electricity demand and generation from EnergyPATHWAYS and
optimizes operations for a subset of representative days (sample days) and maps them to the rest of the year.
Operations are performed over sequential hourly timesteps. To ensure that the sample days can reasonably
represent the full set of days over the year, RIO uses clustering algorithms on the initial 8760 data sets. The
clustering process is designed to identify days that represent a diverse set of potential system conditions,
including different fixed generation profiles and load shapes. The number of sample days impacts the total
runtime of the model. A balance is struck in the day selection process between representation of system
conditions through number of sample days, and model runtime. Clustering and sample day selection occurs for
each model year in the time horizon. This process is shown in Figure 1. The starting dataset is the
EnergyPATHWAYS load and generation shapes, scaled to system conditions for the model year being sampled
and mapped. Load shapes come directly from EnergyPATWHAYS accounting runs. The coincidence of fixed
generation profiles (i.e. renewables) and load determine when important events for investment decision
making occur during the year. For example, annual peak load and low load events may be the coincident
occurrence of relatively high loads and relatively low renewables, and the inverse, respectively. However,
renewable build is determined by RIO decision making. To ensure that the sample days in each model year are
representative of the events that define investment decisions, renewable scaling happens for expected levels
of renewables in future years as well as a range of renewables proportional builds (for example, predominantly
wind, predominantly solar). The sample days are then selected to be representative of system conditions
under all possible renewable build decisions by RIO.

As Figure 69 shows, the scaled historical days are clustered based on a number of characteristics. These
include different metrics describing every day in the data set. Examples include peak daily load, peak daily net
load, lowest daily solar output, largest daily ramping event etc. The result is a set of clusters of days with
similar characteristics. One day within each cluster is selected to represent the rest by minimizing mean square
error (MSE). As described in the previous section, RIO determines short-term operations for each of these
representative days. For long-term operations, each representative day is mapped back to the chronological
historical data series, with the representative day in place of every other day from its cluster.
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Figure 69. Conceptual diagram of sampling and day matching process
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The clustering process depends on many characteristics of the coincident load and renewable shapes and uses
statistical clustering algorithms to determine the best set of sample days. Figure 70 shows a simple, two
characteristic, example of clustering. In this case the two characteristics are net load with high proportional
solar build and net load with high proportional wind build. It is important to select sample days that both
represent the full spectrum of potential net load, as well as be representative for both the solar and the wind
case. The clustering algorithm has identified 5 clusters (a low number, but appropriate for the conceptual
example) that ensure the sample days will represent the full range of net load differences among days and
remain representative regardless of whether RIO chooses to build a high solar system or a high wind system. In
the Net-Zero America Study, a total of 41 sample days were used.
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Figure 70 Simple, two characteristic, example of clustering
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Mapping the clustered days back to the chronological historical dataset, the newly created year of sample days
can be validated by checking that metrics describing the original historical dataset match those of the new set.
Cumulative net load in Figure 71 is one example. These are related to the characteristics used to select the
sample days in the clustering process such as peak load, largest ramp etc. and the distribution of these over
the whole year.

Figure 71 Comparison of original and clustered load
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9.2.4 Operations

Time sequential operations are an important component of determining the value of a portfolio of resources.
All resources have a set of attributes they can contribute to the grid, including, for example, energy, capacity,
ancillary services, and flexibility. They work in complimentary fashion to serve the needs of the system.
Whether a portfolio of resources is optimal or not depends on whether it can maintain system reliability, and
whether it is cheaper than other portfolios. RIO determines the least cost dispatch for each one of the sample
days to determine the least cost investments to make.
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Operations are split into short-term and long-term operations in RIO. This is a division between those
resources that do not have any multiday constraints on their operations, i.e. they can operate in the same way
regardless of system conditions, and those resources that will operate differently depending on system
condition trends that last longer than a day. An example of the former is a gas generator that can produce the
same output regardless of system conditions over time, and an example of the latter is a long-duration storage
system whose state of charge is drawn down over time when there is not enough energy to charge it. The
long-term category includes all long-term storage mediums.

Operational decisions determine the value of one investment over another, so it is important to capture the
detailed contributions and interactions of the many different types of resource that RIO can build. The overall
RIO operational framework is shown in Figure 66.

Figure 72 RIO operations framework
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9.2.4.1 Thermal Generator Operations

To reduce runtimes, generators are aggregated in RIO by common operating and cost attributes. These are by
technology and vintage when the operating costs and characteristics vary significantly by installation year.
Each modeled aggregation of generators contains a set of identical generators.

RIO can constrain operations based on constraints that are similar to those used in production simulation.
Many of the plant-level operational constrains were ignored for the purpose of this study as they have
secondary importance when modeling large regional zones and add significant computational complexity,
which would have disallowed focus on other modeling aspects of higher importance in decarbonized energy
systems (e.g. operation of electrolysis and hydrogen storage).

9.2.4.2 Hydro Operating Constraints
Hydro behavior is constrained by historical data on how fast the hydro system can ramp, the minimum and
maximum discharge by hour, and the degree to which hydro energy can be shifted from one period to another.
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Summed daily hydro output over user defined periods of the year must fall within a cumulative energy
envelope that allows up to 2 weeks of shift in the dispatch compared to historical levels.

Canadian imports to the Northeastern U.S. include a small amount of planned expansions but otherwise reflect
the existing energy flow volume.

9.2.4.3 Storage Operating Constraints

Storage is constrained by maximum discharge rates dependent on built capacity. In addition, the model tracks
storage state of charge hour to hour, including losses into and out of the storage medium. Storage, like all
technologies, is dispatched with perfect foresight. Storage can operate through both short term and long-term
operations. In short term operations, storage is dispatched on an hourly basis within each sample day, as with
all other dispatchable technology types. Short term storage dispatch shifts energy stored within a sample day
and discharges it within the same sample day, such that the short-term storage device is energy neutral across
the day. In long term operations, storage can charge energy on one day and discharge it into another. This
allows for optimal use of storage to address longer cycle reliability needs, such as providing energy on low
renewable generation days, and participation in longer cycle energy arbitrage opportunities.

9.2.4.4 Transmission constraints

RIO uses a pipe-flow constraint formulation®®. Transmission flows are constrained by the capacity of the line in
every hour. When transmission is built by the model, additions are assumed to be symmetrical, meaning the
capability of flow on the line is equal in both directions. However, not all existing transmission has equally
sized paths in each direction. Transmission losses are specified by path and transmission hurdles® start from a
benchmark against historical flows before converging at $5/MWh in 2040.

9.2.5 Reliability

The conditions that will stress electricity systems in the future and define reliability need will shift in nature
compared to today, shown in Figure 67. Capacity is the principle need for reliable system operations when the
dominant sources of energy are thermal. Peak load conditions set the requirement for capacity because
generation can be controlled to meet the load and fuel supplies are not constrained. As the system transitions
to high renewable output, the defining metric of reliability need is not peak load but net load (load net of
renewables). Periods with the lowest renewable output may drive the most need for other types of reliable
energy even if they do not align with peak gross load periods. In addition to that, resources will become
increasingly energy constrained. Storage can only inject the energy it has in charge into the system. Reliability
is therefore increasingly driven by energy need as well as capacity need.

In the future, the defining reliability periods may be when renewables have unusually low output, and when
that low output is sustained for unusually long periods. To model a reliable system in the future, both capacity
and energy needs driven by the impact of weather events and seasonal changes on renewable output and load
need to be captured.

%98 See this NREL presentation for more information and contrast against DC power-flow constraint formulations: National
Renewable Energy Laboratory, Transmission Flow Methodologies: Approximate DC Flow vs. Pipe Flow along AC Lines,
September 2017, https://www.nrel.gov/docs/fy170sti/68929.pdf

% Hurdle rates are a common mechanism in power system models and represent friction between zones. These costs are
not ‘true’ costs, but instead represent a penalty on transmission flows, which is added to the objective function.
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Figure 73 Reliability framework in high renewable systems
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To ensure we capture the impacts of these changing conditions on reliability, we enforce a planning reserve
requirement on load in every modeled hour. This “planning demand” is found by scaling load up to account for
the possibility that demand in each hour could be greater than expected. At the same time, we determine a
dependable contribution of each resource to meeting the planning demand. Dependability is defined as the
output of each resource that can be relied upon during reliability events. The planning demand must be met or
exceeded by the summed dependable contributions of available resources in each hour.

9.2.5.1 Dependability

The dependable contribution from thermal resources is derated nameplate, reflecting forced outage rates.
Renewable dependable contribution is the derated hourly output, reflecting that renewable output could be
even lower than expected. For energy constrained resources such as hydro and storage, dependable
contribution is derated hourly output. By using derated hourly output we can capture both the risk that it is
not available because of forced outage, and the risk that it is not available because it has exhausted its stored
energy supply. Dependability factors used for the Net-Zero America study are shown in Table 22.

Table 26 Dependability factors used when enforcing RIO reliability constraints

Existing Thermal Resources 93% applied to nameplate

New Thermal Resources 93% applied to nameplate
Transmission 90% applied to hourly flows

Energy storage 95% applied to hourly charge/discharge
Variable generation (wind & solar) 80% applied to hourly output
Electricity load 106% applied to hourly load

9.2.5.2 Resource build decisions

Concurrently with optimal operational decisions, the model makes resource build decisions that together
produce the lowest total system cost. There are three modes for resource build decisions, specified by
aggregate generator. In all modes, the addition of new capacity is limited by the rate at which capacity can be
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constructed year on year, and the total quantity of capacity that can be constructed by a future year. The
model builds resources when needed and those resources remain through the end of their useful life when
they are retired. Resources are not economically retired early, repowered, or extended. Generators using this
mode are built on top of a predefined MW schedule of existing resources in every year.

9.2.6 Fuels

In addition to electricity, RIO optimizes the composition of fuels that are used in electric generators and that
go to satisfy final energy demands, calculated in EnergyPATHWAYS. RIO fuels operate around the concept of a
‘blend fuel’ shown in Figure 68. Each fuel blend may be supplied using ‘product fuels’, which are basically
commodities (e.g. dry biomass, fossil diesel) that are specified at a price and quantity, or blends can be
supplied with fuel conversions, which can convert one blend fuel into another or convert electricity into a fuel
(e.g. electrolysis).

Fuel conversion technologies are included in the capacity expansion framework of RIO, thus decision variable
cover both the build and operations of each conversion technology. The capital cost, O&M costs, and
conversion efficiencies for all conversion technologies are given in the accompanying Excel workbook.
Fuel conversions that consume or produce electricity'®
basis. Electrolysis and electric boilers are assumed to operate flexibly, all other conversion technologies,

including direct air capture, are not flexible hour-by-hour.

can be specified as flexible or inflexible on an hourly

Figure 74 RIO fuels framework
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